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muscular system, and reproductive system have long supplied systematists with
evidence for proposing and testing hypotheses of supraordinal relationships.
The ongoing challenge is to distinguish between homologous and homoplastic char-
acters. Morphological phylogenies often support competing hypotheses (e.g., the
placement of pholidotans as the sister taxon to either Xenarthra or Carnivora), but
there remain recurrent hypotheses that pervade morphological studies of placental
mammal phylogeny. Examples include Tethytheria (Proboscidea + Sirenia), Paen-
ungulata (Tethytheria + Hyracoidea), Altungulata (Paenungulata + Perissodactyla),
Ungulata (Paenungulata + Perissodactyla + Artiodactyla + Cetacea + Tubulidentata),
Glires (Lagomorpha + Rodentia), Anagalida (Glires + Macroscelidea), Volitantia
(Chiroptera + Dermoptera), Archonta (Volitantia + Primates + Scandentia), and
Epitheria (all living placentals except Xenarthra). Against this backdrop of a priori
hypotheses, the advent of molecular data provides an opportunity to evaluate mor-
phologically based groups that reflect homology vs. homoplastic similarity.
Early molecular data sets included immunological distances (Goodman, 1975;

SUCH FEATURES OF MAMMALIAN ANATOMY as the skeleton,

" Shoshani, 1986) and amino acid sequences for one or more proteins (Goodman,

37

1975; de Jong et al., 1981; Shoshani et al., 1985; Kleinschmidt et al., 1986; Miyamoto
and Goodman, 1986). These studies failed to provide a well-resolved tree for the or-
ders of placental mammals, but in some cases, provided support for a paenungulate
clade, with or without the inclusion of aardvarks (de Jong et al., 1981; Kleinischmidt
etal., 1986; Miyamoto and Goodman, 1986; Shoshani, 1986). Subsequently, protein
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sequences supported an association of elephant shrews
with aardvarks and paenungulates (de Jong et al., 1993). In
addition, early studies challenged the naturalness of such
groups as Archonta (Goodman, 1975), Edentata (Shoshani,
1986), and Ungulata (Shoshani, 1986).

In the past decade, DNA studies have been at the fore-
front of molecular investigations into placental phylogeny.
Initially, these studies were based on segments of single
genes and met with limited success (Stanhope et al,, 1992,
1993, 1996; Springer and Kirsch, 1993; Lavergne et al., 1996;
Porter et al., 1996; Springer et al., 1997a). Nevertheless, they
provided robust support for Paenungulata, as well as for an
expanded clade that joined aardvarks and elephant shrews
with paenungulates. DNA data sets that increased taxon
sampling and included both mitochondrial and nuclear
genes suggested that the paenungulate-aardvark-elephant
shrew clade also included the insectivore families Chryso-
chloridae and Tenrecidae (Springer et al., 1997b; Stanhope
et al,, 1998a,b). Stanhope et al. (1998b) proposed the name
Afrotheria for the clade that includes Hyracoidea, Probo-
scidea; Sirenia, Macroscelidea, Tubulidentata, and Afrosori-
cida—the latter a newly proposed order for chrysochlorids
and tenrecids. This hypothesis met resistance among mor-
phologists, both because morphological synapomorphies
for Afrotheria were not forthcoming (Asher, 1999) and be-
cause this hypothesis challenged the monophyly of lipoty-
phlan insectivores (MacPhee and Novacek, 1993), rendering
this group polyphyletic.

Large data sets, including both longer gene segments of
individual genes (BRCA1; Madsen et al., 2001; Scally et al.,
2001) and concatenated data sets incorporating segments
from multiple genes (Bizirik et al., 2001; Madsen et al., 2001;
Murphy et al., 2001a,b; Scally et al., 2001; Delsuc et al.,
2002; Amrine-Madsen et al., 2003; Springer et al., in press),
provided for increased resolution and divided placental
mammals into four major groups: Afrotheria, Xenarthra,
Laurasiatheria, and Euarchontoglires. The largest concate-
nations of DNA sequences, which range from 16.4 to 17.3 kb
(Murphy etal., 2001b; Amrine-Madsen et al., 2003; Springer
et al,, in press), allow for only local rearrangements in the
placental tree (e.g., the paenungulate trifurcation is not
satisfactorily resolved) when they are analyzed with maxi-
mum likelihood and Bayesian methods (Fig. 4.1). Itis worth
noting that these data sets are dominated by nuclear exons,
which have more resolving poweér than do mitochondrial
protein-coding genes for investigating deep-level placental
relationships (Springer et al., 2001a), The emerging view of
higher-level placental relationships that has resulted from
nuclear data sets, with or without the addition of mito-
chondrial rRNA genes, is partially corroborated by other
lines of evidence, including rare genomic changes (see be-
low), analyses of complete TRNA + tRNA gene sequences
from the mitochondrial genome (Hudelot et al., 2003), and
to a lesser extent, by mitochondrial protein-coding sequences
(Arnason et al., 2002; Lin et al., 2002). At the same time,
there have been important challenges to the growing con-
sensus that there are four major clades of placental mam-

mals. The analysis by Arnason et al. (2002) of mitochon-
drial protein-coding sequences suggests that Laurasiatheria
is diphyletic and that Buarchontoglires, Glires, and Roden-
tia are all paraphyletic taxa near the base of the placental
tree. Another feature of these authors’ topology is that
Afrotheria and Xenarthra are deeply nested in the placental
tree rather than basal or near-basal, as we have recovered
in our analyses (e.g., Madsen et al., 2001; Murphy et al,,
2001a,b; Amrine-Madsen et al., 2003). Asher et al. (2003)
performed maximum parsimony analysis with a molecular
concatenation that included 19 nuclear segments and three
mitochondrial genes under 12 different optimization align-
ment settings that employed different character transforma-
tion weights. They recovered paraphyletic Rodentia, Glires,
and Euarchontoglires at the base of Placentalia in six of 12

analyses. Rodent paraphyly at the base of Placentalia, with

a basal split between murids and other placentals, also re-
sulted in three of 12 analyses in the total evidence analyses
by Asher et al. (2003) that included both molecular and
morphological data. In analyses with depauperate taxon
sampling, Misawa and Janke (2003) have suggested that
Glires is paraphyletic and that lagomorphs are more closely
related to. primates and artiodactyls than to rodents. The
possibility that rodents, Glires, and Euarchontoglires are
paraphyletic at the base of Placentalia has profound conse-
quences for the early biogeographic history of Placentalia
and the deployment of morphological and genomic changes
in this group.

For paleontologists who are primarily concerned with
morphological data, choosing between disparate molecular
views of placental relationships may seem daunting. We ar-
gue later in the chapter that a robust solution for placental
relationships is already in place and allows for only local re-
arrangements. Some molecular studies that challenge this
view, principally by altering the placement of the placental
root, are compromised by limited taxon sampling and/or
inadequate methods of phylogenetic analysis. Below, we
review evidence for the major features of the phylogeny
depicted in Figure 4.1, with the view that congruence from
fundamentally different types of data is a guiding principle
in systematics (Patterson, 1982). We also review problems
associated with analyses that place rodents at the base of the
placental tree, often as a paraphyletic taxon. Next, we pro-
vide a molecular timescale for placental evolution and dis-
cuss implications of placental phylogeny and divergence
times for understanding the biogeographic history of Pla-
centalia. Finally, we offer a brief prospectus on integrating
molecular and morphological data, including data for fos-
sil taxa.

MAJOR CLADES OF
PLACENTAL MAMMALS

Maximum likelihood and Bayesian analyses of data sets
that emphasize concatenated nuclear genes provide robust
support for four major groups of placental mammals:
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Fig. 4.1. Molecular phylogeny of placental mammals, based on the concatenated DNA sequence data set of Murphy et al. (2001b). Branch lengths are

drawn to scale, indicating the proportional magnitude of molecular change per lineage.

Major clades are indicated on the right. Arrows denote the

two alternative positions for the root. Letters indicate additional lines of evidence supporting adjacent nodes: a, Carnivora + Pholidota (deletion’in
apolipoprotein B gene; osseus tentoriumy); b, Glires (morphological synapomorphies); c, Euarfhontogl_ires (deletions in two djfferenF genes); d, Xenarthra
(morphological synapomorphies; deletion in the aA-crystallin gene); e, Afrotheria (deletions in two different genes; presence of unique SINE elements).
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Xenarthra, Afrotheria, Laurasiatheria, and Buarchontoglires
(Madsen et al., 2001; Murphy et al., 2001a,b; Scally et al.,
2001; Delsuc et al.,, 2002; Amrine-Madsen et al., 2003;
Springer et al., in press) (Table 4.1). Furthermore, there is
robust support for Boreoeutheria; that s, a clade comprised
of Laurasiatheria and Buarchontoglires. Of these clades,
only Xenarthra is supported by morphological data. The
absence of morphological evidence for Afrotheria, Laur-
asiatheria, Buarchontoglires, and Boreoeutheria suggests
that synapomorphies for these clades were never presemt,
have been eroded in the subsequent evolutionary history
of these taxa, or remain to be discovered, possibly among
morphological characters that are not confederated with
diet and locomotion. Even in the absence of morphological
evidence for these clades, rare genomic changes have been
discovered that support Xenarthra, Afrotheria, Buarchonto-
glires, and possibly Laurasiatheria. Xenarthra is supported
by a three-amino-acid deletion in the eye lens protein aA-
crystallin (van Dijk et al., 1999). Rare genomic changes
supporting Afrotheria include a 9 bp deletion in BRCA1
(Madsen et al., 2001; Scally et al,, 2001), a 237-246 bp dele-
tion in the apalipoprotein B alignment of Amrine-Madsen et

al. (2003), and a family of short interspersed nuclear ele-
ments (SINE) called AfroSINES that is unique to this group
(Nikaido et al., 2003). In addition, chromosome painting
studies now reveal two potential genomic characters (asso-
ciations or shared syntenies) supporting the monophyly of
representative afrotherians (elephants and aardvarks; Froe-
nicke et al., 2003). Rare genomic changes supporting Buar-
chontoglires include an 18-amino-acid deletion in exon 8 of
the SCA1 gene, and a 6 bp deletion in the PRNP gene (Poux
et al., 2002; de Jong et al., 2003). Thomas et al. (2003) iden-
tified several indels, including transposon insertions, that
occur in primates and rodents but not in carnivores, artio-
dactyls, or non-mammalian vertebrates that were sampled.
These indels are consistent with the monophyly of Euarchon-
toglires, but will require additional taxon sampling within
Placentalia to confirm that they are true synapomorphies.
Finally, and with less certainty because of alternate align-
ment possibilities, we have discovered a putative deletion in
PLCB4 that supports Laurasiatheria (Fig. 4.2).

Given the monophyly of Xenarthra, Afrotheria, and
Boreoeutheria, there are only three possible locations for
the root of the placental tree. The firstis between Xenarthra

Table 4.1 Bootstrap percentages and posterior probabilities for the major clades of placental mammals

Clade

Method Data Set Reference Xenarthra  Afrotheria Euarchontoglires Laurasiatheria  Boreoeutheria

ML? BRCA1 Madsen et al. 100, 100 100, 100 100, 100 100, 100 100, 100
(2,947 bp) © (2001)

ML? 6 gene concatenation Madsen et al. Not 100, 100 44, 66 99, 99 45, 64
(5,708 bp) (2001) applicable

ML 18 gene concatenation Murphy et al. 100 99 85 99 79
(9,779 bp) (2001a)

ML 22 gene concatenation Murphy et al. 100 100 100 100 100

i (16,397 bp) (2001b)

ML 3 gene concatenation ~ Delsucetal. 100 100 98 100 98
(4,350 bp) (2002)

ML APOB Amrine-Madsen 98 77 100 100 94
(1,342 bp) et al. (2003)

ML 23 gene concatenation Amrine-Madsen 100 100 100 100 100
(17,736 bp) et al. (2003)

Bayesian 22 gene concatenation Murphy et al. 1.00 1.00 1.00 1.00 1.00
(16,397 bp) (2001b)

Bayesian 3 gene concatenation Delsuc et al. (2002) 1.00 1.00 1.00 1.00 1,00
(4,350 bp)

Bayesian  APOB Amtine-Madsen 1.00 1.00 1.00 1.00 © 100
(1,342 bp) et al. (2003) :

Bayesian 23 gene concatenation Amrine-Madsen 1.00 1.00 1.00 1.00 1.00
(17,736 bp) et al. (2003)

Bayesian Mt tRINA +rRNA genes Hudelot et al. 1.00 1.00 1.00 0.96 0.96
(3,571 bp) (2003} '

Bayesian ~ Concatenation of UTRs from Springer et al. 1.00 1.00 1.00 1.00 1.00
4 genes (1,762 bp) (in press)

Bayesian ~ Concatenation of protein-coding  Springer et al. 1.00 - 1.00 1.00 1.00 1.00
segments from 15 genes (in press)

(12,988 bp)

2Duplicate maximum likelihood (ML) values in cells across these rows are for analyses without an allowance for rate-heterogeneity (first value in double-valued clade column

entries) and with a gamma distribution of rates (second value).

|
|
|
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Didelphis CATGGAGAATAGAT--GAGTTC-CACATTTCAGTTTTAACATTTT
Macropus CATGGAGAACACGTAAGAGTTA-GATATTTCAGTTTTAACTTTTT
Choloepus CACAGAGACTTAGAATGA-TAA-CATAC-TCCTTTTGAGCATTT-
Amblysomus CATAGAGACCTGGAATGACTTA-CATGC-TTCTATTTAACATTTT
Trichechus CATAGACACTTGGAATGACTTA-CATAT-TTCTGTTTAACACTTC
Orycteropus CATAGAGACTTGGAATGACTTA-CATA- -TTCTATTTAACATTTT
Tamias CACAAAGACGTGGAATGAC--A-CATAC-TTCTATTTATCAGTTT
Mus CACATGGACTGGGGATGACCAAACGCCTCTTATATTTAACAATTT
Cavia CACAGAGACTGGGGATGACTTA-TGTAC-TTCGATTTAACGGTTC
Sylvilagus CGGAGAGACTTGTA-TGACCTA-CGTAC-ATATCTTTACCAGTTG
Cynocephalus CACAGAGACTTGGGATGACTTA-CATAC-TTCAGTTTAACAGTTT
Tupaia CACAGCGACATGGAACAATTTA~TATGC-TTCTCTTTAGCAGTTT
Homo CAGAGAGACTTGGAATGTCTGA-CTGAC-TTCTATTTAACAGCTT
Erinaceus CACAGAAAC-----————- TTA-CATAC-TTCTATTTAACATTTT
Sorex CACCGAAAC---~—===—— GTA-CATAC-TTCTATTTAATGTTTT
Artibeus CACAGA—C------====~ TAA-CATGC-TTCTACTTCANGT---
Rousettus CACAGA—T--~~~—m==—— TTA-CATACCTTTTGTTTCACATTTT
Megaptera CACAGAGAC---—-——-——-—— TTA-CGTAC-TTCTCTTAAATGTTTT
Hippopotamus CACAGAGAC---~—————— TTA-CGTAC-TTCTCTTAAACATTTT
Tragelaphus CACAGAGAT-----——-—-——-—=~-= GTAC-TTCTCTTAAACATTCT
Eguus CACAGAGAT--~----—--- TTA~~=——m— e m e — -~ ACCTTTG
Ceratotherium CACAGAGAT-----——=== TTA-CATAC-TTCTCTTTAACATCTT
Tapirus CACAGAGAT--~-=-=—==—— TTA-CATAC-TTCTCTTTAACATTTT
Felis CACCGAGAC------=——- TTA-CATAT-TTCTATTTAACATTTT
Manis CACAGAGAC---==——=——— TTA-CATAC-TTCTACTTAACATTTC

Fig. 4.2. Putative deletion for Laurasiatheria in
the 3" UTR of the PLCB4 gene. Representative
sequences are from Murphy et al. (2001a,b).
The sequence for Homo corresponds to
positions 165-207 of GenBank sequence
AY011788.

and Epitheria, which is consistent with some morphologi-
cal studies (McKenna, 1975). The second possibility, which
is favored by several molecular studies (Murphy et al.,
2001b; Amrine-Madsen et al., 2003), is between Afrotheria
and other placental mammals (i.e., Notolegia; Springer et
al., in press). The final possibility is between Atlantogenata
(i.e., Xenarthra + Afrotheria; Waddell et al., 1999) and Bore-
oeutheria. Swofford-Olsen-Waddell-Hillis (SOWH) tests
(Swofford et al., 1996) reported by Murphy et al. (2001b) re-
jected the first and third possibilities in favor of a rooting
between Afrotheria and other placentals, However, Buckley
(2002) has shown that SOWH tests can give overconfidence
in a topology when the assumptions of a model of sequence
evolution are violated. Given the small likelihood differ-
ences that separate these three rooting positions, resolving
the trifurcation at the base of Placentalia will require addi-
tional data, including more genes and improved taxon sam-
pling to mitigate against long branches. Delsuc et al. (2002)
have shown that locating the placental root is sensitive to
taxon sampling among the basal groups. Improved models
of sequence evolution may also prove important in resolv-
ing the placental root. Other a priori positions for the pla-
cental root, including those on the erinaceomorph and murid
edges, are firmly rejected by both SOWH and Kishino and
Hasegawa (KH; 1989) tests (Scally et al., 2001). The KH test
is more conservative than the SOWH test in rejecting alter-
nate hypotheses.

RELATIONSHIPS WITHIN
THE MAJOR CLADES

Within Xenarthra, mo!eculaf’analyses suggest an association
of anteaters and sloths, to the exclusion of armadillos (see
Fig. 4.1). This result agrees with morphological evidence

and with a recent molecular study that included most living
xenarthran genera (Delsuc et al., 2002).

The basal split in Afrotheria is between Fossoromorpha
(i.e., aardvarks, elephant shrews, afrosoricidans; Springer et
al, in press) and Paenungulata, with elephant shrews and
afrosoricidans clustering together in the former group. The
paenungulate trifurcation is not satisfactorily resolved by
our data. Other molecular studies also attest to the difficulty
of resolving relationships within Paenungulata (Amrine
and Springer, 1999). In contrast, the total evidence of Asher
et al. (2003), which combines molecular and morphological
data, finds strong support for Tethytheria. Arguing against
Tethytheria is a newly discovered AfroSINE that hyracoids
and sirenians share to the exclusion of proboscideans (Nishi-
hara et al., 2003), consistent with the maximum likelihood
and Bayesian results of Murphy et al. (2001b).

The basal split within Laurasiatheria is between Eulipo-
typhla and other taxa (i.e., Variamana = Chiroptera +
Perissodactyla + Cetartiodactyla + Pholidota + Carnivora;
Springer et al,, in press). The name Variamana reflects the
highly divergent manus that occurs in members of this
group. Within Variamana, there is some support for a
monophyletic Fereuungulata (i.e., Perissodactyla + Cetar-
tiodactyla + Pholidota + Carnivora; Waddell et al., 1999).
Within Fereuungulata, an association of Carnivora and
Pholidota is strongly supported by primary sequence analy-
ses (see Fig. 4.1) and a 363 bp deletion in the apolipoprotein
B alignment of Amrine-Madsen et al. (2003). Morpholog-
ical evidence for this clade includes an osseous tentorium
(Shoshani and McKenna, 1998). Within Chiroptera, micro-
bats are paraphyletic and Yinpterochiroptera (i.e., megabats
+ non-nycterid rhinolophoids; Springer et al., 2001b; Teel-
ing et al., 2002) is supported.

In contrast to some mitochondrial studies (Arnason etal.,
2002; Hudelot et al., 2003), which support an association of
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Scandentia and Lagomorpha, our data divide Euarchonto-
glires into Glires and Euarchonta. Molecular support for
Glires adds to morphological evidence (e.g., Meng et al.,
2003) favoring this hypothesis (e.g., Asher et al., 2003). Within
Euarchontoglires, chromosome data also support Glires
monophyly (Murphy et al., 2001c; Stanyon et al., 2003).
Similarly, strong molecular support for rodent monophyly
corroborates morphological evidence for this clade (Luck-
ett and Hartenberger, 1993). Euarchonta includes Primates,
Dermoptera, and Scandentia and is similar to the morpho-
logical Archonta hypothesis but with bats now excluded.
With the removal of bats from Archonta, presumed mor-
phological synapomorphies for Volitantia (Simmons and
Quinn, 1994; Simmons and Geisler, 1998) must now be
viewed as homoplastic in bats and flying lemurs. At the
same time, ad hoc explanations for the absence of archon-
tan tarsal specializations in bats (e.g., Szalay and Drawhorn,
1980) are no longer necessary.

LONG BRANCHES AND
THE PATHOLOGIC
BEHAVIOR OF PARSIMONY

Long branch attraction occurs when convergent changes
on long branches outnumber synapomorphic changes on
shorter, internal branches. This problem can be most acute
when outgroup sequences are highly divergent relative to
ingroup sequences (Swofford etal., 1996). Felsenstein (1978)
demonstrated that parsimony is more susceptible to long
branch attraction than is maximum likelihood. As men-
tioned above, some molecular analyses root the placental

tree within Rodentia or between representative rodents and

other taxa. Rooting within Rodentia is common in studies
with limited taxon sampling, especially with parsimony,
and this result is a candidate for long branch attraction. An
example is provided by one of our own data sets—BRCAL1.
Fig. 4.3 shows an unrooted parsimony tree based on the
BRCA1 data set of Madsen et al. (2001). Itis evident from this
tree that long branches include terminal branches leading
to Hystrix, Elephantulus, Erinaceus, Lepus, Riynchocyon, Scalo-
pus, Tonatia, and Tupaia, and internal branches leading to
hyraxes, murids, and tenrecids. In analyses that included
a marsupial outgroup (Vombatus), the most parsimonious
trees (four at 10,867 steps) all rooted on the branch leading
to Hystrix, which renders Rodentia, Glires, and Euarchon-
toglires paraphyletic. When Hystrix is removed from the
analysis, the most parsimonious trees (four at 10,376 steps)
root on the murid branch. Again, Rodentia, Glires, and
Euarchontoglires are all rendered paraphyletic. Continued
pruning of the tree, now with deletion of both murids (Mus,
Rattus) from the analysis, results in four trees (9,965 steps),
all of which root on the internal branch leading to the
tenrecids (Echinops, Tenrec). This renders Rodentia, Glires,
and Buarchontoglires monophyletic, but Afrotheria para-
phyletic. Subsequent deletion of the tenrecids results in a
single most parsimonious tree (8,958 steps) that roots on

Tupaia. When Tupaia is subsequently deleted, two most
parsimonious trees (8,664 steps) are recovered, both of
which root on Erinaceus. Deletion of Erinaceus results in two
most parsimonious trees (8,304 steps) that root on Scalopus.
Finally, deletion of Scalopus results in rooting the placental
tree on Tonatia (two trees at 8,004 steps), rendering Chi-
roptera paraphyletic and suggesting that the ancestral pla-
cental mammal was capable of powered flight! Clearly, the
placental root is highly unstable, sensitive to taxon sam-
pling, and jumps from one long branch to another in parsi-
mony analyses with the BRCA1 data set of Madsen et al.
(2001). Parsimony analyses of the Murphy etal. (2001a) data
set produced similar rooting artifacts that were not ob-
served with other tree building methodologies. This behav-
ior is a hallmark feature of long branch attraction. Asher et
al. (2003) performed analyses with a molecular data set that
included 49 extant taxa and 22 genes from Murphy et al.
(2001b). As noted above, the resulting root was between
murid rodents and other taxa in six of 12 analyses. In the
remaining analyses, the root was attracted to Erinaceus or
elephant shrews. Murids, hedgehogs, and elephant shrews
derive from three of the. four major clades of placental
mammals. In addition, these taxa consistently exhibit long
branches on molecular topologies (e.g., Fig. 4.1), which
may explain the attraction of the marsupial outgroup to
these taxa in parsimony analyses. In view of these observa-
tions, as well as statistical tests that corroborate the occur-
rence of long branch attraction in parsimony analyses of
such gene segments as BRCAI (Madsen et al., 2001; Scally et
al., 2001), we dismiss these anomalous results as phylo-
genetic artifacts.

In contrast, maximum likelihood and Bayesian analyses
with taxonomically diverse data sets and multiple nuclear
genes consistently place the placental root between Xe-
narthra and Epitheria, Afrotheria and Notolegia, or Atlanto-
genata and Boreoeutheria (Madsen et al., 2001; Murphy et
al., 2001a,b; Scally et al., 2001; Delsuc et al., 2002; Huchon
et al,, 2002; Amrine-Madsen et al., 2003; Springer et al., in
press). Waddell et al. (2001) have shown that posterior prob-
abilities of clade support may be inflated in some cases, but
bootstrap analyses with maximum likelihood also constrain
the root of the placental tree to one of these three locations.
Furthermore, rare genomic changes are incompatible with
rooting the placental tree within Rodentia, Glires, Buarchon-
toglires, Laurasiatheria (contingent on the PLCB4 deletion),
or Afrotheria.

TIMESCALE FOR PLACENTAL
MAMMAL EVOLUTION

A timescale for placental diversification is of considerable
importance for unraveling the early biogeographic history
of this taxonomic group. Archibald and Deutschman (2001)
reviewed three competing models for placental diversifi-
cation. The Explosive Model postulates that both inter- and
intraordinal divergences occurred after the K/ T boundary.




= g SRS
Ch.

aetophractus
[ Tamandua
L——— Bradypus
— Dugon
; Tri%heghus
* I~ Procavia
'~ Dendrohyrax

Loxodonta

Elepha.
iy ey
L

Molecular Evidence for Major Placental Clades 43
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This model is preferred by some paleontologists (Gingerich,
1977: Carroll, 1997; Benton, 1999; Foote et al., 1999). At the
other extreme, the Short Fuse Model postulates inter- and
some intraordinal cladogenesis well back in the Cretaceous,
including splits within Rodentia as old as 112-125 million
years (Janke etal., 1997; Springer, 1997; Kumar and Hedges,
1998; Huelsenbeck et al., 2000). The Long Fuse Model is
intermediate between these hy‘pd,thescs' and postulates
Cretaceous interordinal and Cenozoic intraordinal diver-
gences, although with an allowance for limited intraordinal
diversification near the end of the Cretaceous (e.g., Bulipo-
typhla). In their analysis of the placental record, Archibald
and Deutschman (2001) rejected the Short Fuse Model but
could not discriminate between the Explosive and Long

Tenrec placental taxa are sequentially deleted from

maximum parsimony analyses.

Rhynchocyon

2 e Mus

Rattus
Hystrix

Fuse Models. Some cladistic analyses support the Long Fuse
Model by including 85- to 90-million-year-old zalambdale-
stids and zhelestids in crown group Butheria (Archibald et
al., 2001).

Virtually all molecular studies agree that interordinal di-
versification began well back in the Cretaceous (Springer,
1997; Kumar and Hedges, 1998; Penny et al., 1999; Bizirik
et al., 2001). In our own recent work, we have employed
both linearized trees and quartet dating and have estimated
the base of Placentalia at approximately 103 million years
(Murphy et al., 2001b). Our recent analysis using the relaxed
clock method of Thorne et al. (1998) and Kishino et al.
(2001) recovered dates in the range of 97-109 million years
for the base of Placentalia and is generally consistent with
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Fig. 4.4. Molecular timescale for the diversification of placental orders, based on the Murphy et al. (2001b) data set (PNOC segment excluded) and the
multidivtime program of Thorne and Kishino (2002). Each of 18 different gene segments (A2AB, ADORA, ADRB2, APF, ATP7A, BDNE, BMI1, BRCA1, CNR1,
CREM, EDG1, IRBF, PLCB4, RAG1, RAG2, TYR, vWF, ZFX) was allowed to have its own parameters under the F84 model of sequence evolution, with an
allowance for a gamma distribution of nucleotide substitution rates among sites. We used 13 fossil constraints following Springer et al. (2003). It was
necessary to exclude PNOC because marsupial sequences are lacking for this segment. Asterisks denote placental taxa included in the "K/T body size" taxon
set of Springer et al. (2003), which was used to test the hypothesis that molecular estimates of Cretaceous divergence times are an artifact of increased
body size subsequent to the K/T boundary. In those analyses, Springer et al. (2003) found that interordinal divergences remained in the Cretaceous.

the Long Fuse Model of diversification (Springer et al., 2003).
Similar results were obtained by Douady and Douzery
(2003). Although the original implementation of the Thorne/
Kishino method did not allow for distinct process partitions

of heterogeneous molecular data, the multidivtime pro-

gram of Thorne and Kishino (2002) allows different models
of sequence evolution for individual gene segments. We
employed this methodology with the Murphy et al. (2001b)
data set and recovered divergence estimates that were gen-
erally within one to two million years of the values reported
in Springer et al. (2003). These results are shown in Fig. 4.4
and Table 4.2. Ninety-five percent credibility intervals for all
of the nodes in Figure 4.4 are given in Table 4.2.

We have further suggested that the separation of Xe-
narthra and Afrotheria at approximately 100-110 million
years may have resulted from the vicariant separation of
South America and Africa at 100-120 million years ago
(Smith et al., 1994; Hay etal., 1999). This hypothesis ascribes
an important role for both plate tectonic events and Gond-
. wana in the early history of placental mammals.

Following the Murphy et al. (2001b) phylogeny, which
roots between Afrotheria and other placentals, we suggested
the possibility of a Gondwanan origin for Placentalia. Ac-
cording to this model, the basal split between Afrotheria and
Notolegia corresponds to the vicariant event that separated
South America and Africa. This hypothesis also requires
subsequent dispersal to Laurasia, which had separated from
Gondwana by 160-170 million years ago (Smith et al., 1994).
In contrast, Archibald (2003) suggested that the agreemenf
of molecular dates for the Xenarthra-Afrotheria split and
geologic dates for the South Amlrica—Africa separation is
mere coincidence, and that Xenarthra and Afrotheria repre-
sent separate dispersals to these continents from the North-
ern Hemisphere. Archibald (2003) further argued that a
Laurasian origin for Placentalia, with subsequent dispersals
to South America and Africa, is more parsimonious than
a Gondwanan origin. Such exercises are sensitive to how
higher-level taxa are coded for their place of origin. In con-
trast to Archibald (2003), we coded Xenarthra and Afrothe-
ria as Gondwanan, and Laurasiatheria and Buarchontoglires

i
i
i
%
|
|
|
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Table 4.2 Bayesian estimates of divergence dates
for placental nodes

Date 95%

Node (My) Credibility Intervals
Sirenian to Hyrax 60.8 56.3,63.9
Base of Paenungulata 62.9 58.9, 64.9
Macroscelides to Elephantulus 18.2 15.0, 21.9
Base of Afrosoricida 67.9 62.2,73.2
Afrosoricida to Macroscelidea 73.9 68.7, 78.7
Base of Fossoromorpha 75.6 70.6, 80.3
Base of Afrotheria 78.8 74.0, 82.9
Strepsirrhine to human 75.2 70.3, 80.0
Dermoptera to Scandentia 83.1 78.5, 88.0
Base of Euarchonta 85.2 80.9, 89.8
Rabbit to pika 52.9 47.9,58.0
Hystricid to Caviomorph 40.1 35.5,44.9
Mouse to rat 16.7 14.2,19.6
Mouse-Rat to Hystricid-Caviomorph 71.6 , 66.8, 76.7
Base of Rodentia 74.9 70.3,79.8
Base of Glires 82.3 77.8, 87.1
Base of Euarchontoglires 86.5 82.4,91.0
Cat to Caniform 53.5 50.3,57.7
Base of Ostentoria 74.6 71.3,78.1
Rhino to tapir 48.3 44.6, 52.0
Base of Perissodactyla 56.1 . 54.1,57.9
Ostentoria to Perissodactyla 77.9 75.1, 81.0
Mysticete to Odontocete 27.3 24.0,30.6
Hippo to Cetacea 52.3 52.0,53.3
Hippo-Cetacea to ruminant 55.2 53.5,56.9
Pig to hippo-Cetacea-ruminant 59.7 57.6,61.9
Base of Cetartiodactyla 62.3 59.9, 64.6
Base of Fereuungulata 79.4 76.5, 82.5
Flying fox to Rousette fruit bat 19.7 16.3,23.1
Base of Yinpterochiroptera 59.5 58.2, 60.0
Phyllostomid to free-tailed bat 53.7 50.2, 57.4
Base of Chiroptera 63.1 61.2,65.3
Base of Variamana 80.3 77.3,83.4
Hedgehog to shrew 70.6 66.0, 75.4
Hedgehog-shrew to mole 75.6 71.7,79.6
Base of Laurasiatheria 83.1 79.7, 86.8
Base of Boreoeutheria 91.8 87.7,96.2
Sloth to anteater 59.0 53.6, 64.9
Base of Xenarthra 66.8 61.6, 72.4
Notolegia to Afrotheria 96.9 92.3,101.8
Base of Placentalia 1013 . 96.2, 106.5

Note: See also Fig. 4.4.

as Laurasian (Madsen et al., 2001). If we ignore presumed
stem eutherian outgroups to Placentalia, the most recent
common ancestor of placental mammals is reconstructed
as having resided in Gondwana, with a single step repre-
senting dispersal to Laurasia (Fig. 4:5A). One of the other
viable positions for the placental root, between Xenarthra
and Bpitheria, also recovers a Gondwanan placental root
(Fig. 4.5B). The final alternative for the root, between At-
lantogenata and Boreoeutheria, is equivocal for the geo-
graphic origin of Placentalia, as it allows for either Laurasia
or Gondwana (Fig. 4.5C). However, such a root would still
imply a strong biogeographic component for the early
cladogenesis of Placentalia, suggesting an initial split be-
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tween Gondwanan and Laurasian clades, followed in the
former group by the divergence between Afrotheria (African)
and Xenarthra (South American). In reconstructions that
recognize the Laurasian fossil Eomaia as the oldest euther-
ian mammal (Ji et el., 2002), two of three reconstructions
(Xenarthra-Epitheria, Afrotheria-Notolegia) are equivocal
for the placental root (Figs. 4.5D,E) and the third (Atlanto-
genata-Boreoeutheria) favors a Laurasian origin (Fig. 4.5F).
An additional complication for these reconstructions is the
possibility that the oldest stem eutherians are from Gond-
wana rather than from Laurasia (Woodburne et al., 2003).

PROSPECTUS FOR :FUTURE STUDIES

We stand on the threshold of a well-resolved molecular
phylogeny for the extant orders of placentals mammals (see
Fig. 4.1). The major groups have been defined, and only
local rearrangements remain to be resolved. Of these, re-
solving the trifurcation at the base of Placentalia is most
significant and merits attention and resources. Beyond the
living eutherian orders, the challenge of integrating molec-
ular and morphological data (fossils included) into a com-
prehensive and accurate phylogeny for all eutherian orders
is formidable. The total evidence analysis by Asher et al.
(2003) is the first step in this direction, but, in our view,
suffers from the methodological limitations of parsimony.
Other methodological approaches should also be explored,
including molecular scaffolds (Springer et al., 2001b) and
Bayesian methods (Ronquist and Huelsenbeck, 2003) that
allow molecular and morphological data partitions to have
their own models of evolution.

SUMMARY

Maximum likelihood and Bayesian analyses of DNA se-
quences, principally derived from nuclear genes, provide a
well-resolved phylogeny for the orders of placental mam-
mals, with only local rearrangements resisting resolution.
Placentalia is divided into four major groups: Afrotheria
(Afrosoricida, Hyracoidea, Macroscelidea, Proboscidea,
Sirenia, and Tubulidentata), Xenarthra, Laurasiatheria (Car-
nivora, Cetartiodactyla, Chiroptera, Eulipotyphla, Peris-
sodactyla, and Pholidota), and Euarchontoglires (Dermop-
tera, Lagomorpha, Primates, Rodentia, and Scandentia). of
these, Laurasiatheria and Euarchontoglires are sister taxa
that together make up Boreoeutheria. Rare genomic events
corroborate Xenarthra, Afrotheria, Euarchontoglires, and
possibly, Laurasiatheria. Molecular estimates of divergence
times are generally consistent with the Long Fuse Model of
diversification and place the root of the placental tree in the
range of 97-109 million years. There are only three viable
positions for this root: (1) between Xenarthra and Epitheria; -
(2) between Afrotheria and Notolegia; or (3) between At-
lantogenata and Boreoeutheria. Each of these possibilities
is consistent with a strong biogeographic component for
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the early history of Placentalia. Beyond the living eutherian
orders, a major challenge ahead is integrating neonto-
logical and paleontological data into a comprehensive and
robust phylogeny for all eutherian orders.
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