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Extant xenarthrans (armadillos, anteaters and sloths) are among the most derived placental mammals ever evolved.
South America was the cradle of their evolutionary history. During the Tertiary, xenarthrans experienced an ex-
traordinary radiation, whereas South America remained isolated from other continents. The 13 living genera are
relicts of this earlier diversification and represent one of the four major clades of placental mammals. Sequences
of the three independent protein-coding nuclear markers a2B adrenergic receptor (ADRA2B), breast cancer sus-
ceptibility (BRCA1), and von Willebrand Factor (VWF) were determined for 12 of the 13 living xenarthran genera.
Comparative evolutionary dynamics of these nuclear exons using a likelihood framework revealed contrasting
patterns of molecular evolution. All codon positions of BRCA1 were shown to evolve in a strikingly similar manner,
and third codon positions appeared less saturated within placentals than those of ADRA2B and VWF. Maximum
likelihood and Bayesian phylogenetic analyses of a 47 placental taxa data set rooted by three marsupial outgroups
resolved the phylogeny of Xenarthra with some evidence for two radiation events in armadillos and provided a
strongly supported picture of placental interordinal relationships. This topology was fully compatible with recent
studies, dividing placentals into the Southern Hemisphere clades Afrotheria and Xenarthra and a monophyletic
Northern Hemisphere clade (Boreoeutheria) composed of Laurasiatheria and Euarchontoglires. Partitioned likelihood
statistical tests of the position of the root, under different character partition schemes, identified three almost equally
likely hypotheses for early placental divergences: a basal Afrotheria, an Afrotheria 1 Xenarthra clade, or a basal
Xenarthra (Epitheria hypothesis). We took advantage of the extensive sampling realized within Xenarthra to assess
its impact on the location of the root on the placental tree. By resampling taxa within Xenarthra, the conservative
Shimodaira-Hasegawa likelihood-based test of alternative topologies was shown to be sensitive to both character
and taxon sampling.

Introduction

Living xenarthrans are represented by three mor-
phologically distinct lineages: armored armadillos,
toothless anteaters, and phyllophagous tree-sloths. The
30 living species of the order Xenarthra (Wetzel 1985;
Vizcaı́no 1995) are relics of an impressive South-Amer-
ican Tertiary radiation that gave birth to giant extinct
forms like glyptodonts and ground-dwelling sloths (Pat-
terson and Pascual 1972). The monophyly of the order
is strongly supported by numerous morphological (En-
gelmann 1985; Patterson, Segall, and Turnbull 1989;
Patterson et al. 1992; Rose and Emry 1993; Gaudin
1999) and molecular (de Jong et al. 1985; van Dijk et
al. 1999; Delsuc et al. 2001) synapomorphies. Morpho-
logical (Engelmann 1985; Patterson et al. 1992) and mo-
lecular (Delsuc et al. 2001; Madsen et al. 2001; Murphy
et al. 2001a) studies unambiguously supported the di-
vision of Xenarthra into two suborders: Cingulata rep-
resented by armadillos (Dasypodidae), and Pilosa rep-
resented by anteaters (Vermilingua: Myrmecophagidae)
plus sloths (Folivora: Megalonychidae and Bradypodi-
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dae). However, whereas the phylogeny of living pilosans
is well resolved (Gaudin and Branham 1998; Delsuc et
al. 2001; Greenwood et al. 2001), this is not the case
for cingulates. Armadillos are the most diversified xe-
narthrans and comprise 21 extant species classified in
eight genera (Wetzel 1985; Vizcaı́no 1995). This eco-
logically and morphologically diverse group contains
enigmatic taxa like the dwarf subterranean pink-fairy
armadillos (genus Chlamyphorus) and the endangered
giant armadillo (Priodontes maximus). Some striking
adaptations can be found in armadillos. Three-banded
armadillos (Tolypeutes) developed a unique antipredator
strategy by entirely rolling up into a ball, and nine-band-
ed armadillos (Dasypus) are the only vertebrates to re-
produce by obligate monozygotic polyembryony
(Loughry et al. 1998). Notwithstanding these fascinating
peculiarities, phylogenetic studies on armadillos are still
scarce (Guth 1961; Engelmann 1985; Patterson, Segall,
and Turnbull 1989; Cetica et al. 1998; Delsuc et al.
2001), and relationships among the eight living genera
remain unclear.

Solving the phylogenetic position of the order Xe-
narthra within Mammalia is of primary importance to
understand the morphological and biogeographical pro-
cesses that shaped the early stages of placental evolu-
tion. Indeed, despite their highly specialized morpholo-
gy, xenarthrans retain anatomical and physiological
characters thought to be primitive for placental mam-
mals (McKenna 1975). This composite morphology,
mixing ancestral and derived characters, has made the

D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/article/19/10/1656/1258814 by guest on 11 April 2024



Molecular Phylogeny of Living Xenarthrans 1657

order’s position within placentals very difficult to assess
(Engelmann 1985; Gaudin et al. 1996). On the basis of
the retention of numerous archaic features, morpholo-
gists (Gregory 1910; McKenna 1975; Novacek 1992;
Shoshani and McKenna 1998) have long proposed that
Xenarthra represents the sister-group to all other euthe-
rians thereby named Epitheria. However, morphological
synapomorphies defining epitherians are weak, and their
phylogenetic distribution is equivocal (Gaudin et al.
1996). Early studies of complete mitochondrial genomes
did not support a basal position for Xenarthra (Arnason,
Gullberg, and Janke 1997). More recent analyses—in-
cluding a larger taxon sampling—suggested a sister-
group relationship between the nine-banded armadillo
(Dasypus novemcinctus) and representatives of the Af-
rican clade (Waddell et al. 1999; Cao et al. 2000; Mou-
chaty et al. 2000a). However, complete mitochondrial
genome analyses appear to be affected by insufficient
taxon sampling—especially within Xenarthra—likely
responsible for long-branch attraction and rooting arti-
facts (Waddell et al. 1999) and suffer from saturation in
the deepest parts of the tree (Cao et al. 2000; Springer
et al. 2001).

By contrast two recent independent analyses based
on the large concatenation of mainly nuclear genes for
a broad taxon sampling of eutherian mammals have
shown that the order Xenarthra on its own represents
one of the major clades of placentals (Madsen et al.
2001; Murphy et al. 2001a, 2001b). These studies pro-
vided convincing evidence for an arrangement of pla-
cental orders into four major clades: (I) Afrotheria, (II)
Xenarthra, (III) Euarchontoglires and (IV) Laurasiathe-
ria, emphasizing the crucial influence of tectonic events
in their early differentiation. A close relationship be-
tween the Northern Hemisphere clades III and IV has
been proposed (i.e., ‘‘Boreoeutheria’’; Springer and de
Jong 2001) with either Afrotheria or Xenarthra as the
most basal clade, suggesting a Southern Hemisphere or-
igin for eutherian mammals (Eizirik, Murphy, and
O’Brien 2001; Madsen et al. 2001). In fact, the rela-
tionships between these four clades directly depend on
the unstable position of the root. Recent application of
the Bayesian approach (Yang and Rannala 1997; Huel-
senbeck et al. 2001) to this problem using a large char-
acter sampling supported a basal position of Afrotheria
(Murphy et al. 2001b). However, in this study, Xenarthra
suffers from poor taxonomic representation (only three
taxa) relative to the other three major clades that include
8 (Afrotheria), 11 (Euarchontoglires), and 20 (Laura-
siatheria) taxa.

Here we present a study including the broadest tax-
onomic representation so far considered in a molecular
approach to xenarthran phylogeny. We constructed a su-
permatrix of 47 placental taxa and three marsupial out-
groups, including 12 of the 13 living xenarthran genera,
for three genetically independent protein-coding nuclear
genes: a2B Adrenergic receptor (ADRA2B), Breast
Cancer Susceptibility exon 11 (BRCA1), and von Wil-
lebrand Factor exon 28 (VWF) representing a total of
5,130 aligned nucleotide sites. Choice of these nuclear
markers was guided by their wide use for inferring the

phylogeny of placental mammals (Springer et al. 1997;
Stanhope et al. 1998a, 1998b; Madsen et al. 2001), dem-
onstrating that their resolving power was higher than for
mitochondrial markers at the mammalian interordinal
level (Springer et al. 1999; Springer et al. 2001). Fur-
thermore, their coding status provides the opportunity to
compare the phylogenetic signal contained in both nu-
cleotides and amino acids. The extensive sampling re-
alized within Xenarthra permits us to resolve intraordi-
nal relationships, and to investigate the impact of an
increased taxon sampling on the root position of the
placental tree. Increased nucleotide sampling has a dom-
inant impact on phylogenetic accuracy (Poe and Swof-
ford 1999; Rosenberg and Kumar 2001), but increased
taxon sampling has also been shown to facilitate phy-
logenetic inference (Lecointre et al. 1993; Hillis 1996;
Rannala et al. 1998). Indeed, breaking potentially long
branches by adding taxa within one of the two most
basal clades might help to stabilize the placental ingroup
topology in its deepest parts. By using the maximum
likelihood (ML) and the Bayesian framework this study
aims to (1) compare the evolutionary dynamics and phy-
logenetic content of these three protein-coding nuclear
markers evolving under different selective pressures, (2)
resolve the phylogeny of living xenarthrans with special
reference to armadillos, and (3) evaluate the effect of an
increased taxon sampling within Xenarthra for finding
the root of the placental tree.

Materials and Methods
Taxonomic Sampling

Thirteen xenarthran species representing all living
genera—except the rare and cryptic subterranean genus
Chlamyphorus—were sampled. We chose the data set
encompassing all representatives of placentals se-
quenced to date for the three nuclear coding genes
ADRA2B, BRCA1, and VWF. Three marsupials (Ma-
cropus, Didelphis, and Vombatus) were used as out-
groups to locate the root of the placental tree (see Sup-
plementary Material).

Data Acquisition

Xenarthran samples preserved in 95% ethanol were
stored in the mammalian tissue collection of the Institut
des Sciences de l’Evolution de Montpellier (Catzeflis
1991). Total DNAs were extracted for D. novemcinctus
(nine-banded armadillo), Dasypus kappleri (great long-
nosed armadillo), Chaetophractus villosus (larger hairy
armadillo), Euphractus sexcinctus (six-banded armadil-
lo), Zaedyus pichiy (pichi), Tolypeutes matacus (south-
ern three-banded armadillo), Cabassous unicinctus
(southern naked-tailed armadillo), P. maximus (giant ar-
madillo), Cyclopes didactylus (pygmy anteater), Taman-
dua tetradactyla (collared anteater), Myrmecophaga tri-
dactyla (giant anteater), Bradypus tridactylus (pale-
throated three-toed sloth), and Choloepus didactylus
(southern two-toed sloth).

The single exon gene ADRA2B was amplified and
sequenced using the primers designed by Springer et al.
(1997) and the following additional pairs of forward (A)
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and reverse (B) primers: A4 (59-GCCATCGCGGCNG-
YCRYCACCTTCCTCATC-39), B4 (59-GCTGCGY-
TTGGCAATCAGGTAGAGTCG-39), and B5 (59-
GCGCCCAGGCTGTAGCTGAAGAAGAA-39). The
exon 28 of VWF was amplified according to Delsuc et
al. (2001). PCR products for ADRA2B and VWF were
purified from 1% agarose gels using Amicon Ultrafree-
DA columns (Millipore) and sequenced on both strands
using automatic sequencing (Big Dye Terminator cycle
kit) on an ABI 310 (PE Applied Biosystems). BRCA1
gene sequences were obtained as described elsewhere
(Teeling et al. 2000; Madsen et al. 2001). The 2,900-bp
region of exon 11 was amplified in three overlapping
segments, as described in Teeling et al. (2000) and Mad-
sen et al. (2001). PCR primers for each segment were
as follows: [1] Forward UF1 (59-GTTTCAAACTTG-
CATGTGGAGCC-39), Reverse XR11 (59-GCAGAT-
TCTTTTTCCAATGATTCTG-39); [2] Forward GF8
(59-GGCCTTCATCCTGAGGATTTTATCAA-39), Re-
verse R19 (59-TGYAAATACTGAGTATCAAGTTCA-
CT-39); [3] Forward XBF17 (59-TATGGCACTCARGAY-
AGTATCTCATT-39), Reverse BRCA1B (59-GTTGGA-
AGCAGGGAAGCTCTTCATC-39). Sequencing was per-
formed using PCR primers and additional internal
primers in segment [1] Forward F4 (59-GAAAGTTAA-
TGAGTGGTTTTCCAGAA-39), Reverse UR7 (59-CTT-
CCTCCGATAGGTTTTCCCAA-39) and in segment [3]
Forward F25 (59-AACTAGGTAGAAACAGAGGRC-
CTA-39), Reverse R26 (59-TTAGGYCCTCTGTTT-
CTACCTAGTT-39).

The 26 xenarthran sequences new to this study
have been deposited in the EMBL data bank. Taxonomy
and accession numbers referring to all sequences used
in this study are provided as Supplementary Material.

Sequence Alignment

Sequences were manually aligned with the ED ed-
itor of the MUST package (Philippe 1993). We excluded
a glutamic acid repeat region of ADRA2B and also a
21-bp region of BRCA1 that is repeated up to four times
according to Madsen et al. (2001). The concatenated
placental data set is 5,130 bp long with ADRA2B (1,152
bp), BRCA1 (2,788 bp), and VWF (1,190 bp). All in-
troduced gaps were treated as missing data in subse-
quent analyses. Alignments are available upon request.

Phylogenetic Analyses

All phylogenetic analyses were conducted under
the ML and Bayesian approaches. ML was chosen be-
cause it is known to be less sensitive to potential long-
branch attraction artifacts, and it takes into account the
underlying molecular evolutionary process (Swofford et
al. 2001). The Bayesian approach allows the analysis of
large phylogenetic data sets under complex evolutionary
models (Huelsenbeck et al. 2001). Using a likelihood
framework also permits the statistical comparison of
competing hypotheses and topologies obtained from dif-
ferent partition and rooting schemes (Huelsenbeck and
Rannala 1997; Whelan, Lio, and Goldman 2001).

Results from Modeltest 3.06 (Posada and Crandall
1998) based on the Akaike Information Criterion (AIC)
indicate that the General Time Reversible model (GTR,
Yang 1994) plus a gamma (G) distribution of parameter
a (Yang 1996a) and a proportion I of invariable sites
was the best model for each of the three data sets. How-
ever, to render ML analyses comparable between
PAUP* version 4.0b8 (Swofford 1998) and PAML ver-
sion 3.0c (Yang 1997) which does not allow the use of
invariable sites, we choose the GTR 1 G8 model with
eight discrete rate categories to represent the continuous
G distribution.

In order to avoid excessive computation time, ML
analyses with PAUP* version 4.0b8 (Swofford 1998)
were conducted using a loop approach to estimate the
best tree and the optimal likelihood parameters. First,
substitution rate matrix and among-site substitution rate
heterogeneity parameters were optimized on a neighbor-
joining (NJ) topology derived from ML distances ob-
tained using a GTR 1 G8 model (a 5 0.5). Second, a
ML heuristic search was conducted by Tree Bisection
Reconnection (TBR) branch swapping to identify the
optimal tree under these GTR 1 G8 parameter estimates.
Third, likelihood parameters were reestimated on this
new topology. Four, a new heuristic tree search was run
under the reestimated GTR 1 G8 parameters. This loop
procedure was performed until stabilization of both to-
pology and parameters was attained (after three cycles).
The Bayesian approach to phylogenetic reconstruction
(Yang and Rannala 1997; Huelsenbeck et al. 2001) was
implemented using MrBayes 2.01 (Huelsenbeck and
Ronquist 2001). Metropolis-coupled Markov chain
Monte Carlo (MCMCMC) sampling was performed
with four chains that were run for 500,000 generations,
using default model parameters as starting values.

The robustness of nucleotide-derived trees was es-
timated by Bootstrap Percentages (BP) (Felsenstein
1985) computed by PAUP* using the optimal ML esti-
mated parameters, with NJ starting trees and TBR
branch swapping. The number of TBR rearrangements
was unlimited for the Xenarthra data set (1,000 boot-
strap replications) and set to 1,000 per replicate for the
Placental data set (100 bootstrap replications). Bayesian
posterior probabilities were picked from the 50% ma-
jority rule consensus of trees sampled every 20 gener-
ations after removing trees obtained before chains
reached apparent stationarity (burn-in determined by
empirical checking of likelihood values).

Evaluation of the Saturation of Nucleotide
Substitutions

The nucleotide substitution saturation of the phy-
logenetic markers was evaluated with the graphical
method used by Philippe and Forterre (1999). The in-
ferred number of substitutions between each pair of se-
quences was estimated from the ML tree as the sum of
the lengths of all branches linking these two sequences.
The saturation level was estimated by plotting the num-
ber of observed differences as a function of the ML
inferred number of substitutions for all 1,225 pairwise
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comparisons for 50 sequences. In these graphics, the
straight line (Y 5 X) represents the situation for which
the number of inferred substitutions equals the number
of observed differences, i.e., there is no detected ho-
moplasy in the data. The nucleotide substitution satu-
ration is evidenced when the number of inferred substi-
tutions increased, whereas the number of observed dif-
ferences remained constant (plateau shape).

Statistical Tests of the Position of the Root: Impact of
Character Partitions and Taxon Sampling

Extensive studies (Madsen et al. 2001; Murphy et
al. 2001a, 2001b; this article) identified four major
clades of placentals: Afrotheria, Xenarthra, Euarchon-
toglires, and Laurasiatheria. Assuming the respective
monophyly of these clades—as suggested by the ML
analyses of the data—there are 15 possible ways to con-
nect the four clades into a bifurcating topology rooted
by marsupials. These 15 alternative topologies were
compared by the ML test of Kishino and Hasegawa
(1989), with introduction of the Shimodaira and Hase-
gawa (1999) correction for multiple comparisons of to-
pologies defined a posteriori (SH test).

To evaluate the impact of character sampling on the
location of the root, we performed SH tests using dif-
ferent character partitions of the combined data set. As
ADRA2B, BRCA1, and VWF locate to different chro-
mosomes and their protein products markedly differ in
function, these nuclear genes likely evolve under differ-
ential selective pressures. To accommodate expected dif-
ferences in molecular evolution, we followed the ap-
proach of Yang (1996b) for analyzing multiple genes.
Thus, each codon position of the three genes has been
attributed one independent GTR 1 G8 model for which
the different sets of likelihood parameters (base fre-
quencies, substitution rate parameters, the a parameter
of the G distribution, and branch lengths) were estimat-
ed. This allows us to take into account both differences
in substitution pattern and rate heterogeneity between
both the three codon positions and the three different
genes. This partitioned ML model was used in PAML
to compute log-likelihoods and confidence probability
values for the 15 topologies corresponding to the pos-
sible locations of the root between the four major clades
of placentals. The following four sets of characters were
analyzed: (1) first and second codon positions of the
three genes (ABV 1 1 2; 3,421 sites; 6 partitions), (2)
first and second codon positions of ADRA2B and VWF
plus all codon positions of BRCA1 (A2BV2; 4,350
sites; 7 partitions), (3) all codon positions of the three
genes (ABV 1 1 2 1 3; 5,130 sites; 9 partitions), and
(4) concatenated amino acids of the three proteins (ABV
AA; 1,709 sites). Because of computational time con-
straints, a single JTT (Jones, Taylor, and Thornton 1992)
plus G8 model was assumed for the amino acid concat-
enated data set.

To assess the impact of increased taxon sampling
within Xenarthra on the location of the root, we con-
ducted SH tests after resampling of xenarthran species
belonging to its three subgroups: sloths (two taxa), ant-

eaters (three), and armadillos (eight). To do this, we built
all taxon combinations with each one of the 13 available
xenarthrans (13 combinations), with one from all three
xenarthran subclades (48 combinations of three taxa),
with two xenarthrans per subclade (84 combinations of
six taxa), with three (except for sloths) xenarthrans per
subclade (56 combinations of eight taxa), and with all
xenarthrans (the original combination including 13
taxa). Because of computational time limitations,
PAUP* was used to perform SH tests assuming a single
GTR 1 G8 model on the different concatenated data sets.

Results
Molecular Evolution of the Three Nuclear Markers
Base Compositions

The three nuclear genes exhibit marked differences
in base composition. ADRA2B and VWF appear quite
similar in being GC-rich, with mean overall values of
64.9% and 61.9%, respectively. On the contrary,
BRCA1 is rather AT-rich with a mean overall value of
59.6%. As expected, these differences in base compo-
sition are especially contrasted on third codon positions.
Indeed, ADRA2B and VWF show mean GC3 values of
more than 80%, whereas this value is only 30% for
BRCA1. This GC3 enrichment is particularly pro-
nounced in xenarthrans that possess values of more than
90% for ADRA2B and VWF. This phenomenon implies
that the ML base composition stationarity assumption is
satisfied for BRCA1 but not for several taxa when con-
sidering all codon positions of ADRA2B and VWF (P
, 0.05; x2 test of TREE-PUZZLE 4.02; Strimmer and
von Haeseler 1996). As expected from their particularly
high GC3 content, almost all xenarthran taxa deviated
from the mean base composition for the ADRA2B and
VWF 50 taxa data sets. However, removal of third co-
don positions of ADRA2B and VWF in the combination
analysis greatly reduces the base composition hetero-
geneity, only four taxa (Echinops, Hystricidae, Mus,
Tonatia) still departing from stationarity. Given these
peculiarities, we also considered a data set reduced to
the 13 xenarthran taxa to assess their phylogenetic re-
lationships. This reduced data set was homogenous in
terms of base composition when all codon positions of
the three genes are included.

Evolutionary Dynamics

Comparisons of ML GTR 1 G8 parameters esti-
mated for each codon position reveal a particular be-
havior of BRCA1, relative to ADRA2B and VWF (fig.
1). Indeed, for the two latter genes, we observed almost
the same pattern of substitutions at first and second co-
don positions. These positions are characterized by an
excess of transitions over transversions especially
marked at second codon positions but seem to exhibit
comparable relative evolutionary rates. Furthermore,
these positions share similarly small values of the gam-
ma shape parameter (a , 0.65) indicating strong rate
heterogeneity at these positions within each gene. As
expected from genetic code redundancies, third codon
positions of ADRA2B and VWF evolve about three
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FIG. 1.—Comparative evolutionary dynamics of the three nuclear
genes using the 50 mammalian taxa data set. Partitioned ML param-
eters (GTR 1 G8) for each of the three codon positions of each gene
were computed using PAML 3.0c (Yang 1997). Graphic representation
shown from left to right: GTR rate matrix parameters for transitions
AG and CT (gray bars) and transversions AC, AT, CG, and GT 5 1
(white bars), a parameter of the G8 distribution (horizontally hatched
bars), and rate between partitions relative to the slowest partition, i.e.,
position 2 of ADRA2B 5 1 (diagonally hatched bars).

times faster than their respective first and second codon
positions. High gamma shape parameter values (a .
2.92) indicate that these fast rates have a rather homog-
enous distribution along third codon positions of these
exons. In striking contrast to this typical coding gene
pattern, all codon positions of BRCA1 seem to behave
similarly and evolve at about the same rate (fig. 1). In-
deed, there is almost no difference between the three
codon positions in terms of the transition-transversion
ratio, the gamma shape parameter, and the relative evo-
lutionary rate. They are all characterized by high values
of the gamma shape parameter (a . 2.09) and an evo-
lutionary rate about three times higher than the slowest
evolving character partition, i.e. the second codon po-
sitions of ADRA2B.

Given the marked differences between the three
genes and between their codon positions, we combined
them following the partitioned likelihood approach of
Yang (1996b), rather than constraining substitution rate
parameters and branch lengths to be the same for the
three markers. A significant increase in log-likelihood
values is observed when using partitioned likelihood
models according to codon positions. For example, in
the case of the ABV 1 1 2 1 3 set of characters, the
AIC decreases from 175,910.58 (5 2 3 87,849.29 1 2
3 106) to 174,875.84 (5 2 3 86,483.92 1 2 3 106 3
9) when an independent set of GTR 1 G8 and branch
length parameters is attributed to each codon position.
This result indicates that the partitioned likelihood pa-
rameter-rich model incorporating nine independent sets
of 106 free parameters—three base frequencies, five
GTR rates, one Gamma shape, and 97 branch lengths—
more appropriately describes the underlying evolution-
ary process than a single GTR 1 G8 model for the whole
concatenation. Additional analyses based on the AIC
(not shown) indicate that the better fit of the partitioned
models according to genes and codon positions is
caused, in decreasing order of impact, by variable evo-
lutionary rates along branches (cf. individual phylo-
grams provided in the Supplementary Material section),
to variable rates between sites (as measured by the G
distribution), to variable base compositions, and to var-

iable GTR substitution rates. Given the huge computa-
tion time constraints to search for the best tree under
partitioned likelihood models, we however conducted
heuristic searches using a single GTR 1 G8 model under
PAUP*, but evaluated alternative rooting hypotheses un-
der partitioned models with PAML.

Nucleotide Substitution Saturation Analyses

Saturation plots of the pairwise observed differ-
ences between the 50 sequences as a function of the
pairwise number of substitutions inferred on the ML tree
(Philippe and Forterre 1999) are presented in figure 2
for third codon positions of each gene. The slope of the
regression line between the numbers of observed differ-
ences and inferred substitutions is an indication of the
relative saturation level of the characters considered: the
greater the number of inferred substitutions (abscissa) is
for a given number of differences (ordinate), the higher
the level of saturation. Under this graphical representa-
tion, third codon positions of BRCA1 (slope 5 0.44)
appear less saturated than third codon positions of
ADRA2B (slope 5 0.28) and VWF (slope 5 0.19) for
which there is considerable dispersion of pairwise com-
parison points. This pattern indicates that multiple sub-
stitutions are more frequent at these positions and that
a beginning of saturation is reached even for compari-
sons between quite closely related taxa. For the 141
pairwise comparisons involving the three marsupials
against the 47 placentals (triangles in fig. 2), the plots
reach a plateau for ADRA2B and VWF (slopes of 0.004
and 0.05, respectively) but not for BRCA1 (slope 5
0.31). So, third codon positions of BRCA1 show a weak
tendency to form a plateau, being almost linearly dis-
tributed just below the Y 5 X straight line. These sat-
uration analyses strengthen the peculiarity of BRCA1
third codon positions, which appear to be less saturated
than those of ADRA2B and VWF. By contrast, satura-
tion analyses for first and second codon positions of the
three genes did not reveal significant saturation, graph-
ical patterns being very similar to the one of BRCA1
third codon positions (data not shown). Therefore, third
codon positions of BRCA1 do not seem to exhibit strong
saturation in nucleotide substitutions and are more likely
to have retained some deep phylogenetic signal than
those of ADRA2B and VWF.

Congruence Between Individual Genes

Topological congruence between the individual
genes was evaluated by crossed SH tests in which the
highest-likelihood topologies obtained with individual
and combined data sets were compared against each
other (table 1). Each individual data set significantly
rejects the ML topology of the other two, with the ex-
ception of the BRCA1 ML topology under the
ADRA2B data set. However, none of the three individ-
ual data sets significantly rejects the ML topology ob-
tained with the combined data set (0.18 , P , 0.61),
suggesting that combining individual genes leads to a
phylogenetic estimate compatible with the signal con-
tributed by each individual gene. ML trees derived
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FIG. 2.—Saturation plots of the numbers of observed differences as a function of the numbers of inferred substitutions for each pair of
sequences at third codon positions of the three nuclear genes. ML pairwise distances were inferred from branch lengths calculated on the best
ML topology found with the concatenation of the three genes (fig. 4) and using GTR 1 G8 parameters estimated on third codon positions of
each gene. The Y 5 X straight line shows the case where there is no homoplasy in the data. Triangles represent Marsupialia-Placentalia pairwise
comparisons, diamonds intra-Xenarthra comparisons, and open-circles other comparisons. Note that the scale of the ordinate axis (number of
observed differences) for BRCA1 is twice the scale for the other genes.

from each of the three individual data sets that were
combined are supplied as supplementary material.
Thus, we decided to concatenate the three data sets in
a total evidence approach designed to maximize the
number of characters analyzed.

Phylogenetic Results
Xenarthrans

The ML phylogram depicting intraxenarthran re-
lationships is presented in figure 3. It shows an almost
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Table 1
Shimodaira and Hasegawa (1999) Crossed Tests of Topological Congruence Between the Three Nuclear Markers

ML TOPOLOGIES

CHARACTER SETS

ADRA2B (1 1 2) BRCA1 (1 1 2 1 3) VWF (1 1 2) Combined

ADRA2B (1 1 2). . . . . .
BRCA1 (1 1 2 1 3) . . .
VWF (1 1 2) . . . . . . . . .
Combined . . . . . . . . . . . .

27655.03
24.93 (P 5 0.10)
64.85 (P 5 0.001*)
18.42 (P 5 0.18)

230.17 (P , 0.001*)
249207.84

343.77 (P , 0.001*)
11.56 (P 5 0.61)

58.06 (P 5 0.002*)
32.80 (P 5 0.04*)

210155.76
18.10 (P 5 0.18)

247.63 (P , 0.001*)
5.92 (P 5 0.71)

361.13 (P , 0.001*)
268132.36

NOTE.—Log-likelihood values of ML topologies inferred from the ADRA2B (1 1 2), BRCA1 (1 1 2 1 3), VWF (1 1 2), and combined data sets were
computed using each of the four data matrices and then compared with the corresponding highest log-likelihood value (in bold). The difference in log-likelihood
values derived from these crossed comparisons and corresponding confidence P values of the SH test (enclosed in parantheses) are also indicated. An asterisk (*)
indicates that the tested topology is significantly worse at the 5% level than the best ML topology for the corresponding data set.

FIG. 3.—ML phylogram of Xenarthra relationships using the all codon position concatenation of the three nuclear markers (5,113 sites, of
which 1,481 are variable). Anteaters and sloths (Pilosa) were used as outgroup to infer relationships among armadillos (Cingulata, Dasypodidae).
ML bootstrap proportions (1000 replications) and Bayesian posterior probabilities are indicated at each node. Unique amino acid deletions in
the proteins supporting different clades are also indicated on the tree (triangles: ADRA2B, squares: BRCA1). GTR 1 G8 ML parameters estimated
with in PAUP*: rate matrix (AC: 0.91, AG: 4.64, AT: 0.72, CG: 1.92, CT: 4.75, GT: 1.00), a 5 0.60.

fully resolved topology apart from two notable excep-
tions within the armadillos (Dasypodidae). Some of the
nodes (Folivora, Vermilingua, Cingulata, and Dasypus)
are defined by exclusive amino acid deletions occurring
in the ADRA2B and BRCA1 proteins. It is also notice-
able that all armadillos included in this study have a
very reduced glutamic acid repeat region in ADRA2B
as compared with most other placental mammals (data
not shown). Within Pilosa, the monophyly of sloths (Fo-
livora), anteaters (Vermilingua), and Myrmecophaginae
(Myrmecophaga 1 Tamandua) receives 100% ML boot-
strap (BPML) support and a Bayesian posterior proba-
bility (Pbay) of 1.00. The concatenation of the three
genes also strongly supports (BPML 5 100; Pbay 5 1.00)
the existence of three distinct lineages within Cingulata:
(Dasypus), (Priodontes, Cabassous, Tolypeutes) and
(Chaetophratus, Euphractus, Zaedyus). The genus Da-
sypus, represented here by two divergent species (D.
novemcinctus and D. kappleri), appears well separated
from the two other groups, which are closely related
(BPML 5 100; Pbay 5 1.00). However, relationships
within these two clades (Tolypeutinal and Euphractinal)

are characterized by extremely short internal branches,
low ML bootstrap supports, and moderate Bayesian pos-
terior probabilities.

Placentals

Figure 4 presents the ML phylogram obtained for
the relationships among placental mammals using the
A2BV2 data set. Despite the shortness of its deepest
nodes, this tree strongly supports (BPML . 98; Pbay 5
1.00) four major placental clades: (I) Afrotheria, (II) Xe-
narthra, (III) Euarchontoglires and (IV) Laurasiatheria.
The grouping of superclades III and IV into Boreoeuth-
eria is also robustly evidenced (BPML 5 98; Pbay 5
1.00). In this ML topology, Afrotheria appears as the
first offshoot of the placental tree, with moderate support
(BPML 5 61; Pbay 5 0.81). However, the Afrotheria 1
Xenarthra hypothesis is preferred when removing all
third codon positions (BPML 5 57; Pbay 5 0.46). Rela-
tionships among afrotherians are rather well resolved.
Our results strongly support the division of Afrotheria
in two main clades: Paenungulata (Proboscidea, Sirenia,
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FIG. 4.—ML phylogram of placental mammal relationships using the concatenation of first and second codon positions of ADRA2B and
VWF plus all codon positions of BRCA1 (4,350 sites, of which 3,362 are variable). The three marsupials Didelphis, Macropus, and Vombatus
were used as outgroup. ML bootstrap proportions (100 replications) and Bayesian posterior probabilities are indicated at each node. GTR 1 G8

ML parameters estimated with PAUP*: rate matrix (AC, 1.31; AG, 4.72; AT, 0.77;, CG, 1.46;, CT, 4.65; GT: 1.00), a 5 1.23.
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and Hyracoidea; BPML 5 100; Pbay 5 1.00) and a clade
grouping Tubulidentata, Macroscelidea, Chrysochlori-
dae, and Tenrecidae (BPML 5 99; Pbay 5 1.00). Whereas
the relationships among paenungulates remain unre-
solved, there is strong support for a sister-group rela-
tionship between Chrysochloridae and Tenrecidae
(BPML 5 94; Pbay 5 1.00) and the early emergence of
Tubulidentata is evidenced (BPML 99; Pbay 51.00).
Within Boreoeutheria, our data robustly support the
monophyly of rodents (BPML5 100; Pbay 5 1.00) within
the superclade III, but their grouping with lagomorphs
into Glires is only moderately supported (BPML 5 60;
Pbay 5 0.97). The interrelationships of Primates, Scan-
dentia, and Dermoptera are not resolved by our data.
Within Laurasiatheria, we retrieved the monophyly of
Eulipotyphla (core insectivores), Cetartiodactyla, Peris-
sodactyla, and Chiroptera (BPML 5 100; Pbay 5 1.00)
and a robust sister-group relationship between Carnivora
and Pholidota is evidenced (BPML 5 94; Pbay 5 1.00).
However, the relationships between these five monophy-
letic groups remain unclear, with the exception of an
early divergence separating Eulipotyphla from the others
(BPML 5 89; Pbay 5 1.00).

Statistical Tests of the Position of the Root
Effect of Character Sampling

To evaluate the stability of the root of the placental
tree in the three data sets, we compared the 15 possible
bifurcating topologies depicting ingroup relationships
between the four major clades using the SH test (table
2). The results of the partitioned SH tests appear to de-
pend on the analyzed characters. Indeed, when only first
and second codon positions (ABV 1 1 2) are consid-
ered, a basal Xenarthra 1 Afrotheria clade appears as
the most likely hypothesis, whereas the early emergence
of Afrotheria is favored when considering either only
first and second codon positions of ADRA2B and VWF
plus all codon positions of BRCA1 (A2BV2), all codon
positions of the three genes (ABV 1 1 2 1 3), or amino
acids (ABV AA). However, the first three hypotheses
(basal Afrotheria, basal Afrotheria 1 Xenarthra, and Ep-
itheria) are not significantly different from a statistical
perspective and are almost indistinguishable on the basis
of their likelihood scores when considering only posi-
tions 1 1 2 or amino acids (table 2). All other alternative
hypotheses but two are significantly worse at the 5%
level whatever data set is considered (table 2). The two
remaining alternatives break the monophyly of Bor-
eoeutheria by placing either Euarchontoglires or Laur-
asiatheria at the base of a tree in which Xenarthra and
Afrotheria group together. Despite the fact that they are
not significantly rejected by the SH test (P values rang-
ing from 0.106 to 0.203), they involved a severe drop
in log-likelihood values relative to the three main hy-
potheses (table 2). The monophyly of Boreoeutheria is
strongly suggested; thus it is highly likely that the po-
sition of the root falls along a branch connecting Af-
rotheria, Xenarthra, and Boreoeutheria.
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Table 3
Comparison of the Likelihood of the Three Main Placental Rooting Hypotheses
Depending on the Number of Xenarthran (XEN) Taxa Included in the Data Set

Hypotheses
1 XEN

(N 5 13)
3 XEN

(N 5 48)
6 XEN

(N 5 84)
8 XEN

(N 5 56)
13 XEN
(N 5 1)

ABV (1 1 2)
Basal Afrotheria . . . . . . . . . . . . . .
Xenarthra 1 Afrotheria . . . . . . . .
Epitheria . . . . . . . . . . . . . . . . . . . .

77
23

0

21
79

0

21
79

0

2
98

0

0
100

0

A2BV2
Basal Afrotheria . . . . . . . . . . . . . .
Xenarthra 1 Afrotheria . . . . . . . .
Epitheria . . . . . . . . . . . . . . . . . . . .

100
0
0

100
0
0

100
0
0

100
0
0

100
0
0

ABV (1 1 2 1 3)
Basal Afrotheria . . . . . . . . . . . . . .
Xenarthra 1 Afrotheria . . . . . . . .
Epitheria . . . . . . . . . . . . . . . . . . . .

85
15

0

100
0
0

100
0
0

100
0
0

100
0
0

NOTE.—Values indicate the percentages of times that an hypothesis appeared with the highest likelihood in the com-
parisons. ABV (1 1 2) 5 concatenation of the first and second codon positions of the three genes; A2BV2 5 concatenation
of the first and second codon positions of VWF and ADRA2B plus all codon positions of BRCA1; ABV (1 1 2 1 3) 5
concatenation of all codon positions of the three genes. N represents the number of possible trees in each case.

Effect of Taxon Sampling

In order to test the effect of increasing taxon sam-
pling within Xenarthra on the location of the root, we
compared the results of SH tests for the three main com-
peting hypotheses previously identified (basal Afrothe-
ria, Afrotheria 1 Xenarthra, and Epitheria) using all
possible trees, including 1 (13 combinations), 3 (48), 6
(84), 8 (56), and 13 (1) xenarthran taxa. Table 3 sum-
marizes the percentage of times that each of these three
alternatives appears as the best hypothesis. As previ-
ously observed (table 2) when considering all 13 xe-
narthrans for the first and second codon positions of the
three genes, the Afrotheria 1 Xenarthra hypothesis ap-
peared as the best hypothesis instead of the basal Af-
rotheria hypothesis. This result is dependent on the num-
ber of species chosen to represent Xenarthra. Indeed, if
only one xenarthran is considered, the basal Afrotheria
hypothesis is the most likely in 77% of the comparisons
when considering only positions 1 1 2. Increasing the
xenarthran taxonomic representation inverted the ten-
dency, and results converged toward the Afrotheria 1
Xenarthra hypothesis (table 3). In contrast, the situation
was clearer when using the two longer data sets. In those
cases, a basal position of Afrotheria was preferred in all
comparisons but two (when using the sloths Choloepus
or Bradypus with all codon positions). Interestingly, de-
spite the fact that Epitheria was not rejected at the 5%
significance level, it was never scored as the highest
likelihood hypothesis over all 606 topologies explored.

To appreciate the extent of likelihood variation be-
tween comparisons including a variable number of xe-
narthran taxa, we graphically represented the SH test P
values observed for the Epitheria hypothesis, as a func-
tion of the number of xenarthrans considered (fig. 5).
This graph illustrates the interacting effects of increasing
both taxa and character sampling. Two effects can be
evidenced. First, the longer the sequences, the lower the
support for the Epitheria hypothesis. Second, the larger
the species sampling, the smaller the P value dispersion

range. However, it seems that increasing the number of
analyzed characters leads to the expansion of P value
ranges by contrasting the differences between estimates.
For example, when a single xenarthran is sampled for
the all-codon-positions data set, the P values range from
a highly nonsignificant value of 0.631 with the sloth
Bradypus, to a marginally significant value of 0.054
with the armadillo Cabassous. Thus, including only a
small number of selected xenarthran representatives
could be misleading in terms of the results of hypotheses
testing, especially when a large number of nucleotides
is considered.

Discussion
Comparative Evolutionary Dynamics and Phylogenetic
Content of the Three Nuclear Markers

Detailed analyses of the evolutionary dynamics of
the three nuclear protein-coding genes revealed marked
differences in terms of base compositions and substitu-
tion patterns. Each of these genes is located on a dif-
ferent chromosome in the human genome—chromo-
somes 2, 12, and 17 for ADRA2B, VWF, and BRCA1,
respectively—and observed differences in base compo-
sition might be related to the isochore structure of the
genome (Bernardi 2001). Regarding molecular evolu-
tion, our results expand those of Adkins et al. (2001)
who reported the observation of a similar rate of evo-
lution for the three codon positions in BRCA1 of ro-
dents. All three codon positions of this gene exhibit
moderate rates of substitution and striking among-sites
rate homogeneity (a . 2.09). This unusual pattern of
evolution might reflect peculiar selective constraints act-
ing on this large spectrum regulatory protein (Deng and
Brodie 2000). Moreover, saturation analyses illustrated
that third codon positions of BRCA1 retain a less-sat-
urated phylogenetic signal for comparisons within pla-
centals and between placentals and marsupials relative
to ADRA2B and VWF (fig. 2). The saturation of
ADRA2B and VWF third codon positions might also
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FIG. 5.—Graphic representation of Shimodaira and Hasegawa (1999) test probability for the Epitheria hypothesis as a function of the
number of xenarthran taxa sampled. This probability was computed for all possible trees including 1, 3, 6, 8, and 13 xenarthrans for three data
sets: ABV (1 1 2) [diamonds] 5 concatenation of first and second codon positions of the three genes (3,421 sites); A2BV2 [circles] 5
concatenation of first and second codon positions of VWF and ADRA2B plus all codon positions of BRCA1 (4,350 sites); ABV (1 1 2 1 3)
[triangles] 5 concatenation of all codon positions of the three genes (5,130 sites). Horizontal dashed lines indicate the P values of the SH test
obtained for each data set considering all xenarthran taxa (13). These values are 0.404, 0.175, and 0.144, respectively, for the ABV (1 1 2),
A2BV2, and ABV (1 1 2 1 3) data sets. The continuous horizontal line represents the 5% significance level of the test below which the
alternative is significantly worse than the best topology.

reflect the fact that their very high GC content restricts
the acceptable nucleotide states to mainly G or C. The
case of BRCA1 argues for a careful preliminary exam-
ination of the phylogenetic properties of molecular char-
acter partitions, before deciding to include or exclude
them in subsequent analyses. Moreover, the marked dif-
ferences observed between the three phylogenetic mark-
ers and the significant gain in log-likelihood values le-
gitimize the application of partitioned likelihood models
when comparing alternative hypotheses using their con-
catenation (Yang 1996b).

Placental Mammal Phylogeny

In many aspects, the phylogenetic picture of pla-
cental mammal relationships that we obtained is fully
compatible with the challenging studies of Madsen et al.
(2001) and Murphy et al. (2001a, 2001b). Our study
based on the detailed ML analysis at the DNA and ami-
no acid levels of 5,130 bp of three nuclear protein-cod-
ing genes yielded conclusions consistent with those ob-
tained on 16,397 bp by Murphy et al. (2001b). They
strongly confirmed the existence of the four major pla-
cental clades Xenarthra, Afrotheria, Euarchontoglires,
and Laurasiatheria and add support to the grouping of
the Northern Hemisphere clades Euarchontoglires and
Laurasiatheria in the so-called Boreoeutheria (Springer
and de Jong 2001).

Xenarthra

We present here the first comprehensive study of
xenarthran molecular phylogeny based on the analysis
of three nuclear markers for 12 of the 13 living genera.
Analyses of the placental data sets (fig. 4) unambigu-
ously supported the monophyly of the order Xenarthra

and its division in the two suborders Cingulata (arma-
dillos) and Pilosa (anteaters and sloths). This result con-
firms those obtained on both morphological (Engelmann
1985; Patterson et al. 1992; Gaudin 1999) and molecular
(van Dijk et al. 1999; Delsuc et al. 2001; Madsen et al.
2001; Murphy et al. 2001a) characters. Our results also
led to a clear picture of Xenarthra interrelationships with
almost all nodes robustly evidenced (fig. 3).

Relationships within anteaters and sloths (Pilosa)
are fully congruent with previous analyses (Delsuc et al.
2001) and confirm both the respective monophyly of
anteaters (Vermilingua) and sloths (Folivora), and the
early emergence of the pygmy anteater (Cyclopes) with-
in Vermilingua (fig. 3). These results emphasize the very
deep split between larger body sized anteaters (Taman-
dua and Myrmecophaga) and the pygmy Cyclopes re-
flected by numerous morphological peculiarities related
to its strictly arboreal way of life (Gaudin and Branham
1998).

Regarding armadillos (Cingulata, Dasypodidae),
our results clearly identify three distinct lineages cor-
responding to the subfamilies defined by McKenna and
Bell (1997, pp. 82–102): Dasypodinae (D. kappleri and
D. novemcinctus), Euphractinae (Chaetophractus, Eu-
phractus, and Zaedyus) and Tolypeutinae (Priodontes,
Cabassous, and Tolypeutes). The evidence strongly sup-
ports the early emergence of Dasypodinae, whereas To-
lypeutinae and Euphractinae unequivocally cluster to-
gether (fig. 3). Such a relationship has already been pro-
posed based on the study of spermatozoa (Cetica et al.
1998) and contradicts the early morphological assess-
ment of Engelmann (1985). However, relationships
within the subfamilies Euphractinae and Tolypeutinae
remain unclear. Our results suggest the grouping of Eu-
phractus and Zaedyus excluding Chaetophractus within
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Euphractinae. Such a grouping is consistently retrieved
in most of the analyses but appears with only poor sup-
port in the total evidence ML tree (fig. 3). This lack of
resolution is not unexpected because the three genera
are morphologically so similar that their interrelation-
ships have always been considered as unresolved (En-
gelmann 1985; Patterson, Segall, and Turnbull 1989).
More surprising is the trifurcation obtained within To-
lypeutinae. Indeed, a close relationship between Cabas-
sous and Priodontes was expected on the basis of their
comparable external morphologies (Engelmann 1985;
Wetzel 1985) and spermatozoa (Cetica et al. 1998). By
contrast, in our ML phylogeny, Priodontes emerges in
a basal position relative to Cabassous and Tolypeutes
but with low support (fig. 3). Thus, relationships be-
tween these three genera are still unclear. However, To-
lypeutes possesses a highly distinct morphology shaped
by the anatomical constraints induced by its capacity to
entirely roll into a ball, hence rendering the interpreta-
tion of homology in postcranial characters difficult. In
this context, it is interesting to note that characters of
the ear region tend to support a sister-group relationship
between Tolypeutes and Cabassous as proposed by our
data (Patterson, Segall, and Turnbull 1989). The appar-
ent lack of resolution observed within these two clades
despite the high number of nucleotides analyzed raises
the question of the rapidity by which the splitting events
occurred. The shortness of internal nodes associated
with low-support values suggest that rapid cladogenesis
left only short time intervals for molecular synapomor-
phies to accumulate in these two groups. It is hoped that
considering more rapidly evolving molecules, such as
nuclear introns or mitochondrial genes, will help to re-
solve the only two remaining uncertainties in Xenarthra
phylogeny.

Afrotheria

Despite its highly provocative nature for morphol-
ogists (Novacek 2001), there is at present little doubt
about the naturalness of the African clade for which sup-
port consistently increases as molecular evidences ac-
cumulate (de Jong, Leunissen, and Wistow 1993; Douz-
ery and Catzeflis 1995; Lavergne et al. 1996; Springer
et al. 1997, 1999; Stanhope et al. 1998a, 1998b; Mou-
chaty et al. 2000b; Madsen et al. 2001; Murphy et al.
2001a, 2001b; van Dijk et al. 2001). Our results provide
strong ML bootstrap support for nodes within Afrotheria
that were previously difficult to resolve (Madsen et al.
2001; Murphy et al. 2001a). Indeed, whereas the retriev-
al of the well-defined Paenungulata (elephants, sireni-
ans, and hyraxes) was expected, a second major afrothe-
rian clade regrouping Tubulidentata (aardvark), Macros-
celidea (elephant shrews), Chrysochloridae (golden
moles), and Tenrecidae (tenrecs) is robustly confirmed.
Within this clade, the grouping of the two exinsectivoran
families Chrysochloridae and Tenrecidae is also well
supported. Moreover, in agreement with Murphy et al.
(2001b), our results support the early emergence of Tub-
ulidentata leading to the monophyly of an African in-
sectivore-like clade (Macroscelidea 1 Afrosoricida). It

is finally worth noting that, as in previous analyses of
concatenated nuclear genes (Madsen et al. 2001; Mur-
phy et al. 2001a, 2001b), relationships among paenun-
gulates remain unsettled despite the high numbers of
nucleotides analyzed. The resolution of this tricky ques-
tion and the verification of the proposed sister-group re-
lation between Macroscelidea and Afrosoricida might
benefit from an expanding taxon sampling within
Afrotheria.

Boreoeutheria

The association of Euarchontoglires and Laura-
siatheria appears strongly supported in all ML analyses
(fig. 4), and its monophyly is suggested by most ML
statistical tests (table 2). Such an arrangement, funda-
mentally opposing Northern and Southern placental
groups, argues for a more crucial importance of plate
tectonic events in the early diversification of placental
mammals than previously recognized (Eizirik, Murphy,
and O’Brien 2001; Madsen et al. 2001; Murphy et al.
2001a, 2001b). It also reveals the occurrence of parallel
adaptive radiations on separated continental masses that
are likely responsible for the long-standing difficulties
encountered by systematic morphologists to reconstruct
placental mammal evolution (Madsen et al. 2001; Scally
et al. 2001).

The Euarchontoglires clade containing the orders
Primates, Scandentia (tree shrews), Dermoptera (flying
lemurs), Lagomorpha (rabbits, hares and pikas) and Ro-
dentia (rodents) is consistently retrieved in all analyses
with high support values (fig. 4). The monophyly of
rodents is unambiguously supported and their associa-
tion with lagomorphs into Glires received moderate sup-
port. This arrangement, which has for a long time been
favored by morphological studies (Gregory 1910; Simp-
son 1945), has proved difficult to retrieve in molecular
studies, but was finally confirmed by larger taxon sam-
pling (Murphy et al. 2001a; Huchon et al. 2002). How-
ever, it has been questioned whether the Murphy et al.
(2001a) data set is adequate to resolve the relationships
of rabbits, rodents, and primates or needs more genes
with longer sequences (Rosenberg and Kumar 2001).

Similar to Afrotheria and Xenarthra, the clade
Laurasiatheria (Waddell, Okada, and Hasegawa 1999) is
always supported by 100% bootstrap support values or
Bayesian posterior probabilities of 1.00 in our analyses.
The existence of this clade is corroborated by analyses
of complete mitochondrial genomes, in which the basal
position of the hedgehog is likely considered to be an
artifact because of its peculiar nucleotide composition
(Cao et al. 2000; Mouchaty et al. 2000b; Nikaido et al.
2001). Within this clade, the proposal of an early diver-
gence of Eulipotyphla from the remaining laurasiather-
ians (Waddell, Okada, and Hasegawa 1999; Murphy et
al. 2001b) finds support in our data. The monophyly of
Chiroptera is unambiguously supported by our data as
is the paraphyly of Microchiroptera (Hipposideros, Me-
gaderma, Tonatia, Myotis, Tadarida) and its subsequent
implications for the evolution of echolocation and flight
in bats (Hutcheon, Kirsch, and Pettigrew, 1998; Teeling
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et al. 2000, 2002; Springer et al. 2001). An interesting
input provided by our data resides in the reliable support
obtained for the sister-group relationship of Pholidota
(pangolins) and Carnivora (fig. 4). This grouping, called
Ferae by Shoshani and McKenna (1998), was suggested
by early molecular studies (de Jong et al. 1985; Shosha-
ni 1986; de Jong, Leunissen, and Wistow 1993). In the
light of our results and those of Murphy et al. (2001b),
it seems likely that the presence of a well-developed
ossified tentorium in both carnivores and pangolins rep-
resents a true synapomorphy uniting these two orders
(Shoshani and McKenna 1998). Cetartiodactyla is in-
dubitably monophyletic based on our data (fig. 4) and
other multiple sets of molecular evidence (Montgelard,
Catzeflis, and Douzery 1997; Shimamura et al. 1997;
Gatesy et al. 1999). In addition, the artiodactyl affinities
of whales have been confirmed by recent fossil discov-
eries (Gingerich et al. 2001; Thewissen et al. 2001).
Among Cetartiodactyla, the relationships are entirely
congruent with those obtained from studies of other
genes (Montgelard, Catzeflis, and Douzery 1997; Ursing
and Arnason 1998; Gatesy et al. 1999; Madsen et al.
2001; Murphy et al. 2001a, 2001b) and SINE insertions
(Shimamura et al. 1997; Nikaido, Rooney, and Okada
1999). Nevertheless, relationships among these five ma-
jor Laurasiatherian clades remain unclear.

Character and Taxon Sampling and the Root of the
Placental Tree

Despite extensive taxon sampling, our data did not
allow the exact position of the root of the placental tree
to be determined. Indeed, like Madsen et al. (2001) and
Murphy et al. (2001a), we identified three almost equal-
ly likely possible root locations corresponding to the
following topological arrangements: basal Afrotheria,
basal Xenarthra 1 Afrotheria, and basal Xenarthra (as
sister-group to Epitheria). Recently, Murphy et al.
(2001b) proposed the root along the branch leading to
Afrotheria. One of our goals was to evaluate to what
extent increasing the taxon representation of a previous-
ly poorly sampled basal clade (Xenarthra) might help to
stabilize the position of the root on the placental tree.

Although not statistically conclusive, a detailed ex-
amination of the impact of both character and taxon
sampling on root location tests (SH tests) allows for the
identification of clear trends. Thus, it is worth noting
that Epitheria never appears as the most likely hypoth-
esis, suggesting that Xenarthra does not represent the
earliest offshoot of the placental tree as previously
thought (McKenna 1975). The location of the root for
the two remaining hypotheses is sensitive to the molec-
ular characters sampled. Indeed, the basal Afrotheria 1
Xenarthra hypothesis tends to be slightly favored when
only first and second codon positions are used, whereas
the basal Afrotheria solution is preferred when adding
BRCA1 third codon positions or third codon positions
of the three genes. It is however not clear whether this
results from signals caused by the growing number of
sampled characters (3,421–5,130) or to noise coming
from some saturated third codon positions. Moreover, it

is striking to note that in amino acid analyses the three
competing hypotheses for the position of the root (basal
Afrotheria, Afrotheria 1 Xenarthra, and Epitheria) only
differ by no more than 0.75 units of log-likelihood (table
2). Increasing the number of genes that are analyzed, in
association with a critical examination of different co-
don or amino acid partitions, will be important in further
investigations of the rooting problem.

It is also important to maintain adequate taxon sam-
pling. Indeed, our results show that including only a
single xenarthran representative could be misleading in
terms of SH test results, especially when the number of
analyzed characters increased. Actually, considering at
least one xenarthran per major lineage (armadillos, ant-
eaters, and sloths) might help to stabilize their position
in the tree. It is likely that increasing the sampling with-
in Xenarthra contributed toward reducing the effect of
potential base composition biases or long branch attrac-
tion artifacts associated with the distantly related mar-
supial outgroups. We suggest here that additional sam-
pling among Marsupials and the addition of a represen-
tative of Monotremes might also contribute toward at-
taining more reliability for assessing the root in
placentals. Larger taxon sampling for different genes
might help to find a reliable rooting of the ingroup by
mitigating the peculiarities of certain taxa and thus in-
creasing the signal-noise ratio (Hillis 1996; Rannala et
al. 1998). It is hoped that the future consideration of
selected positions of additional genes for a balanced tax-
on sampling of major clades will resolve the remaining
uncertainties about the root position of the placental tree.
This question is of primary interest for understanding
and reconstructing the early history of placental mam-
mals, in which tectonic and biogeographic events seem
to have played a crucial role (Murphy et al. 2001b).

Supplementary Material

An electronic appendix to this article providing tax-
onomy plus accession numbers of the sequences used in
this study and the ML trees inferred from the separate
analysis of ADRA2B, BRCA1, and VWF can be found
on the Molecular Biology and Evolution web site
(http//:www.molbiolevol.org).
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memory of Pr. André Adoutte (1947–2002) and Pr. Lou-
is Thaler (1930–2002).

LITERATURE CITED

ADKINS, R. M., E. L. GELKE, D. ROWE, and R. L. HONEYCUTT.
2001. Molecular phylogeny and divergence time estimates
for major rodent groups: evidence from multiple genes.
Mol. Biol. Evol. 18:777–791.

ARNASON, U., A. GULLBERG, and A. JANKE. 1997. Phyloge-
netic analyses of mitochondrial DNA suggest a sister group
relationship between Xenarthra (Edentata) and Ferungula-
tes. Mol. Biol. Evol. 14:762–768.

BERNARDI, G. 2001. Misunderstandings about isochores. Part
1. Gene 276:3–13.

CAO, Y., M. FUJIWARA, M. NIKAIDO, N. OKADA, and M. HAS-
EGAWA. 2000. Interordinal relationships and timescale of
eutherian evolution as inferred from mitochondrial genome
data. Gene 259:149–158.

CATZEFLIS, F. 1991. Animal tissue collections for molecular
genetics and systematics. Trends Ecol. Evol. 6:168.

CETICA, P. D., A. J. SOLARI, M. S. MERANI, J. C. DE ROSAS,
and M. H. BURGOS. 1998. Evolutionary sperm morphology
and morphometry in armadillos. J. Submicroscop. Cytol.
Pathol. 30:309–314.

DE JONG, W. W., J. A. M. LEUNISSEN, and G. J. WISTOW. 1993.
Eye lens crystallins and the phylogeny of placental orders:
evidence for a Macroscelid-Paenungulate clade? Pp. 5–12
in M. J. N. a. M. C. M. E. F. S. SAZLAY, ed. Mammal
phylogeny (placentals). Springer-Verlag, New York.

DE JONG, W. W., A. ZWEERS, K. A. JOYSEY, J. T. GLEAVES,
and D. BOULTER. 1985. Protein sequence analysis applied
to Xenarthran and Pholidote phylogeny. Pp. 65–76 in G. G.
MONTGOMERY, ed. The evolution and ecology of armadil-
los, sloths and vermilinguas. Smithsonian Institution, Wash-
ington, DC.

DELSUC, F., F. M. CATZEFLIS, M. J. STANHOPE, and E. J. DOUZ-
ERY. 2001. The evolution of armadillos, anteaters and sloths
depicted by nuclear and mitochondrial phylogenies: impli-
cations for the status of the enigmatic fossil Eurotamandua.
Proc. R. Soc. Lond. B Biol. Sci. 268:1605–1615.

DENG, C.-X., and S. G. BRODIE. 2000. Roles of BRCA1 and
its interacting proteins. Bioessays 22:728–737.

DOUZERY, E., and F. M. CATZEFLIS. 1995. Molecular evolution
of the mitochondrial 12S rRNA in Ungulata (Mammalia).
J. Mol. Evol. 41:622–636.

EIZIRIK, E., W. J. MURPHY, and S. J. O’BRIEN. 2001. Molecular
dating and biogeography of the early placental mammal ra-
diation. J. Hered. 92:212–219.

ENGELMANN, G. F. 1985. The phylogeny of the Xenarthra. Pp.
51–63 in G. G. MONTGOMERY, ed. The evolution and ecol-
ogy of armadillos, sloths and vermilinguas. Smithsonian In-
stitution, Washington, DC.

FELSENSTEIN, J. 1985. Confidence limits on phylogenies: an
approach using the bootstrap. Evolution 39:783–791.

GATESY, J., M. C. MILINKOVITCH, V. G. WADDELL, and M. S.
STANHOPE. 1999. Stability of cladistic relationships between
Cetacea and higher-level Artiodactyl taxa. Syst. Biol. 48:6–
20.

GAUDIN, T. J. 1999. The morphology of xenarthrous vertebrae
(Mammalia: Xenarthra). Fieldiana: Geology, New Ser. 41:
1–38.

GAUDIN, T. J., and D. G. BRANHAM. 1998. The phylogeny of
the Myrmecophagidae (Mammalia, Xenarthra, Vermilingua)
and the relationship of Eurotamandua to the Vermilingua.
J. Mamm. Evol. 5:237–265.

GAUDIN, T. J., J. R. WIBLE, J. A. HOPSON, and W. D. TURN-
BULL. 1996. Reexamination of the morphological evidence
for the Cohort Epitheria (Mammalia, Eutheria). J. Mamm.
Evol. 3:31–78.

GINGERICH, P. D., M. HAQ, I. S. ZALMOUT, I. H. KHAN, and
M. S. MALKANI. 2001. Origin of whales from early artio-
dactyls: hands and feet of Eocene Protocetidae from Paki-
stan. Science 293:2239–2242.

GREENWOOD, A. D., J. CASTRESANA, G. FELDMAEIR-FUCHS,
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ADER. 1993. Species sampling has a major impact on phy-
logenetic inference. Mol. Phylogenet. Evol. 2:205–224.

LOUGHRY, W. J., P. A. PRODÖHL, C. M. MCDONOUGH, and J.
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