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The phylogeny of placental mammals is a critical framework for choosing future genome sequencing targets and for
resolving the ancestral mammalian genome at the nucleotide level. Despite considerable recent progress defining
superordinal relationships, several branches remain poorly resolved, including the root of the placental tree. Here we
analyzed the genome sequence assemblies of human, armadillo, elephant, and opossum to identify informative
coding indels that would serve as rare genomic changes to infer early events in placental mammal phylogeny. We
also expanded our species sampling by including sequence data from >30 ongoing genome projects, followed by
PCR and sequencing validation of each indel in additional taxa. Our data provide support for a sister-group
relationship between Afrotheria and Xenarthra (the Atlantogenata hypothesis), which is in turn the sister-taxon to
Boreoeutheria. We failed to recover any indels in support of a basal position for Xenarthra (Epitheria), which is
suggested by morphology and a recent retroposon analysis, or a hypothesis with Afrotheria basal (Exafrico-
placentalia), which is favored by phylogenetic analysis of large nuclear gene data sets. In addition, we identified two
retroposon insertions that also support Atlantogenata and none for the alternative hypotheses. A revised molecular
timescale based on these phylogenetic inferences suggests Afrotheria and Xenarthra diverged from other placental
mammals ~103 (95-114) million years ago. We discuss the impacts of this topology on earlier phylogenetic

reconstructions and repeat-based inferences of phylogeny.

[Supplemental material is available online at www.genome.org. The sequence data from this study have been
submitted to GenBank under accession nos. EFI22078-EF122139.]

Molecular studies on the interordinal phylogeny of placental
mammals have made great progress in the past six years. Large
concatenated data sets from both nuclear and mitochondrial
genes generally agree on the division of placental mammals into
four principal clades, Afrotheria (e.g., elephant and aardvark),
Xenarthra (e.g., armadillo and sloth), Euarchontoglires (e.g., pri-
mates and rodents), and Laurasiatheria (e.g., carnivores and ru-
minants), while also consistently supporting the monophyly of
the latter two groups into a clade known as Boreoeutheria (for
review, see Springer et al. 2004). Each of the four superordinal
clades and Boreoeutheria have been verified by the identification
of numerous rare genomic changes such as coding indels and
retroposon insertions (Poux et al. 2002; de Jong et al. 2003; Ni-
kaido et al. 2003; Thomas et al. 2003; Nishihara et al. 2005, 2006;
Kriegs et al. 2006). This increasingly resolved phylogeny is being
used as the primary guide for selecting new target mammalian
genomes, and for promoting low coverage (2x) genomes to be
sequenced at higher coverage, in an effort to identify the func-
tional elements in the human genome (Margulies et al. 2005).
The exact placement of the root of the placental mammal
tree has implications for inferring ancestral genomic sequences
and genomes (Blanchette et al. 2004; Ma et al. 2006), as well as
the early biogeographic history of placental mammals (Eizirik et
al. 2001; Madsen et al. 2001; Murphy et al. 2001b; Springer et al.
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2003; Hunter and Janis 2006). However, it has proved to be elu-
sive (Murphy et al. 2004; Springer et al. 2004; Kriegs et al. 2006),
and three hypotheses remain (Fig. 1): (1) a basal position for
Afrotheria, termed Exafroplacentalia (Waddell et al. 2001); (2) a
basal position for Xenarthra, called Epitheria (Shoshani and
McKenna 1998); and (3) a monophyletic clade containing
Afrotheria and Xenartha (Atlantogenata sensu) (Waddell et al.
1999) as a sister group to Boreoeutheria. While most molecular
studies of large data sets have favored the Exafroplacentalia hy-
pothesis (Madsen et al. 2001; Murphy et al. 2001a,b; Waddell et
al. 2001; Amrine-Madsen et al. 2003; Waddell and Shelley 2003),
analyses of subsets of genes, amino acid sequences, and more
extensive taxon sampling within relevant clades have also sup-
ported Atlantogenata (Madsen et al. 2001; Murphy et al. 2001a;
Delsuc et al. 2002; Douady and Douzery 2003; Waddell and Shel-
ley 2003; Kjer and Honeycutt 2007). However, despite high
Bayesian posterior probabilities for these different hypotheses,
neither have been well supported with other measures, such as
maximum likelihood bootstrap values, leaving the root of the
placental tree unresolved (Murphy et al. 2004; Springer et al.
2004).

Rare genomic changes provide an independent assessment
of hypotheses based on phylogenetic tree-building algorithms
(Rokas and Holland 2000; Waddell et al. 2001; Shedlock et al.
2004; Bashir et al. 2005; Rokas and Carroll 2006). A recent study
identified two LIMBS retroelements that supported the Epitheria
hypothesis by scanning available genome alignments (Kriegs et
al. 2006), though this result was not considered statistically sig-
nificant using the criterion developed for indels by Waddell et al.
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Figure 1. Three hypotheses for the basal relationships among placental
mammal superordinal clades. The name for each hypothesis refers to the
ingroup taxa.

(2001). One limitation of the LIMBS elements reported by Kriegs
et al. (2006) is that the alignments of the flanking regions are
weakly conserved, making it difficult to rule out the possibility
that the L1IMBS insertion predated theria and is now absent in
xenarthrans due to a lineage-specific degradation of the retroel-
ement. Though retroelements are presumably immune to such
events, recent studies show that homoplasy can also occur in the
form of targeted insertion, or lineage sorting of ancestral poly-
morphisms during rapid cladogenesis (Cantrell et al. 2001; Pe-
con-Slattery et al. 2004; Ludwig et al. 2005; van de Lagemaat et al.
2005; Yu and Zhang 2005; Nishihara et al. 2006). Therefore, the
two elements supporting Epitheria found by Kriegs et al. (2006)
require further validation, which is now facilitated by the recent
completion of armadillo and elephant 2x genome sequences.
To resolve these issues we scanned genomic sequence assem-
blies of the African elephant (Loxodonta africana), nine-banded
armadillo (Dasypus novemcinctus), and opossum (Monodelphis do-
mestica) genomes, aligned to human RefSeq protein-coding ex-
onic regions. Protein-coding alignments have the advantage of
being more reliable for establishing sequence alignment orthol-
ogy than noncoding alignments, particularly in early branches of
the placental mammal tree. Coding regions are easily aligned to
outgroup sequences to determine polarity of changes, and have
been useful for identifying indels informative for early mamma-
lian phylogeny (Poux et al. 2002; de Jong et al. 2003; Murphy et
al. 2004; Springer et al. 2004; van Rheede et al. 2006). Further-
more, these characters may have selective advantages that pro-
mote rapid selective sweeps over shorter timescales and therefore
may be less prone to lineage sorting than retroelements. Our
analysis of >180,000 coding exons in multiple mammals sup-
ports the Atlantogenata hypothesis in which afrotherians and
xenarthrans form a monophyletic group. This result is different
than most of the largest molecular sequence-based phylogenetic
trees, and the retroelement insertion analysis of Kriegs et al. (2006).

Results and Discussion

Coding indels support the Atlantogenata hypothesis

To computationally screen for informative exons, an alignment
of the human genome with 16 other vertebrate genomes was

downloaded from the UCSC Genome Browser (Kent et al. 2002).
We identified 180,258 distinct human RefSeq protein-coding ex-
ons and extracted alignments of them to each of armadillo, el-
ephant, and opossum from the 17-way alignment. Alignments
were not allowed to include unsequenced regions (i.e., sequence
data containing Ns). We found 96,612 human exons that align
without a gap to armadillo, 104,332 for elephant, and 122,959
for opossum. Also, we found 5648 human exons that align to
armadillo with a single internal gap of length divisible by three,
5723 for elephant, and 10,504 for opossum. We were particularly
interested in human exons that align without a gap to one of
armadillo, elephant, or opossum and have a single (internal,
length divisible by three) gap at precisely the same position with
respect to the other two species. We found 30 cases where human
aligns to armadillo without a gap (i.e., Exafroplacentalia), while
for human to elephant (i.e., Epitheria) and human to opossum
(i.e., Atlantogenata) we found 42 and 55 cases, respectively. To
take just one example, an instance of the third case (i.e., an exon
where human and opossum align without a gap, but human
aligns to armadillo and elephant with a gap at the same position)
can be explained by a single insertion/deletion only under the
Atlantogenata hypothesis (Fig. 1B); each of the other two sce-
narios for the eutherian root implies homoplasy.

After further electronic screening of these three lists for cases
of paralogous alignments from the low-coverage armadillo and
elephant assemblies (which were quite frequent), and ruling out
cases of homoplasy by adding additional draft genome assem-
blies (i.e., mouse, rat, dog, and cow) and sequences from the trace
archives (See Methods; Supplemental Table 1), the only remain-
ing four candidates supported the Atlantogenata hypothesis.
These were all verified by designing PCR primers surrounding the
indel and sequencing in additional placental mammal taxa. Se-
quences for the best taxon-represented case, PTPRB exon 9, were
recovered from 48 amniotes, all of which supported interpreta-
tion of the indel as a unique event in the common ancestor of
Afrotheria and Xenarthra (Fig. 2). Similar compilations of se-
quence traces and PCR-sequencing verification for the other
three candidate exons, ZNF367 exon 5, C14orf121 exon 35, and
LAMC2 exon 13, confirmed the presence of a single amino acid
insertion or deletion event in all afrotherians and xenarthrans
tested that was absent in all boreoeutherians and outgroup spe-
cies (Figs. 3, 4). For two of the indels, ZNF367 and LAMC2, sub-
sequent loss or gain of the indel in other terminal lineages was
noted (Figs. 3, 4). However, our broad taxon sampling suggests
that these recurrences are extremely rare. In contrast, we found no
indels to support the Exafricoplacentalia or Epitheria hypotheses.

To corroborate our findings from the exons, we examined
the 17-way multispecies alignment at the UCSC Genome Browser
for potential retroelement insertions favoring the three hypoth-
eses, also requiring good flanking alignments in the opossum
assembly to rule out lineage-specific degradation (See Methods).
We found two insertions that supported Atlantogenata and none
that supported Epitheria or Exafricomammalia under similar
search criteria. The first example is a LIMBS insertion in the OTC
gene on chromosome X (Fig. SA). This element is bounded by a
conserved coding exon on the left and a human lod (conserved
noncoding region as defined in the UCSC browser) on the right.
This region aligns very well to the opossum assembly, which is
contiguous to non-insert boreoeutherian species. Trace archive
sequences and PCR analysis of 11 additional taxa confirm that
this LIMBS insertion is shared by all extant afrotherian and xen-
arthran lineages tested (Fig. 5A).
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Genomic indels and eutherian phylogeny

1. PTPRB exon 9

PSSVSGVTVNNSGRNDYL SVSWL LAPGDVDNYEVT L SHDGKVVOSLVIAKSVRECSFSSLTPGRLYTVTITTRSGKY ENHSFSQERT
PSSVSGYTVKNSGRNDYL SVSWLLAPGDVONYEVT L SHDGKVVOSLVIAKSVRECSFSSLTPGRLYTVTITTRSGKYENHSFSQERT
PFSVSGVTVNNSGRNDYL SVSWLPAPGDVDNYEVTLSHDGKVVQSLVIAKSVRECSFSSLTPGRLYTVTITTRSGKCENHSFSQERT
PSSVSGYTVNNSGRNDYL SVSWLPAPGDVDNYEVTLSHDGRVVQSLVIAKSVRECSFSSLTPGRLYTVTITTRSGKYENHSFSQERT
PS5VSGITVNNSGRNDYL SVSWLPAPGDVDNYEVT L SHOSKVVQSLVIAKSVRECSFSSLTPGRLYTVTITTRSGKYENHSFSQERT
PSSVSGVTVNNSGRNDYLRVSWLPAPGDVDSYVVTL SHHGTVWQSLVIAKSVSECSFSSLTPGRLYNVSVTTRSGEFQNRSCSQERT
PSSVSGUTVNNSGRSDYL SVSWLPAPGDVDNYVVSL SHDSKVVQSLVIAKSVSECAFSSLTPGRLYOVTITTRSGKFENHSFSQERT
............... DYL SWSWLPAPGDVDNYVVTLSHGSKVVQSLVIAKSYSECAFSSLTPGRLY . .o vv v vehinvianns
PSSASGVTYNNSGRNDYL SVSWLPAPGEVDHYVYSL SHEGKVDQFL ITAKSYSECSFSSLTPGRLYNVTVTTKSGNYASHSFTEERT
PSSVSGVTVNNSGRNDYL SVSWLPAPGEVHHYVVT L SHDSKVVQSLITAKFVSECSFSSLTPGRLYNVTITTKSGNYESHSFSEERT
PSSVSGMTVNNSGRNDYL SVSWLPAPGDVDNYVVT L SHOSRVLQSLVIAKSYSECSFSSLTPGRLYNVTITTRSGKYENHSFSOERT
PSSVSGYMYNNL GRNDYL SVSWLPAPGDVDNYVVT L SHODKVVQSLVIAKSVYSECSFSSLTPGRLYNVTITTKSGKYENHSFGQERT
............... DYL SVSWLPAPGDVDNYVVTLSHHGKVVQSLVIAKSVSECSFSSLTPGRLY . v v vevvveninaanns
PSSVSGVTVNNSGRNDYL SVSWLPAPGDVDNYVVAL SHDGMLYVQSLVIAKSVSECSFSSLTPGRLYNVTITTRSGKYENHSFSQERT
+ - DYLSVSWLPAPGDVDNYVYAL SHDGMLVQSLVIAKSYSECSFSSLTPGRLY . . ..ovninni i iniunes
............... DYLSYSKLPAPGDVDNYVVAL SHOGMLVQSLVIAKSVSECSFSSLTPGRLY . ..o vve i
PSSVSGVTVNNSGRNDYL STSWLPAPGDVDNYVVTLTHGNRVVOSLVIAKSVSECAFSSLTPGRLYNVTITTRSGKYENHSFSQERT
PSSVSGVTVNNSGRNDYL SISWLPAPGDVDNYVVTLSHGSRVIQSLITAKSYSECSFSSLTPGRLYNVTITTRSGKYENHSFSQERT
PSSVSGITVNNSGRSDYL GISWLPAPGDVONYVVTLAHGSMVVQSLVIAKSYSECSFSNLVPGRLYNVTITTRSGKYENYTFSQERT
PSSVSGVTVNNSGRNDYL STSWLPAPGDVONYLVTLSHDSRVVQSLVIAKSVSECSFSSLTPGRLYNVTVTTRSGKYENHSFGQERT
DYLSVSWLPAPGDVONYVVTLSHDSTVVOSLAVAKSYSECSFSSLTPGRLY . .. oovvn v vv i nas
................. L STSWLPAPGDVDNYVVTLSHDSRVVQSLVIAKSVSECSFSSLTPGRLYNVTITTRSGKYENHSFGQERT
PSSVSGVTVNNSGRSDYL ST SWLPAPGDVDSYVVTL SHDGRVVQSLVIAKSVGECSFSSLTPGRLYNVTITTRSGKYESHSFSQERT
PSTVSGVTVNNSGRNDY L GVSWLPAAGDVDNYVVRL SHGGSVVQSLVIAKSWSECSFSSLTPGRLYNVTVTTRSGQYESHSFSQERT
PSSVSGVTVNNSGRNDYL STSWLPAPGDVDNYWVTLSHGGKVVQSLITAKSVSECSFSSLTPGRLYDVTITTRSGKYENHSFSQDRT
............... DYL SVSWLPAPGDVONYVVTLSHDSKVVOSLVIAKSYSECSFSSLTPGRLY .. oovve v viiiniannn
PSSVSGVTVNNSGRNDYL SISWLPAPGDVONYVVT L SHDGKVVOSLVIAKSYSECSFSSLTP*# e msmns iy ENHSFSQEWT
DYL SVSWLPAPGDVONYWVTLSHDSRVVOSLITAKSYSECSFSSLVPGRLY .. vt ee v viiennnnns
PSSVSGVTVNNSGRNDY L STSWLPAPGDVDNYVVT LSHD=KVVQSLLIAKSWSECSFSSLTPGRLYNVTVTTRSGKYENHSFRQERT
............... DYLSVSWLPAPGDYDNYVVTLSHD sKAVOSLVIAKSYSECSFSSLTPGRLY ..o cv v v i i veiennnnn
PSSVSOVTYNNSGRNDYL SVSWLPAPGDVDSYVVTLSHD =KVVQTLVVAKSYSECSFSSLTPGRLYNVT I TTKSGKYENHSFSQERT
,,,,,,,,,,,,,,, DYLSVSWLPAPGDVDSYVVTL SHD sKMVOTLVVAKSYSECSFSSLTPGRLY . . .oov v viiivniiniunnn
,,,,,,,,,,,,,,, DYLSVSWLPAPGDVDNYVVTLSHG=RVVOALVIAKSYSECSFSSLTSGRLY . v i e
............... DY L SVSWLPAPGDVDNYVVTLSHG=KVVQVLVIAKSWSECSFSSLTSGRLY . oo vvivniiiiivruayes
e covss . DYLSVSHLPASGDYDNYVVTLSHD SKVVQSLLISKSYSECSFSSLTPGRLY . ..o iiiaan s
............... DYLSVSWLPASGDVDNYVVTLSHD=KVVQSLLIAKSVSECSFSSLTPGRLY . oovvvivinnienanianns
............... DYLSVSWLPAPGDVDNYVVILAHD=KVAQYLLVAKSVSECAFSNLTPGRLY . o vvvvanieinnnnnnnnns
PSSVSGVTVNNSGRNDYL STSWLPAPGDVDNYVVTL SHD =0AVQSLVIAKAVSECSFSSLTPGRLYNVTITTKSGKYENHSFSQERT
,,,,,,,,,,,,,,, DYLSVSWLPAPGDVDNYVVTLSHD=KVVQSLLIAKSVSECSFSSLTPGRLY . ..o vvi i,

T TN DYLSVSWLPASGDVDONYVVTLSHD=KVVQSLLIAKSYSECSFSSLTPGRLY. .o vvveivinennninnnn
PSS?SGVT?NNSGRNDYLSVSWLP&PGDVGNYVVTLFHD—KV?QSLLLAKSVSECSFSSLTPGRLYNVTITTRSGKYENHSFSQERT
PSSVSGVTVNNSGREDYLGISWLPAPGDVONYVVTLSHD =OVFQSLLIAKSYSECSFSALTPGRLYNITVTTRSGKYENHSFSQART
............... DYLSVSWLPAPGDVDNYVVTLSHD=KVVOSLLIAKSYSECSFSSLTPGRLY . .. vvveeiiine ot
.............. DYLSVSWLPAPGDVDSY SVTLSHGDKIIQSLAVAKSISECSFSSLTPGRLF. . vv v ieivnieinnnan s
PSSVSOVTLNNSGRSDYLSYSWLPAPGDVDSY SVTLSHGDOIIQSLATAKSTSECSFSSLTPGRLFNVTVTTRSGKYENHSFGQERT
PS5VSGVTYNNSGRNDYL SVSNLLAPGDVDNYEVTLSHDGKVVOSLVIAKSVRECSFSSLTPGRLYTVTITTRSGKYENHSFSQERT
PSSVSGVTVNNSGRSOYLATSWLPAAGDVESYLYTLSHNDRVVQTLAIPKSASECSFSSLVPGRLFOVTITTRSGKYENOSFSOERT
PSSVTGVTVNNSGRSOYL SVSWLPASGOVDSYLVTLSHDDOIIQTLTISKSLSECSFSSLTPGTLYNVMITTKSGKYENHSFSRERT
PSSVTGVTVNNSGRSDYL SVSWLPASGDVDNYLVTLSHDDKIVQTLTISKSFSECSFSSLTPGTLYDVKITTKSGKYENYS. ... ..

Homo sapiens human

Pan troglodytes chimp

Pongo pygmaeus orangutan

Macaca mulatta rhesus macaque

Callithrix jocchus marmoset

Otolemur garnettii galago

Tupaia belangeri tree shrew

Tupaia minor tree shrew

Mus musculus mouse

Rattus norvegicus rat

Spermophilus tridecemlineatus ground squirrel
Cavia porcellus guinea pig

Mydrochaeris hydrochaeris capybara
Oryctolagus cuniculus rabbit

Sylvilagus floridanus cottontail

Ochotona hyperborea pika

Canis familiaris dog

Felis catus cat

Erinaceus europaeus hedgehog

Sorex araneus shrew

Solenodon paradoxus Haoitian solenodon

Sus scrofa pig

Bos taurus cow

Equus caballus horse

Myotis lucifugus little brown bat
Rousettus lanosus long-haired megabat
Pteropus vampyrus megabat

Manis pentadactyla pangolin

Dasypus novemcinctus nine-banded armadillo
Euphractus sexcinctus six-banded armadillo
Choloepus hoffmanni Hoffmann's sloth
Choloepus didactylus Linne's sloth
Tamandua tetradactyla aonteater
Myrmechophaga tridactyla giant anteater
Macroscel ides proboscideus 1.e. elephant shrew
Elephantulus rufescens s.e. elephant shrew
MAmblysomus hottentotus golden mole
Loxodonta africanus African savannah elephant
Elephas maximus Asian elephant

Trichechus manatus manatee

Procavia capensis hyrax

Echinops telfairi tenrec

Orycteropus afer aardvark

Didelphis virginiana opossum

Monodelphis domestica opossum

Macropus eugenii wallaby

Ornithorhynchus anatinus platypus

Gallus gallus chicken

Taeniopygia guttata finch

Figure 2. Alignment of PTPRB exon 9 sequences from 49 vertebrate species. A single amino acid deletion shared by all xenarthrans and afrotherians
is highlighted with a box. Full-length amino acid sequences are derived from draft genome sequences or traces. Sequences with truncated ends were
generated by PCR using conserved primers in the exon flanking the indel. Asterisks indicate gaps in the sequence assemblies or traces.

The second L1IMBS insertion is within a large intron of a
coding gene, RABGAPIL, on human chromosome 1 (Fig. 5B).
Trace archive and PCR-generated sequences from four afrotheri-
ans and three xenarthrans shared a LIMBS insertion, which was
absent in all 16 boreoeutherian species examined. The opossum
alignment showed no evidence for such an insertion. Therefore,
together with the four coding indels, these two retroposon inser-
tions provide strong support for the Atlantogenata hypothesis.

A revised molecular timescale for placental evolution

Given the support for Atlantogenata, we re-estimated a molecu-
lar timescale for placental mammals using a large nuclear+mito-
chondrial data set (Springer et al. 2003; Roca et al. 2004) and a
Bayesian relaxed clock approach (Thorne et al. 1998; Kishino et
al. 2001), adding a constraint on the monophyly of
Afrotheria+Xenartha (Atlantogenata). We also allowed the tree to
support the recent Pegasoferae hypothesis (Nishihara et al. 2006),
which places bats in a monophyletic group with carnivores,
pangolins, and perissodactyls. Under this topology we estimate
the split between Afrotheria and Xenarthra occurred 103 million
years ago (Mya) (95% credibility interval, CI =95 - 114 Mya),

just two million years after the point estimate for the radiation of
crown placental mammals 105 Mya (95% CI =96 - 115 Mya)
(Fig. 6). Other dated splits include 97 Mya (95% CI =90 - 106
Mya) for Boreoeutheria, 91 Mya (95% CI = 84 — 99 Mya) for Eu-
archontoglires, and 87 Mya (95% CI = 82 - 93 Mya) for Laurasi-
atheria. The remaining ordinal divergence times (Supplemental
Table 2) are similar to those found in previous studies (Douady
and Douzery 2003; Springer et al. 2003; Roca et al. 2004).

The Atlantogenata hypothesis is consistent with a strict vi-
cariant scenario where the rifting of South America and Africa
~100-120 Mya (Smith et al. 1994; Hay et al. 1999) formed the
ancestors of Xenarthra and Afrotheria, respectively. Earlier phy-
logenetic hypotheses with either Afrotheria or Xenarthra in basal
positions implied a southern origin for placental mammals (Eiz-
irik et al. 2001; Madsen et al. 2001; Murphy et al. 2001b). The
new phylogeny with reciprocal monophyly of northern
(Boreoeutheria) and southern (Atlantogenata) clades, however, is
not at odds with a northern origin for crown placental mammals,
followed by dispersal to the south (Hunter and Janis 2006).

Homoplasy confusing the basal placental mammal issue al-
ways remains a possibility; however, the time available for sepa-
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2. ZNF367 exon 5

human YWEMREQRTPTLKGKL VQKADQEQQDPLEYLQSDEE - -DDE -KRGAQRRLQEQRERLHGAL ALTELANL TGAPLRQ
chimp YWEMREQRTPTLKGKLVQKADQEGQDPLEYLQSDEE - -DDE -KRGAQRRLQEQRERLHGALAL TELANLTGAPLRQ
orangutan YWEMREQRTPTL KGKLVQKADQEQQDPL EYLQSDEE - - DDE -KRGAQRRLQEQRERLHGALALT ELANLTGAPLRQ
macaque YWEMREQRTPTLKGKLVQKADQEQQDPL EYLQSDEE - - DDE-KRGAQRRLQEQRERLHGALAL TELANL TGAPLRQ
marmoset YWEMREQRTPTLKSKLVQKADQEQQDPLEYLQSDEE - - DDE-KRGAQRRLOEQRERLHGALAL TELANL TGAPLRQ
galage  ...i..n. TPTLKGKLVQKADQE . QDPLEYLQSDGE - -DDE-KSGAQRRLQEQRERLHGALAL TELANLTGAPLRQ
Flying Temur .ovvervrivnreninnnnss . EQQDPLEYLQSDEE - -DDE-RSGAQRRLQEQRERLHGALALIELANL . . . . ...
tree shrew YWEMREQRTPTSKGKLVQKADQEQQDPLEYPQSDEE - -ONE-KSGAQRRLQEQRERLHGALAL TELANLTSAPLRQ
mouse YWEMREQRTPTLKGKLVQKADQEQQDPLEYLQSDEE - -DDE-KSGAQRRLQEQRERLHGALAL TELANL TGAPLRQ
rat YWEMREQRTPTLKGKLVQKﬁDQEQQDPLEYLQSDEE--DDE-KSGAQRRLQEQRERLHGAL&LIELﬁNLTGAPLRQ
squirrel YWETREQRAPAL KGKLAQKADQEQQDPLEFL QSDEE - -DDE-KSGAQRRLQEQRERLHGALAL TELANL TGAPLRQ
guinea pig YWEMREQRAPSL KGKLAPKADQEQRDPLECLQSDGE - -DDE-KSVAQQRLQEQRERLHGALALTELANLAGAPLRp
rabbit TWEMREQRTPTLKGKLhQKADQEQQDPLEYLQﬁDEE--DDG-KSGﬂQRRLQEQRERLHGALALIELﬁNLTGAPLRQ
dog YWETREQRAPTLKGKLVQKADQEQQDPLEFLQSDEE- -DDE- KRGAQRRLOEQRERLHGALAL TELANL TGAPLRQ
e EQQDPLEYLQSDEE- -DDE-KRGAQRRLQEQRERLHGALALTELANL . . . . . ..
pangoling 0 e s EQQUPLEVLPSDEE~—DDE—KRGAARRLQEQRERLHG&LﬁlIELANL .......
cow YWETREQRTPTLKGKLVQKADQEQQDPLEYLQSDEE - - DDE - KSGAQRRLQEQRERLHGALAL TELANL TGAPLRG
pig YWETREQRTPTLKGKLVQKADQEQQDPLEYLQSDGE - - DDE - KSGAQRRLQEQRERL HGALAL TELANL TGAPLRQ
whale e EQODPLEYLQSDEE- -DDE-KSGAQRRLQEQRERLHGALALTELANL . . . . . . .
horse YWETREQRTPSLKGKLVQKADQEQQDPL EYLQSDEE - - DDE -KSGAQRRLOEQRERLHGALAL TELANL TGAPLRQ
KRS . it EQQDPLEYLQSDEE - -DDE -K SGAQRRLQEQRERLHGALALTELANL . . . . . . .
flying fox . ETREQRTPTLKGKLVQKADQEQQDPLEYLQSDEE - -DDE-KSGAQRRLOEQRERLHGALAL TELANL TGAPLRQ
POUSEEEE DAt oiiiiiiiiiiiiiaaiaann, EQQDPLEYLQSDEE - -DDE -KSGAQRRLQEQRERLHGALALTELANL . . . . . ..
e e e N R B T EQQDPLEYLQSDEE - -DDE-KSGAQRRLQEQRERLHGALALTELANL . . . . . ..
brown bat YWETKEQRTPTLKGKL AQKADQEQQDPLEYL QSDEE - -DDE-KSGAQRRLQEQRERL HGALALTEL ANL TGAPLRQ
hedgehog YWETREQRTPTLKGKLVQKADQEGQDPLEYLQSDEE - -DDE -KRCAQRRLQEQRERLHGALAL TELANLTGAPFRQ
shrew YWETREQRTPTLKGKLVPKADQEQQDPLEYLQSDEE - - DDE - K SGAQRRLQEQRERLHGALAL IEL ANLTGAPLRQ

9-b armadillo
6-b armadille
sloth

tamandua

giant anteater
Af. elephant
As. elephant

YWETREQRTPTLKGKLVPKADL EQQDPLEYLQSDED- -DDEEKT CAQRRLQEQRERLHGALAL TELANL TGAPLRQ
EQQDPLEYLQSDED- -DDEEK ICAQRRLQEQRERLHGALALTELANL . . ... ..
YWETREQRAPTLKGKLVQKADL EQUDALEYLQSDED- -DDEEKS - - - -RLQEQRERLHGALALTELANL . . . . . ..
EQQDPLEYLQSDEE- -EEEEKSTAQRRLQEQRERLHGALALTELANL . . . .. ..
EQQDPLEYLQSDED- -DDEEKSTAQRRLQEQRERLHGALALTELANL . . . . . ..
YWETREQRTPTLKGKLVPKADLEQQDPLEYLQSDED - -DDEEKT CAQRRLQEQRERLHGALALTELANLTGAPLRQ
...................... EQQDPLEYLQSDED--DDEEKSGAQRRLQEQRERLHGALALTELANL . . . .. ..

MANGEEE  eevreiiveenerereinanes EQQDPLEYLQSDED--DDEEKSGAQRRLQEQRERLHGALALTELANL . . . . . ..
hyrax . SREQRTPTLKGKLAQKADQEQQDPLEYFQSDED- -DEEEKNGAQRRLQEQRERLHGALAL TELANLTGAPLRQ
tenrec YWETREQRTPTLKGKLAQKADQEQQDPLEYLQSDEEEEEDKEKSGAQRRLQEQRERLHGAL AL TELANLTGAPLRQ
golden mole ...iiiiiiiiiiiiiie.... EQQDPLEYLQSDEEE-DDKEKSGAQRRLQEQRERLHGALALIELANL . .. .. .,
aardvark e EQQDPLEYLQSDED--DEEEKSGAQRRLQEQRERLHGALALTELANL . , ... ..

l.e. ele.shrew
s.e. ele.shrew
lab opossum
Vir. opossum
wallaby

monito del monte

platypus

...................... EQQDPLEYLQSDED- -DDE-KSGAQRRLQEQRERLHGALALTELANL . . . .. ..
...................... EQQDPLEYLQSDED--DDE-KSGAQRRLOEQRERLHGALALIELANL .. .. ...
YWETREQRTPTLKGKPIQKADQEQQDPLEYIQSDEE--DOD-KNGARRLLQEQRERLHGALALTELANLTGAPLRQ
...................... EQQDPLEYIQSDEE--DDD-KNGVRRLLOEQRERLHGALALIELANL .. v\ ..
YWETREQRTPTLKGKPIQKADQEQQDPLEYIQSDEE- - DDE-KNGARRL LQEQRERLHGALALIELANLTGAPLRQ
...................... EQQDPLEYIQSDEE--DDE-KNGARRLLQEQRERLHGALALIELANL . . ... ..
YWETKEQRTPTLKGKLAQKADQEQQDPLEYLQSDEE - -DDE-KSGAQRRLOEQRERLHGALAL TELANL TGAPLRQ

Figure 3. Alignment of ZNF367 exon 5 sequences from 46 mammals. A single amino acid insertion
shared by all xenarthrans and afrotherians is highlighted with a box. Full-length amino acid sequences
are derived from full genome sequences or traces. Sequences with truncated ends were generated by
PCR using conserved primers in the exon flanking the indel.

diagnostic for placental superordinal
clades (Kriegs et al. 2006; Nishihara et al.
2006) found no evidence for the Atlan-
togenata hypothesis.

Evaluation of Kriegs et al.’s two
insertions supporting Epitheria

Retroelements have strong potential to
resolve difficult nodes of a phylogeny
(Shedlock and Okada 2000; Murphy et
al. 2004; Springer et al. 2004; Bashir et al.
2005; Kriegs et al. 2006; Nishihara et al.
2006; Rokas and Carroll 2006). Their ad-
vantages are immunity to later identical
events and probably a higher event (in-
sertion) rate than coding indels. Initially
these events were considered nearly per-
fect characters; however, various valida-
tion issues arise in firmly establishing or-
thology, addressing deletional homo-
plasy, ruling out quasi hotspots of
independent insertion of similar length
fragments from a given master element,
proving absence in the immediate out-
group, and determining status in a wide
range of relevant species.

RepeatMasker may very well report
precise fragment end points but it can-
not determine them to statistical signifi-
cance in a gapped alignment situation.
Indeed, the two L1MBS examples re-
ported by Kriegs et al. (2006) to support
Epitheria exhibit a distinctly ragged set
of end points when tracked across vari-
ous species. In our search, both of Kriegs
L1MBSs were excluded because they lack
a clean insertion in armadillo (i.e., the
boundaries of the gap in armadillo are
offset relative to the boundaries of the
annotated repeat in the multispecies
alignment). The second repeat reported
by Kriegs in support of Epitheria (their
2b) resides in a region of human chro-
mosome 15 that does show a good align-

rate events in both stem afrotheres and stem xenarthrans is a
small fraction of this time of observed nonrecurrence
(25 + 29 = 54 million years, or 3% of 1.5 billion years of sampled
placental evolutionary time). It is worth noting that the pro-
posed phylogeny with approximately two million years of com-
mon stem shared by Afrotheria and Xenarthra is an intrinsically
unfavorable situation for recurrent mutation, being only 4% of
the unobservable stem lengths (lack of extant species) and 1% of
the overall sampled placental timescale. The short stem branch
for Atlantogenata likely explains why previous molecular studies
have had difficulty recovering robust support for the placental
root. The closest outgroup taxon to placental mammals, marsu-
pials, is still quite distant with roughly 185-225 million years of
divergence on stem branches between crown placentals and
crown marsupials (Kumar and Hedges 1998; Woodburne et al.
2003; van Rheede et al. 2006) which would favor rooting on the
longer branch to Afrotheria or Xenarthra. It also explains why
two previous studies attempting to identify retroposon insertions

ment to the opossum genome. Though probably too divergent to
be reliably recognized by RepeatMasker, the presence of opossum
sequence spanning the region covered by the LIMBS in all non-
xenarthran eutherians suggests lineage-specific loss as a probable
explanation for the gap seen in xenarthrans, rather than support
for the Epitheria hypothesis (Supplemental Fig. 1).

While small lineage-specific indels can be invoked to ex-
plain ragged end points, this undercuts the notion that common
end points of a retroposon fragment are diagnostic of orthology.
Further, if an L1IMBS element is observed to be peppered with
small indels, why not the occasional large deletion? This does not
require a mechanism for precise excision (e.g., nonhomologous
recombination with a near-contemporaneous same-master simi-
lar fragment L1MBS elsewhere in the genome) because Repeat-
Masker cannot find residual fragments below a certain length
(~25 bp). Should this take out enough of the repeat to make it
operationally unrecognizable to RepeatMasker, and occur in a
common ancestor of a superordinal clade, then the presence/
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3. C140rf121 exon 35

Human

chimp

arangutan
macague

marmaset
bushbaby

tree shrew

mouse

rat

ground squirrel
guineo pig
beaver

1lama

flying lemur
hedgehog

horse

cow

pig

little brown bat
flying fox

dog

cat

9-banded armadille
Hoffmannis sloth
Linne's sloth
giant anteater
tamandua

African elephant
manatee

hyrax

tenrec

opossum

monito del monte
platypus

GTEGSEPGEGGPAPGT AQOP -RVHGVALPGL ERAKGWSFDGKRE
GTEGSEPGEGGPAPGTAQOP -RVHGYALPGL ERAKGWSFOGKRE
GTEGSEPGEGGPAPGT AQQP -RVHGVAL PGLERAK GWSF DGKRE
GTEVSEPGEGGPAPGIAQOR -RVHGVAL PGLERAKGHSFOGKRE
GTEGSEPGEDGPAPGT AQOP-RVHGVAL PGLERAKGHSFOGKRE
GTEGPEPGEGGPAPGPAGNS -RAHGVSLPGLERAK GHS FOGKRE
GTEGSEPGEGDPTPTTTOLP-RVHGVAL PGLGRAKGHSFDGKQE
GTERLEAGEGAPAPGTAQQP-RVHGVAL PGLGRTKGWSFOGKRE
GTERLEAGDGAPAPGTAGPP-RVHGVAL PGLGRTKGNSFDGKRE
GTEGSERGEGDPVPGTAQOP-RAHGVAL PGLGRAKGNSFOGKRE
GTEGSEAGDGGTAPGMAGOP -AVHGVAL PGLGRAKGWSFDGKQE
GTEGAEPGEGGPAPGTAQQP-RIHG
GTEGAEPGEGGOAPGTAQQP-RVHG
. . EGSEPGEGSPAPGTAQQP -RVHA
GTEGAEPRDGGPAPGMTOOP-RVHGVALPELGRAKGWSFDGKGR
GTEGTEPGEGVQAPGTAQQP-RVHGVALPGLGRAK GNSFDGKRE
GTEGSEPGEGGPAPGTAQQP-RVHGVAL PGL ERAKGWSFDGKRE
GTEG#EPGEGGQ&P&TAQQP-RVHGU&LPGLGR&KGWSFDGKRE
GSEGSEPGEGAQAPGTAQQP -RVOGVALPGLGRTKGWSFOGKQE
GTEGSEPGDGGOTPYTAQQP -RVHGVAL PGLGRAKGNSFDGKQE
GTEGAEPGEGGLAPGTAQQP - RVHGVAL PGLGRAKGWSEDGKRE
GTEGAEPGEGGLAPGTAQQP -RVHGVGPSGYGKSQG. . ... ...
GMEGSEPGEGGPAHGTTQQPTRVHSTAL PGLGRAKGWSFDGKRE
GTDGSEPGEGGPAQGT TQQPTRVHGYAL SGLGRAKGNSFOGKRE
GTEGAEPGEGGPAQGTTQOPTRVHG
CTEGAEPGEGGPAHGTTOOPARVHG
GTEGSEPGEGGPAHGPTQOPARVHG
GTEVSEPGEGGPALGALQQSTRVHGVAL PGLGRAKGHSFDGORE
. TEGAEPGEGGLAPGTSQUSTRVHGVA. ... vvveuninns .
GTEVSEPGEGVPALGASQPRRVHGYALPGLGRAKGNSF DGKQE
GTEVSEPGEGVPAL GASQOPNRVHAVALPGLGRAKGHSFDGKRE
GMEGAEPGEGYPVSAVM)SA-RVHGT AL PGMGRAKGHSF DGKQE
. TEGAEPGEGVPVSGVMIPT -RVHGIA. . i

------- SSSGPEAALLQPP- RLQGIALPGLGRVKGNTFEGRRE

4. LAMC2 exon 13

human

chimp

orangutan
macagque

bushbaby

mouse

rat

ground squirrel
dolphin

dog

cat

hedgehog
solenodon

horse

cow

pig

1loma

little brown bat
9-banded armadillio
sloth

African elephant
manatee

hyrax

elephant shrew
tenrec

opossum

wallaby

platypus

MDQFMQQL QRMEAL TSKAQGGDGYVPDTEL EGRMQQAEQAL QDTL RDAQISE
MOQFMQQLQRMEAL TSKAQGGDGYVPDTEL EGRMQQAEQAL QDTLRDAQISE
MDOFMOQL ORMEAL TSKAQGGDGAVPDTEL EGRMOQAEQAL QDILRDAQISE
MDQFMOQLORMEAL TSKAQGGDGAVLDTEL EGRMQQAEQAL RDILRDAQISE
MDOFMOQLOSLEAL TSKAQSGGGAVPNTEL EDRMODAEQAL RDTLREAQISE
MDOFTOOLOSLEALVSKAQGGGGTVPSGEL EGRMODAEQAL RDILREAQISE
MDOFAQQLONLEALVSKAQGGNGAVPSEEL EGRMOQAEQALRDILREAQISE
MDOFMOQGLQSLEAL TSKAQGGGAAVPGSEL EGGMOQAEQAL RDILREAQISE
MDOFMOQLQSLEALVSKAQGGGGAVPDAEL EGRMODAEQAL QDTLREAQTSE
MDOFMOQLOSLEALVSRVOGGGGAVPDAEL EGRMODAEQAL QELLREAQISE
MDOFROOLOSLEALVSRAQSGGGAVPSTEL EGRMROAEQTLQDILREAQISE
VDL FMOQL ORLEALVSRAQGAGGAVSNSEL EGRMOOAEQAL QDILREAQISE
v LISQAQGSGGTLPNTELEGRMO. . o' vevvvsavnsns
MDQFMQQL QTL EAL TSKAQGG- -AVPNAEL EGRMQQAEQAL RDTLREAQTSQ
MDOFMOQL ESLETLL SKAQAGGGAYPDTEL EGRMOQAEQAL QDL L REAQISE
MDOFMOQLOSLETL TSKAQDGGGT IPNTEL ESRMOOT EQTLEBILREAQIAE
............. LILMAQGGGGAVPSTELEGRMO. . .\ \vvvereennns.
MGOFVQQLQSLEDL TSKAQGGGGGAPNAEL EGRMOQAEQAL ROMLRDAGISY
MOQFTQOLQSLEALYSEARDGEGAVPNAEL EGRTQOAEEALWNTLREAQTSE
MDOFMOQLOSLEAL TSEVQGG=GGVAHPEL EGKMOOAEQAL ODILREAQISE
MDOFMQGLQSLEALTSKAQEG=GGVPHPEL EGKMQQVEQAL QDTLREAQISE
MVSNTQDG=GAVPNAELEGRMD . . .. .vvvvesn
MDQFTQQLQSLEALVSKAQE G+ GAVPHAEL EVRTQEAEEAL RDILREAQVSE
........ t e LVSKAQGG=GATPSAELEGRMD. . v evveavresvnns
MDOFKHQL QAL EALMAKAQGG= GAVPNSEL EGRMOQAEE AL QDVLRDAQVSE
LEGYLOOLOSVEALYLKVOAGGGSLPNAEL EGRLKEAERTLQDILREAQISE
LEQYLOQLOSLEALVLKVOAGGGSLPNAEL EGRLKEAEGTLODILREAQISE
MDQLWLQIRDLEVHL -—--- GGAPGPNTEVERRMHQVEETL QNILREAQISE

Figure 4. Alignment of C140rf121 exon 35 sequences from 34 mam-
mals (upper panel), and LAMC2 exon 13 sequences from 28 mammals
(lower panel). The indels shared by xenarthrans and afrotherians are high-
lighted with boxes. Full-length amino acid sequences are derived from
draft genome sequences or traces. Sequences with truncated ends were
generated by PCR using conserved primers in the exon flanking the indel.

absence of the repeat element character will be misread, leading
to incorrect phylogenetic inference. In the case at hand, xenar-
thrans have nearly 30 million years of stem prior to first diver-
gence of extant species, which may provide ample time for the
two insertions observed by Kriegs et al. (2006) to have degraded
beyond recognition.

An additional explanation for the two insertion examples
reported by Kriegs et al. (2006) is incomplete lineage sorting of an
ancestral polymorphic insert during a very short divergence time
(Shedlock et al. 2004). The approximately two million year in-
terval (based on point estimates) between the ancestor of placen-
tal mammals and the common ancestor of Atlantogenata shown
in our mammalian divergence time analysis (Fig. 6) provides just
such an example. A similar situation was reported by Nishihara et
al. (2006) for the Pegasoferae clade. In that case one discrepant
L1MBS insertion was found that contradicted four other inser-
tions supporting monophyly of bats, perissodactyls, and carni-
vores. Our molecular timescale under the Pegasoferae hypothesis
shows that these three lineages also diverged during a remarkably
rapid time frame: The point estimates for these branches are less
than two million years apart. Under such conditions of rapid
divergence events, it would not be uncommon to find cases
where fixation of the original insertion through lineage sorting is
homoplastic (Shedlock et al. 2004; Nishihara et al. 200S5).

Other pivotal assumptions of retroposon insert analysis,
such as random insertion of L1 repeats in a large genome having
negligible odds of recurring (nearby or same-spot insertion, ho-
moplasy), conflict with two recent observations. First, two hu-
man L1s from the same active source have been observed to
insert within 87 bp in unrelated patients (Ludwig et al. 2005).
Second, L1 insertions have distinct genomic biases whose details
are imperfectly known (Graham and Boissinot 2006). This has
serious homoplasy implications for the use of this repeat class in
inferring ancestral topologies because it would be difficult to dis-
tinguish single from multiple scenarios after 100 million years of
subsequent mutation. While retroposons clearly are a powerful
resource for phylogenomics, careful PCR-based validation, fol-
lowed by interpretation in light of molecular divergence esti-
mates, is necessary to fully test the reliability of such data mined
from genomic databases. Though cases of possible lineage sorting
of ancestral polymorphism or other types of homoplasy will be
less common or even negligible on longer branches (such as
those leading to Euarchontoglires or Laurasiatheria), short nodes
inside of rapidly diversifying clades like Laurasiatheria and
Afrotheria (Nishihara et al. 2005, 2006) must be thoroughly
tested by other types of data such as exonic indels.

Conclusions

The recent studies by Kriegs et al. (2006) and Nishihara et al.
(2006) firmly establish the monophyly of Laurasiatheria, Euarch-
ontoglires, Boreoeutheria, and Afrotheria, confirming results
based on phylogenetic analysis of most large nuclear and mito-
chondrial gene data sets. Our present analysis of coding indels
and retroposon insertions provides strong evidence for the root
of the placental tree between Atlantogenata and Boreoeutheria, a
finding that accords well with the vicariant separation of Africa
and South America in the Cretaceous. The current influx of ge-
nome sequence data from nearly all orders of placental mammals
should soon permit the complete unraveling of the phylogenetic
relationships among the early interordinal branches of the mam-
malian tree.

Given the incomplete nature of the low-coverage elephant
and armadillo assemblies and the need for coverage at the same
regions across genomes, it remains a possibility that the sample
we examined was unrepresentative or somehow biased in a man-
ner that we could not control for. This issue will be worth revis-
iting when more complete draft assemblies from these and addi-
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A
x
Afrotheria 2 Boreoeutheria

fu}]

b

=

1]
human CAAMGETAGGEAAACTTTTTGCCTTGARR TCTTAAATCATCCTCAGATS
macague CAAMGETAGGEAAACT TT TTGCCTTGARA. TCTTAARTCATCCTCAGATG
fly inq lemur CAAAGGTAAGEARMACTTTCTGCCTTGARR CTCTTAAGTCATCCGTAGTTG
menLEE CRARCOTAGCAACACTETCTTECCTGARR. -——
ehipmunk CAARCCTAGGGAAATT TG CTGCCTTGATA.
sguirral AR GO A G AR R T T T T A T T AR e e e o o i
guinea pig CAARGGTATGCARACTTTCTGCCTTAAN
rabbit CAAAGGTAGGAAAGCGTCCTGCCTCGACA TCTTARATCATACCCCARTG
whala CARAGCTAGGEAAACTTTCTCCCTTGAAR TTTGAAATCATTCCCAGATS
cow CAAAGCTAGGGAAACTTTCTGCCTTGAAA — - TTTGAAAGCATTCCCAGATA
horsa e e el B L TCTTARATCATCCCCACATG
cat CAARGGTAGGEARAATCTCTTTCTTGAGA TOTTARATCAT-COCAGATS
dog CRARGGTAGGEEAACTTCCTGCCCTGARR ~POTTAAATOAT-CCCAGSTTG
pangelin CAARGGTAGGGARACTTTCTGCCTTGARR ~TCTCARATCATCCOTACGATS
bae CAARGGTAGGGAAACTTTCTGCCTCGARA == == ACTTTAAGTCATCCOCGGATS
shrew CAARGET-GEGARACTTTCTTCOTTGAAA. TATAAGGCCAT-CCCAGATT
hedgehog CAARGET- mmcmw:wsccmcenu ot s S e = ~PTAAATGAT = = ~CAGATT
armadillo CmGGTmeCG‘I‘TCTGCCAI‘ CTATTT TTTTTT-TGAGGTG f == —— - o~ —TCTTARATCATTCCCAGATS
anteater CAARGGTAGTGARACTTTCTGCAATGA C"I“I‘C'I".[“"'I‘TIT‘I'TLGGTGJ'J’GHBG&TTCCM'I‘TTETLCRC&ECCR C=TCTTTAATCACTCCCAGATC
8loth CAARGGTAGCGARAATTTCTSCTA CTTTTTTATA=TG-~~TG/ / CC-TCTTAAMTCACTCCCAGATG
Afir.elephant CARAGGTAGCGARACCTTCTGOCAT ACTTATTTTTACTGAGGTG / ARAGEPTCCAATTTCTCCACAT TR C=TCTTAMTCACCCOCAGATS
Asi.elephant CARRGGETAGCGARACCTTCTGCCAS ACTTATTTTTACTGAGGTG / ARAGG PTCCAATTTOTCCACGT T A CC-TCTTAARTCACCOCCAGATS
manates CAARCETACAEAANGCTTCTGOCA b ACTTATTTTTATTGAGGTG / ARAGGTTCCAATTTCT CCACAT A CC-TCTTAARTCACTCCCAGATS
hyrax CAARAGGTAGGGARACCTTCTGCTGTGARA ATTTATTTTTATACACGTE / / ARMCC CTOCAATTTC T CCACATT CC~-TCTTAGATCACTCTCAGATS
tenrec =TTAATTTTATTCCGTTE/ / ARACT TATC ANTTTCTCAATATC AT ~TCTTARATTACCCCCAGETG

CAARGGTAGGGARACATTCTACCATGACA

golden mole

CTTATTTTTATTGCGETS / / ARAGGTTCCARTTTCTCCACATC—

{C-TCTTCARTTACCCGCAGATA

AGTATT-GTTTTCATAC

AGTATT-GTTTTGATAC
AGCTATT-GTTTTGATAC

LCTATT-CTTTTEATAC

ACTATT-GTTATCATAC

CTCCT-ATTTTGACAC

CETATT-ATTTTCATAC
TATT-GTTTTGCTAT

GETATTTETTTTCATAT

ATT-ATTTTGATAC

GTATT~-ATTTTGATAC
GTGTT-ATTTTGATAC
GATTT-ATTTTGATAC
AGTETT-ATTTTETTAC

GAGTT-ATTTTSATAC

B
human AAATAT-TTTTAT --CAAAA-=~R=-GATTGGATT TATTATARAAL-CT
chimp AAATAT-TTTTAT - =CAAAA - ~A~GATTGGATT TATTATAAAAA-CT
orangutan AMATAT-TTTTAT--CARAA--L-GATTGGATTTATTATAARAA~CA
macague ARATAT-TTTTAT-~-CAAAA--ARGATTGTATTTATTATAAAAR-CT
marmoset ARATAT-TTTTAT ~-CAAAA-~AAGATTGGATTTATGATARALA-TG
galago ARATAT-TTTTAT-~CAAAA-GO--ATTCAATTTATTATARARGCCT
flying lemur ARATAT-TTTTCT--CAAMA-CARGATTGEGATTTGCTATAAARA-CT
mouse ARGTAC-TTCACAT-CAAAA-CACTATTGGETTTATTTITAARAG-CT
rat ARCTAC-TTTACAT-CAAAR-CACTAGTGGCCTTATTTTAAAAG-CT
rabbit AATTATTTTTTCT -—CAAAC-ARARATTECATT TTTTAACAAAAACT
dog ARATAT-TGTTCT--CAARA~-CAAGATTEAAT -~ ACTATAREAR-T T~~~
cat ARATAT-TGTTCT-~CAARA-CEAGATTOGATTTAATATARGAA-CT -
pig AGTTAT-TTTTCT-~CAAAR-TAATATGCEATTTAATGTARGAR-CT—mm =
llama ARATET-TTTTCTTTCAAAC—CAMRGATTGEATCTAATETAAGGA-CT
cow AMTAT-TTITCT--AAARAATEACETTCTATTTAATCTAAGAA-CT
whale AAATAT-TTTTCT ~~CARRA-CAAGATTGEATT TARTATARGAR-CT.

GTT-ATTTTGEATAC

ARATAC-TTTTTT-CTGAAA-CARGACTCACTTTATTATARAAL-TE
ARATAC-TTTTTT-GTEARA-CAR-ACTEAGTTTATTATARARAATG

9-b.armadille
h. armadille

sloth AARTAG-TTTTTA--TCAAA-CALCACTGEATT TATTATARAAR-

elephant AAATAC-TTTTT-GTCARAA-GARCGACTGAATTTATCATTAARA-C

tenrec AMATAT-TTTTT-GTCARAR-CRAAATTGEATT TATTA———ARA-T

hyrax AARTAC-TTTTTTETCARAA-ARAGATTAGACTTCTTATTARAC -~

manatee ARATAC-TTTTT-GTCAAAR-GARGATTGAATTTATTATTGARA A
Figure 5.

GTGTT-ACTTTGATAC
GCETT-ATTTTEGETAC
ATGTT-ATTTTGATAC
==GTA-TTTTTGATAC
G~CETA-GTTTTTATAC

==GTTATTTTTGGTAC

(A) LIMBS insertion in an intron of the OTC gene. The upper gel image shows PCR products obtained by amplifying different mammalian

genomic DNAs with conserved primers flanking the retroposon insertion site. Below is a partial alignment of the exonic (underlined)/intronic sequences
flanking the L1MBS5 insertion from 26 placental mammals. The central portion of the inserted sequence has been edited, as shown by the double slash
marks. (B) A multispecies alignment showing the second L1MBS5 insertion in an intron of the RABGAP1L gene from 23 placental mammals. Direct repeats

are highlighted in gray.

tional species become available. These data will facilitate the as-
sembly of larger data sets for analysis and will increase the ease
with which corroborating rare genomic changes are identified

(Murphy et al. 2004; Kriegs et al. 2006; Nishihara et al. 2006;
Rokas and Carroll 2006). Moreover, the data will allow an accu-
rate prediction of the evolutionary history of those species at all
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— Cuban solenodon
b Haiitian solenodon

opossum assembly monDom4 (January
2006) (E. Lander, pers. comm.). A spe-

hedgeho
’_‘—l_r ;:ig: ’ cial-purpose program was written to
d':lrh__n identify which protein-coding intervals
whale align between human and each of arma-
:‘ufnpl"nam dillo, elephant, and opossum, with at
Laurasiatheria pig most one gap, and to compare the loca-
b llama tions of those gaps, as described in Re-
[ :a‘;a’;e sults. Source code for that program is
1 = thino freely available as part of the package
30“09“1"0'5:? W lph?"ﬂﬁrmidhﬁt called “Phylogenomic Tools” (Rosen-
7 i;?:e!:a ;ﬁm s blo;)m etal., inbpress), v:;hich. i]s avlaill)able
://www.bx.psu. miller .
4—1: :;;.:;Iffxbat at http:// psu.edu/miller_lab/
L e Identification of diagnostic
pang:;lin retroelement insertions
Placentalia ,—::Il.lse For the Atlantogenata hypothesis we
105 _1 e scanned the 17-way alignment for loca-
AN ﬁ:;fﬂ"ﬁm h tions where armadillo and elephant had
r rabbit an extra segment of between 150 and
91 gf:smw 2000 additional nucleotides in a region
Eusrchorgoglires fying lemur that aligned contiguously in human,
strepsirrhine dog, and mouse; the region flanking the
:mlm repeat was required to have a contiguous
/i_r anteater alignment in opossum to rule out lin-
Xenasthra 73 o eage-speciflic degradatiﬁn. Sequences
golden mole spanning that region in human, mouse,
— :i: ::pg"::l ;’1’;‘" dog, armadillo, elephant, and opossum
Auantogenm it were aligned with BLASTZ (Schwartz et
o sirenian al. 2003), and the alignments interac-
1 :x:"ham tively inspected using the laj program
(Wilson et al. 2001), both of which are
freely available at http://www.bx.psu.
110 e k) 50 7o L 50 40 3 20 1

Millions of years

Figure 6. A molecular timescale for placental mammals based on the data set from Roca et al.
(2004), 13 fossil constraints (Springer et al. 2003), and a mean prior of 105 Mya for the placental root.
Divergence estimates are shown for several key superordinal clades (for a full list of divergence times

and confidence intervals, see Supplemental Table 2).

scales of evolutionary events, down to nucleotide resolution
(Blanchette et al. 2004). At one level, phylogenetic relationships
correspond to the largest-scale evolutionary event, i.e., specia-
tion, in a long list that includes chromosome fission and fusion,
large-scale duplication, insertion of interspersed repeats, dele-
tions, expansion/contraction of tandem repeats, and nucleotide
substitutions, among others. However, correct determination of
phylogenetic relationships has a special importance for the goal
of thoroughly understanding mammalian genome evolution,
first in informing decisions about which sequence data should be
gathered, and later to determine the order that computational
procedures are applied to the data.

Methods

Identification of potential coding indels

in human-armadillo-elephant-opossum whole-genome
alignments

The alignment of 17 vertebrate genomes was downloaded from
http://genome.ucsc.edu/ in April 2006. It included sequence data
from human assembly hg18 (March 2006), armadillo assembly
dasNov1 (May 2005), elephant assembly loxAfr1 (May 2005), and

o edu/miller_lab/. RepeatMasker was
run on the elephant sequence, and the
putative inserted region was required to
coincide closely with an annotated re-
peat element whose family and level of
divergence from the consensus sequence
are consistent with having been inserted
around 100 Mya. Full sequences for each retroelement and their
flanks can be found in Supplemental Figures 2 and 3.

A similar procedure was run for the Epitheria and Exafrico-
placentalia hypotheses. We scanned the 17-way alignment for a
non-Alu interspersed repeat of length between 150 and 2000 bp
found in human, dog, mouse, and armadillo that does not align
to elephant (in the case of the Exafricoplacentalia hypothesis) or
found in human, dog, mouse, and elephant that does not align to
armadillo (in the case of the Epitheria hypothesis). The putative
inserted region was required to coincide closely with an anno-
tated repeat element whose family and level of divergence from
the consensus sequence are consistent with having been inserted
around 100 Mya. The region flanking the repeat was required to
have a contiguous alignment in opossum to rule out lineage-
specific degradation.

In silico screening/validation of indels with additional
mammalian genomes

Candidates identified in the initial comparative genomics screen
still include cases of cross-matched paralogs (arising from incom-
plete elephant and armadillo assemblies), cases of indels within
simple repetitive sequence (conducive to multiple homoplastic
events through replication slippage), situations with highly di-
verged sequence (indicating little constraint on indels), and ex-
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amples exhibiting inconsistent phylogeny within the UCSC ge-
nome browser species (e.g., indels also present in species like dog
or cow that were not part of the original screening).

A second round of rapid screening was thus implemented to
reduce these sources of artifacts. DNA from the four species rep-
resenting the putative orthologous exon was required to have
comparable scores upon BLAT against the human genome at the
UCSC browser (no worse than 50% of human vs. human), no
paralogous chromosomal location with higher scores, and con-
sistent reciprocal best-BLAT. The comparative genomics and
xeno mRNA tracks were then revisited to verify phylogenetic
consistency in species available as of August 2006 (cow, chimp,
macaque, mouse, rat, rabbit, guinea pig, tenrec, opossum, platy-
pus, chicken, and frog).

We further required two-sided synteny of flanking genes in
species where contig availability made this feasible. While not an
infallible guide to orthology even when coupled with best recip-
rocal BLAT hit plus splice site location and phase (because of
segmental duplications and incomplete genomes), this does sup-
port reliable tracking of the indel back into species in which the
exon sequence has significantly diverged. Surviving exon candi-
dates were screened about the indel site for anomalous compo-
sition, direct repeats, palindromes, stem-loop potential, and RNA
secondary structure that might favor recurring events (homo-
plasy) using the appropriate UCSC browser tracks and DotPlot
(http://entelechon.de/bionautics/dotplot.php3).

Next, a concerted effort was made—even for those support-
ing other topologies—to confirm the indel in the greatest pos-
sible set of additional species, with special emphasis on the im-
mediate outgroup (marsupials), the deepest nodes of afrotheres
and xenarthrans, dispersed representatives from all 18 mamma-
lian orders, particularly those not already represented in the trace
archives, and obtaining a maximal amount of elapsed branch
length evolutionary time without indel recurrence. None of the
candidates extended reliably past tetrapods because of varying
divergence and differentially expanded gene families; platypus
works overall as a cutoff to relevance, though some candidates
could be extended to chicken, zebrafinch, anole, and frog.

Promising indels were broadened from the core species of
the screening set to the widest possible set of orthologs available
at NCBI databases, notably trace archives, wgs (traces assembled
into small contigs), est_others, nr, htgs, and draft assemblies at
the UCSC genome browser. Although more prone to frameshifts
and base pair errors than PCR, trace indels are commonly a single
base pair in length within compositionally simple regions, thus
causing minimal confusion to the 3n base pair coding indels
considered here (which are not in simple repeat regions). In most
species, multiple traces are available with high-quality interiors
completely spanning the short candidate exons and validating
GT-AG splice sites and phasing (important in avoiding processed
pseudogenes). Less favorable situations have partial coverage
from a single trace or two traces needing tiling to span the exon.
It is not possible to establish synteny from traces in advance of
draft genome assembly. These species were then supplemented
by PCR as needed to better sample afrotherians, xenarthrans, and
placental orders underrepresented to date in genomic sequencing
projects.

PCR validation and sequencing of candidate indels

For those indels that were supported by additional in silico align-
ment to whole-genome assemblies and trace archive sequences,
we attempted to validate each using PCR-based sequencing of
orthologous regions in additional species. Conserved PCR prim-
ers were designed in stretches of exonic sequence flanking the
candidate indels, though occasionally primers were extended

into conserved flanking intronic sequence (Supplemental Table
3). PCR was tested on a panel of genomic DNAs from species
spanning all four eutherian superordinal groups, using a touch-
down PCR protocol (annealing temperature from 60°C to 50°C)
and varying magnesium chloride concentration from 1.25 to 2.5
mM. For those species which produced a clean band following
agarose gel electrophoresis, we directly sequenced each product
after clean-up with Microcon PCR purification (Millipore) or
Exol/shrimp alkaline phosphatase digestion. Sequencing reac-
tions were performed with Big-Dye Terminator ready reaction
mix and resolved on an ABI-3730 sequencer (Applied Biosys-
tems). DNA sequences were trimmed and aligned in Sequencher
(Gene Codes, Inc.). PCR sequences and genome assembly/trace
fragments to which they align are available in Supplemental Ma-
terial or in GenBank. ClustalW (Chenna et al. 2003), MALIGN
(Wheeler 2003), TCoffee (Notredame et al. 2000), and DB BLAST
alignments (http://www.proweb.org/proweb/Tools/WU-
blast.html) on both DNA and protein were explored to see if they
provided any insight or objectivity on gap placement beyond
what hand-alignment could provide.

Molecular divergence time estimation

We computed a molecular timescale for placental mammal evo-
lution using the large nuclear+mitochondrial gene data set from
Roca et al. (2004), which is the same data set used by Springer et
al. (2003) but includes the two solenodon species. We identified
the best topology under the Atlantogenata hypothesis, while also
assuming the monophyly of the recently discovered clade Pegas-
oferae (Nishihara et al. 2006). We used the Bayesian relaxed clock
approach of Thorne and colleagues (Thorne et al. 1998; Kishino
et al. 2001) as implemented in estbranches and divtime5b. Fossil
constraints and run parameters were the same as those used in
Springer et al. (2003) and Roca et al. (2004).
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