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One and a half centuries after Charles Darwin and Alfred Russel Wallace outlined our current understanding of evo-
lution, a new scientific era is dawning that enables direct observations of genetic variation. However, pure sequence-based
molecular attempts to resolve the basal origin of placental mammals have so far resulted only in apparently conflicting
hypotheses. By contrast, in the mammalian genomes where they were highly active, the insertion of retroelements and
their comparative insertion patterns constitute a neutral, virtually homoplasy-free archive of evolutionary histories. The
‘‘presence’’ of a retroelement at an orthologous genomic position in two species indicates their common ancestry in
contrast to its ‘‘absence’’ in more distant species. To resolve the placental origin controversy we extracted ;2 million
potentially phylogenetically informative, retroposon-containing loci from representatives of the major placental mam-
malian lineages and found highly significant evidence challenging all current single hypotheses of their basal origin. The
Exafroplacentalia hypothesis (Afrotheria as the sister group to all remaining placentals) is significantly supported by five
retroposon insertions, the Epitheria hypothesis (Xenarthra as the sister group to all remaining placentals) by nine in-
sertion patterns, and the Atlantogenata hypothesis (a monophyletic clade comprising Xenarthra and Afrotheria as the
sister group to Boreotheria comprising all remaining placentals) by eight insertion patterns. These findings provide
significant support for a ‘‘soft’’ polytomy of the major mammalian clades. Ancestral successive hybridization events and/
or incomplete lineage sorting associated with short speciation intervals are viable explanations for the mosaic retroposon
insertion patterns of recent placental mammals and for the futile search for a clear root dichotomy.

[Supplemental material is available online at www.genome.org.]

Genomic variation is based on genetic convertibility and is am-

plified by gene flow and sexual recombination. While only a small

fraction of genetic variation is directly exposed to the natural se-

lection driving the evolution of species, the majority of changes

are neutral (Kimura 1968). In the molecular Darwinian and post-

genomic age when such variations are now directly observable in

prodigious numbers, one still needs only compare the volumes of

controversy in scientific reports to dispel the notion that all the

mysteries of evolutionary history are now an open book. The basal

node of the placental mammals is a prime example of such

a controversy. After continuous morphological inconsistencies

and a lack of resolution due to narrow temporal speciation events

at the deeper divergences of the placental mammalian tree, the

hope was that large-scale DNA sequencing and an increasing

number of sampled species might resolve the higher-level mam-

malian relationships by reducing systematic biases. But the ex-

traction and analysis of molecular traces of evolutionary history

has been no less sensitive to misinterpretation than was the un-

derstanding of dusty specimens 150 years ago. The reliability of

sequence data in genome-scale phylogenetic approaches is sub-

ject to unequal evolutionary rates among lineages, regional- or

lineage-specific compositional biases, shifts in site-specific evolu-

tionary rates over time and sequence regions (e.g., Nishihara

et al. 2007), variable accuracies of multisequence alignments and

analytical tools, and last but not least, the general liability of such

data to homoplasy.

In a seminal work, Murphy et al. (2001a) investigated ;10 kb

of sequence information to substantiate the previously pro-

posed (Waddell et al. 1999) major mammalian groups Afrotheria,

Xenarthra, Laurasiatheria, and Euarchontoglires. Moderate sup-

port was found for Afrotheria as the basal split of placentals

(Exafroplacentalia; Fig. 1A). A subsequent combination and ex-

pansion of previously published data (Madsen et al. 2001; Murphy

et al. 2001a) found significant support for a basal split between

Afrotheria and other placentals (Murphy et al. 2001b). Nikolaev

et al. (2007) also found support for the Afrotheria as the first pla-

cental split, drawing on ;200 kb of protein-coding sequences

from the 1% of the human genome studied in the ENCODE pilot

project (The ENCODE Project Consortium 2007). However, other

studies of large-scale sequences (e.g., Hallström et al. 2007) and

previous studies of smaller data sets could not significantly con-

firm an Afrotherian root (e.g., Madsen et al. 2001; Waddell et al.

2001; Delsuc et al. 2002; Amrine-Madsen et al. 2003). A sister-

group relationship of Afrotheria and Xenarthra (Atlantogenata)

also received significant support in analyses of sequences

from ;1700 conserved genome loci (Wildman et al. 2007), 2840

protein-coding genes (Hallström et al. 2007), and mitochondrial

genomes (Kjer and Honeycutt 2007); and this was recently con-

firmed by large-scale analyses of 2.8 Mbp of protein-coding data

(Hallström and Janke 2008) and large-scale genomic sequences

(Prasad et al. 2008). Thus, despite many different molecular
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studies, the basal origin of placental mammals remains contro-

versial and unresolved. Unfortunately, pure sequence data cannot

resolve these apparent contradictions.

By contrast, the presence/absence patterns of inserted retro-

elements constitute a virtually homoplasy-free marker system

with theoretically infinite character states (Steel and Penny 2000).

Specific genomic insertions of such elements in the ancestor of

two species reliably document their common ancestry. The very

few known examples of discordance in retroelement presence/

absence data can be explained by deletion via illegitimate re-

combination between perfect direct repeats flanking each in-

sertion (van de Lagemaat et al. 2005), exact parallel insertions

(Cantrell et al. 2001), or lineage sorting, a phenomenon related to

incomplete allele fixation and frequent intervals of speciation

events (Shedlock et al. 2004; Ray et al. 2006).

Analyses of a smaller number of retroelements as phyloge-

netic markers in mammals validated the four superordinal mam-

malian clades (Nishihara et al. 2005; Kriegs et al. 2006; Möller-

Krull et al. 2007). However, in support of Shoshani and McKenna

(1998), but in contradiction to most other molecular inves-

tigations, we found the first evidence, two L1MB5 retroelements,

that placed Xenarthra (Epitheria hypothesis) (Fig. 1B) instead of

Afrotheria at the base of the placental tree (Kriegs et al. 2006).

Meanwhile, Murphy et al. (2007) presented two L1MB5 retroele-

ments and four additional indels that favored a sister group re-

lationship of Afrotheria and Xenarthra (Atlantogenata) (Fig. 1C) at

the base of the placental tree. Thus, to date, even retroposon in-

sertion patterns have not satisfactorily resolved the basal split of

placental mammals.

With the intention of resolving the conflicting topologies of

placental lineages, we aimed to examine a much larger sample of

retroposed elements and in more species. For this study we took

a slightly different tack and aligned whole genomes of three rep-

resentative placental species, including additional species for in-

formative loci to represent a maximum divergence within each of

the groups, and scanned them for diagnostic retroelement inser-

tions. In an analysis of ;2 million potential phylogenetically in-

formative loci, we found multiple retroposon insertion patterns

significantly supporting all three placental speciation hypotheses,

indicating a complex ancestral speciation scenario including suc-

cessive early divergences in close temporal proximity and hy-

bridization and/or lineage sorting events as viable sources for an

effective ‘‘soft’’ polytomy. This very rare example of multiple ret-

roposon incongruence goes a long way toward explaining the

decades-long stream of apparently conflicting evidence for one or

the other placental evolutionary history based on multiple marker

systems including both morphological and molecular sequence

evidence.

Results
We focused our computational screening for phylogenetically in-

formative markers on the insertion patterns of L1MB elements

that were active during the critical period of early placental evo-

lution ;100 Mya (Kriegs et al. 2006; Murphy et al. 2007), and

independently tested the three viable scenarios of placental origin:

the Exafroplacentalia, Epitheria, and Atlantogenata hypotheses

(Fig. 1). We screened the first of the two whole-genome three-way

alignments (armadillo–elephant–human) for elements supporting

the Exafroplacentalia (those present in armadillo and human but

absent in elephant) and Atlantogenata (those present in armadillo

and elephant but absent in human) hypotheses, and the second

alignment (elephant–human–armadillo) for elements supporting

the Epitheria hypothesis (those present in elephant and human

but absent in armadillo; Fig. 2A). Using the criteria presented in

the Methods section, we computationally preselected 1227 can-

didate loci and manually reinspected them using the University of

California Santa Cruz (UCSC) sequence browser in combination

with sequences from the trace archives. Manual screening of these

loci revealed 22 conserved, potentially informative loci that we

then realigned to verify the identities and boundaries of the in-

serted retroelements and to clearly characterize their respective

flanking regions. To validate the presence/absence patterns of re-

troposed elements in these 22 loci in an expanded species sam-

pling and to present as consistent a species representation for each

marker as possible, we then retrieved orthologous loci in two dis-

tant supraprimates (human and mouse or guinea pig, rabbit), two

laurasiatherians (dog and horse or cow), two Afrotheria (elephant

and tenrec or hyrax), two Xenarthra (armadillo and sloth), and, as

far as alignable, opossum as the outgroup. In some cases sufficient

sequence data were not yet available from members of the Afro-

theria clade (tenrec) or Xenarthra (sloth) to positively confirm the

presence and or absence of all retroposons in a second represen-

tative species of the given clades. Some of those gaps were filled by

experimental PCR amplification and sequencing of the corre-

sponding loci in tenrec and sloth. Of the 22 phylogenetically in-

formative markers analyzed in this study, 20 are highly reliable in

that they provide recognizable information of potential direct re-

peats plus the corresponding unoccupied target site in the absence

cases (see, e.g., Fig. 3). The remaining two markers are classified as

‘‘good,’’ with some restrictions regarding the recognition of clear

Figure 1. Different hypotheses of the placental origin. (A) The Exa-
froplacentalia hypothesis proposes a mammalian clade merging Bor-
eotheria (Supraprimates plus Laurasiathera) and Xenarthra, with
Afrotheria as the sister group. (B) The Epitheria hypothesis merges
Boreotheria and Afrotheria, with Xenarthra as the sister group. (C) The
Atlantogenata hypothesis proposes Xenarthra and Afrotheria in one clade.
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direct repeats. Their broad distribution over 15 of the 23 human

chromosomal pairs indicates the independent integration of the

22 phylogenetically informative elements (Supplemental Fig. S1).

In strong contrast to most of the mammalian branches that

we and others investigated previously with this method (e.g.,

Nishihara et al. 2005, 2006; Huchon et al. 2007; Kriegs et al. 2007;

Möller-Krull et al. 2007; Xing et al. 2007; Warren et al. 2008), we

found a rare example of virtually equal support for three com-

peting hypotheses (Fig. 2B; Supplemental Table S1; Kriegs 2007).

We found five independent L1 insertions (2 L1MB4, 2 L1MB5, 1

L1MB7) shared by Boreotheria (supraprimates and laur-

asiatherians) and Xenarthra, but absent in Afrotheria, that would

support the Exafroplacentalia hypothesis with Afrotheria as the

sister group to all remaining placentals. Our search returned nine

(including one previously reported by Kriegs et al. 2006) in-

dependent insertions of L1 elements (7 L1MB5, 1 L1MB8, 1

L1MB4) shared by Boreotheria and Afrotheria but absent in

Xenarthra. Together with an additional

independent marker reported by Kriegs

et al. (2006), there are now ten retro-

poson markers that would support the

Epitheria hypothesis. We also found

eight (two of which were previously

reported by Murphy et al. 2007) L1

insertions (7 L1MB5 and 1 L1MB8) that

would support the Atlantogenata hy-

pothesis, as they were present in Afro-

theria and Xenarthra species and clearly

absent in those of Boreotheria. Impor-

tantly, for each branching scenario we

found 5, 9, and 8 clear markers that

would individually translate to probabil-

ities of P < 0.0001 that the individual

hypotheses (by screening for markers in

just one direction) are incorrect ([5 0 0],

[9 0 0], [8 0 0]; Waddell et al. 2001).

Of all the phylogenetically infor-

mative mammalian markers investigated

to date (Kriegs et al. 2006; Nishihara et al.

2006; Murphy et al. 2007), just the

deepest split of the major placental clades

has exhibited such extreme contra-

dictions. The only hypothesis to best

explain these apparently conflicting re-

sults is that there is no clear dichot-

omy at the base of placentals but rather a

trifurcation.

Discussion
Comparative analyses of large-scale ge-

nome data afford a new era of phyloge-

netic inference combining the fields of

evolution and genomics into one of

phylogenomics. A completely objective

history of the mammalian orders is one

of the main visions of this new field of

phylogenomics. Most of the interordinal

mammalian branches have already been

confirmed with convincing support from

genome data, but problematic areas of

the placental tree have also been recog-

nized (Hallström and Janke 2008). As an example, narrow ances-

tral splitting events such as the early divergence of placentals have

been contradictorily resolved by genome-wide analyses of protein-

coding data (Hallström et al. 2007; Nikolaev et al. 2007).

But, because nucleotide sequences are highly exposed to homo-

plasy, using them as phylogenetic markers cannot resolve these

contradictions.

Our current data, with significant, nearly equivalent support

for all three hypotheses in one study, could be explained by

three possible scenarios: deletion via illegitimate recombination

between perfect direct repeats flanking each insertion; exact par-

allel insertions; or lineage sorting, a phenomenon related to

incomplete allele fixation and frequent intervals of speciation

events (Shedlock et al. 2004; Ray et al. 2006). Precise deletion

was observed in 0.5% of LINE1-mobilized SINE insertions in pri-

mates (van de Lagemaat et al. 2005). Statistically speaking, this

could affect at most six of our 1227 candidate loci, and the chance

Figure 2. Computational strategy to extract phylogenetically informative retroposon presence/ab-
sence loci. (A) UCSC three-way MAF data were organized in conserved alignment blocks with chro-
mosomal coordinates. Three adjacent blocks including an internal gap region in block 2 were
transformed in FASTA format. Sequences above gap regions were analyzed for mammalian specific
repeats using the RepeatMasker. Loci including such repeats were inspected in the UCSC Genome
Browser. All available sequences of phylogenetically informative loci were transformed to FASTA
sequences and manually realigned. (B) Five, nine, and eight loci were identified that support the three
competing hypotheses of the origin of placental mammals, Exafroplacentalia, Epitheria, and Atlanto-
genata, respectively. (+) Presence of a diagnostic retroposon; (�) absence of a diagnostic retroposon.
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of all six being in the 22 markers used for the final analysis is in-

finitesimally small. Moreover, the process of precise deletion is

restricted to a very small period of time where both element

flanking direct repeats must be identical to allow recombination.

Van de Lagemaat et al. (2005) also did not consider the effects of

lineage sorting or mosaic evolution in their calculation, hence the

expected number of real precise deletions should be much lower

than 0.5%. From a previous investigation (Ray et al. 2006), it is

known that precise parallel insertion occurs in 0.05% of observed

primate LINE1-mobilized SINE insertions. Considering our total of

1227 candidate loci, this is less than one. Furthermore, all previous

investigations did not consider random truncations that are

an essential, additional factor for establishing LINE element

orthology.

Therefore, as the homoplasy of retroposon insertion patterns

is extremely rare in mammals and was only described recently

Figure 3. Sequence alignments of representative informative loci. Two representative, multispecies alignments of phylogenetically informative L1MB
insertions supporting the Exafroplacentalia (markers 1b and 1d), Epitheria (markers 2a and 2c), and Atlantogenata (markers 3b and 3c) hypotheses. For
full species sampling see Supplemental Material 1. Potential direct repeats are boxed. The sequences above each set of alignments represent the
RepeatMasker consensus elements; w corresponds to a or t. Subscript numbers indicate serial identical nucleotides. Note that the 59 ends of the L1MB
elements are truncated. The 59 and 39 ends of the retroposed insertions are partially shown in lowercase letters.
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for one apparent conflicting marker

challenging the newly described Pegaso-

ferae clade (Nishihara et al. 2006), this

leaves us with the last explanation, line-

age sorting. We believe that the most

parsimonious interpretation of the cur-

rent data is that the ancestral placental

populations were characterized by severe

ancestral subdivisions and rejoinings,

leading to a complex mosaic of phyloge-

netic relationships in recent species (Fig.

4). Effects of alternating divergence,

hybridization, introgression, and incom-

plete lineage sorting might complicate

our search for a clear dichotomy at

the base of this tree and leave us with

an indistinct, effective ‘soft’ polytomy,

leading sometimes to one or the other

solution depending on the size of

the data set and the particular markers

examined.

Two different scenarios or a mixture

of both might be responsible for the

mosaic pattern that we found in our

screening for informative retroposon in-

sertions and that other studies found

in phylogenetic investigations of subsets

of genomic sequence data for these spe-

cies. The earliest eutherian mammals

(extant placentals plus closely related

extinct mammals) originated about 125

Mya in the Early Cretaceous and based

on appearance can probably be repre-

sented by the recently discovered and

reconstructed skeletal remains of Eomaia

scansoria (Ji et al. 2002). In the first sce-

nario, the Eomaia-like ancestral popu-

lation probably diverged into three

distinct lineages of preAfrotheria, pre-

Xenarthra, and preBoreotheria. Limited

gene flow and hybridization that oc-

curred among these populations left

behind mosaic signs of intermittent

relationships that we identify about 125

million years later as a patchwork of

Exafroplacentalia (I), Epitheria (II), and

Atlantogenata (III) roots (Fig. 4A). This

scenario requires temporary overlap of

the three lineages or parts of their pop-

ulations before final speciation occurred

(Fig. 4B). A second scenario that could

explain the results involves incomplete

lineage sorting among the three pop-

ulations (Fig. 4C). Because retroposon

fixation requires possibly millions of

years before being consistently repre-

sented in a population (Schmitz and

Zischler 2002), alleles with and without certain elements surely

coexisted temporarily, and, in the case of rapid speciation, were

distributed randomly into different lineages. Such a process could

contribute as well to the patchwork presentation of seemingly

competing insertion patterns now present in recent species.

A mosaic of evolutionary signals, blueprinted in the human

genome, was also recently described by Ebersberger et al. (2007).

They reported that 23% of the genomic sequences (equal repre-

sentations of genes and intergenic regions; 23,210 alignments,

each $300 nucleotides [nt]) that they analyzed represented an

Figure 4. Hypothetical scenarios of interspersed ancestry of placentals. (A) Hybridization/in-
trogression scenario: Initially, the three placental lineages diverged and separated from an Eomaia-like
(Eomaia scansoria) common ancestor. Alternate gene flow between the lineages led to a mosaic pattern
of relationships among the current species. The sequence of genetic flow leading to significant support
for Exafroplacentalia, Epitheria, and Atlantogenata was chosen randomly and not meant to indicate
a specific time course. The lineages leading to Boreotheria, Afrotheria, and Xenarthra are shown in red,
green, and blue, respectively. Gray circles represent diagnostic retroposon insertions for Exa-
froplacentalia, orange circles for Epitheria, and black circles for Atlantogenata. (B) Geographic tran-
sitions at the time of separation of the three lineages during the Cretaceous. (Left terrestrial globe)
Possible overlapping geographical distribution of the three placental lineages before continental drift,
the expected period of genetic flow between the lineages; (right terrestrial globe) separation of the
continents and divergence of placental lineages possibly prohibiting further gene flow (Murphy et al.
2001b; Wildman et al. 2007). Roman numerals indicate exchanges of genetic material between the
species shown in A. (C) Randomly sorted ancestral alleles: Fixation of retroposon alleles was not com-
pleted in the ancestral population before the separation of lineages. After the proliferation of inserted
retroposon alleles, the distributions to different lineages occurred randomly (broken lines). After fixa-
tion of the alleles in the terminal lineages, a mosaic pattern of relatedness remains. (I) Five orthologous
markers represent Exafroplacentalia, (II) 9 markers (plus an additional marker previously described in
Kriegs et al. 2006 that was undetected here) represent Epitheria, and (III) 8 markers represent Atlan-
togenata. Open circles represent alleles without retroelements.
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incongruent genealogy in which chimpanzee was not the closest

relative to human.

The majority of sequence-based investigations aimed at

resolving the placental root, by examining numerous genes,

sequence partition, and various analytic tools, also found almost

equal support for one or the other of the various hypotheses

(e.g., Madsen et al. 2001; Delsuc et al. 2002; Waddell and Shelley

2003), once more emphasizing the notion that early placen-

tal divergence constituted a patchwork evolution of the initial

lineages.

That such conflicting results are so very rare requires some

discussion of the actual markers that we recovered. The 22 phy-

logenetically informative markers providing significant support

for a trifurcation at the basal node of placental mammals that were

retrieved in the current screen included both of the previously

described Atlantogenata markers (Murphy et al. 2007) but only

one of the two previously described Epitheria markers (Kriegs et al.

2006). Although the undetected one was not present in the three-

way multiple alignment format (MAF) alignments, we do consider

it to be a reliable marker (Supplemental Fig. S2). A distinct ad-

vantage of the current expanded screening compared with pre-

vious searches is a more unbiased evaluation of equal amounts of

data for all three hypothetical scenarios of placental origin based

on whole-genome alignments. We based our previous strategies

(Kriegs et al. 2006; Strategy II) on a random search of human in-

tron data and screens of the limited amounts of trace sequences of

elephant and armadillo available at the time, while the specifically

designed, whole-genome, three-way alignments currently em-

ployed offer a much more comprehensive data source resulting in

detection of a high number of potentially informative markers.

However, the fact that we recovered only three of the four pre-

viously described retroposon markers for early placental splits

indicates that the current limitations of an exhaustive and maxi-

mized unbiased search is the naturally imperfect and variable

quality of available specific whole-genome alignments.

One critical point in using retroposon insertion data, espe-

cially in deep phylogenetic splits, is the continuous divergence of

the elements and their flanking regions. Nevertheless, we recently

demonstrated that retroposon data could provide reliable markers

in deep mammalian phylogeny by supporting the more than 140-

million-year-old therian split (Warren et al. 2008). As stated pre-

viously, 20 of the retroposons examined here had clearly recog-

nizable information concerning their direct repeats and the other

two, though recognizable, were not quite as clear.

Direct repeats generated by target site duplications in the

process of retroposition are valuable landmarks of an orthologous

insertion but are unlikely to remain unchanged throughout deep

phylogenetic splits. Hence, there is an additional and more reli-

able orthology criterion available, particularly for the LINE-related

retroposons such as L1MB elements. These elements insert almost

exclusively as randomly truncated forms. Thus, as independent

insertions of identically truncated LINE elements of the same

subtype at the same genomic locus of two species is highly un-

likely, determining the exact point of truncation of the observed

orthologous elements will clearly trace them back to a common

origin. A genome-wide screening for the 20,700 LINE1 (L1MB)

truncations demonstrated a significant random distribution of

truncations with no bias for specific truncation points (P < 0.002,

Supplemental Fig. S3), and all investigated diagnostic LINE1 ele-

ments differ in their lengths (Supplemental Fig. S3). Thus, retro-

poson truncation points serve as an additional, powerful criterion

for orthologous insertions.

The randomness of the insertions of LINE1-related elements

is well demonstrated by Ray et al. (2006) with only a very few cases

of observed conflicts. A genome-wide investigation of target site

preferences indicates a slight preference for TT/AAAAA sites

(Supplemental Fig. S4). This is well known as a kinkable DNA site

(Jurka et al. 1998). However, the full target site duplication is much

longer (8–30 nt) and rather individual. Nevertheless, the multi-

plicity of criteria, including (1) identical genomic insertion points,

(2) element orientation, (3) identical LINE1 subtypes, (4) match-

ing length and sequence of direct repeats, (5) concurrent trunca-

tion points, and (6) the complete consistency in diverse members

of representative orders, make it improbable to have screened for

artifacts.

Investigations of very young retroposon insertion events

present another problem, lineage-specific exact or nearly exact

deletions. For young retroposon insertions flanked by perfect

identical direct repeats, precise removal might be possible via re-

combination involving the direct repeats (van de Lagemaat et al.

2005). Because direct repeats diversify quickly after insertion, this

possibility should not be critical for deep phylogenetic splits (after

altering of perfect direct repeats), but it is not completely impos-

sible for such random perfect or nearly perfect deletions of retro-

elements to have accumulated, especially in deep divergences

where exact comparisons of diverged direct repeats are difficult.

However, the tendency of LINE1-related elements to integrate

within A/T-rich sequence regions could promote such deletions.

Comparing potential retroposon absence regions with a clear ab-

sence in an outgroup species is one way to diminish such potential

misinterpretations. Unfortunately, for placentals the next out-

group are marsupials that diverged substantially. Because of the

evolutionary distance between marsupials and placentals, even if

possible, alignments between these species are, particularly for

intergenic or intronic regions, only approximate and mostly not

a critical proof of true absence. On the other hand, the outgroup

comparison for informative L1MB elements is not essential, be-

cause L1MB elements are placental-specific and therefore neces-

sarily absent in any outgroup species. Thus, the suggestion of

Murphy et al. (2007) that one of our informative L1MB5 markers

for Epitheria (Kriegs et al. 2006) is traceable in opossum may be

based on a misalignment and misannotation of the corresponding

BLAT browser location (Supplemental Fig. S2).

Conclusions
Comparing the genome-wide insertion patterns of retroelements

is a powerful strategy to gain a virtually homoplasy-free picture of

the evolutionary histories of species. Virtually homoplasy-free

implies that this marker system is, as any other marker system, not

insensitive to the effects of ancestral hybridization and in-

complete lineage sorting combined with short splitting times.

Because of the clear character polarity (presence of an element as

the derived state) and the low probability of orthologous exact

parallel insertions or deletions, the retroposon presence/absence

marker system is exceptionally effective for detecting the ancestral

exchange of genetic material among lineages and the lineage

sorting effects that are difficult to pinpoint by the statistical

evaluation of heterogeneous sequence data (Hallström and Janke

2008). Such effects are more difficult to recognize in deep phylo-

genetic splits and require maximized, unbiased, multidirectional

screening of whole-genome phylogenetic signals. They must also

be conducted with the notion in mind that in such rare cases, the

minimum of three clear markers proposed by Waddell et al. (2001)
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is not absolutely sufficient as a significant clade support. The

present example of apparently incongruent markers inherent in

the early branching of placentals offers a seminal example of

conflicting retroposon presence/absence patterns that, at the

same time, shed new light on the decades-old, controversial

scenarios of sequence-based phylogenies. As demonstrated, ret-

roposon screening offers a powerful test of critical signals in nar-

row splits to detect nodes with more than two immediate

descending branches. The basal rodent splits, the Euarchonta

relationships, and the affiliations among laurasiatherians are

only a few additional contentious examples that may possibly

find elucidation by comparing the insertion histories of genome-

wide, multidirectionally extracted, phylogenetically informative

retroelements.

Methods

Genome alignments
To perform an exhaustive, genome-wide screening for phyloge-
netically informative retroposon insertions in placentals and
to test the three viable phylogenetic hypotheses of the basal
origin of placentals, we derived two different three-way (species)
whole-genome sequence alignments in MAF format (UCSC): (1)
armadillo–elephant–human (3050 gigabases) and (2) elephant–
human–armadillo (2730 gigabases), the decisive difference
between the two alignments being the full retroposon represen-
tation of the leading species that was used as the profile for the
remaining species.

The three-way alignments were prepared using pairwise
(armadillo–elephant and armadillo–human for the first three-way
alignment and elephant–human and armadillo–elephant for the
second three-way alignment) BLASTZ alignments (Chiaromonte
et al. 2002; Kent et al. 2003; Schwartz et al. 2003) and the standard
matrix used in the UCSC browser. The alignments were fed into
axtChain with the parameters �chainMinScore = 3000 � chain-
LinearGap = medium, which organizes all alignments by chro-
mosome (or scaffold) and creates a kd-tree from the gapless
subsections (blocks) of the alignments. A dynamic program was
then run over the kd-trees to find the maximally scoring chains of
these blocks. Finally, MULTIZ (Blanchette et al. 2004) was used to
generate the two three-way alignments referencing elephant and
armadillo.

We used the first alignment to search for elements supporting
the Atlantogenata [(armadillo + elephant) � human] and Exa-
froplacentalia [(armadillo + human) � elephant] hypotheses,
and the second one to test the Epitheria [(elephant + human) �
armadillo] hypothesis.

Presence/absence loci

The MAF alignments were organized in blocks of conservation
including chromosomal coordinates (Fig. 2A). Using our own
C-language script we extracted a total of 653,181 triple blocks,
each composed of three continuous conserved regions, the middle
one of which included sequence regions larger than 50 nt in two of
the species that were missing in the third species (corresponding
to the potential absence of the corresponding sequence in this
species). All triple blocks were converted into FASTA format using
another C-language script. In addition, using more relaxed con-
ditions we screened all blocks (1,636,542) for orthologous retro-
poson regions in two species that corresponded to at least 80% of
the gaps in the third species so as to also consider potentially in-
formative but slightly misaligned regions.

Computational screening for potential informative
retroposons

With the local RepeatMasker (www.repeatmasker.org) we screened
the triple block sequences for mammalian-specific L1MB LINEs.
We selected triple blocks in which at least 50% of block 2 was
composed of an L1MB element (human + elephant 284 loci; hu-
man + armadillo 256 loci; elephant + armadillo 677 loci). In ad-
dition, to detect slightly misaligned but informative loci, all
conserved blocks were independently screened for retroelements,
and the corresponding regions were compared among all three
species for potential absences (10 cases).

Visual screening for informative retroposons

Links to the Genome Browser (http://genome.ucsc.edu/cgi-bin/
hgBlat) were generated to filter out loci with less than 70% se-
quence similarity between multiple species and retroposons that
overlapped with blocks 1 and/or 3, leaving us with a total of 22
phylogenetically informative loci.

Experimental amplification to detect presence/absence
of retroposons in sloth and tenrec

As sufficient sequence data were not yet available for all the
phylogenetically informative loci in sloth and tenrec, we PCR-
amplified some of those missing loci to provide a more complete
presence/absence pattern. PCR reactions were performed using
Phusion DNA Polymerase (New England BioLabs) for 30 sec at
98°C followed by 35 cycles of 10 sec at 98°C, 30 sec at primer-
specific temperatures (Supplemental Table S3), and 30 sec at 72°C.
Amplified PCR fragments were sequenced directly or purified on
agarose gels, ligated into the pDrive Cloning Vector (Qiagen), and
electroporated into TOP10 cells (Invitrogen). Sequencing was
performed using the AmpliTaq FS Big Dye Terminator Kit (PE
Biosystems). A list of the PCR primers used is shown in Supple-
mental Table S3.

Comparative analyses

For each locus identified in the MAF alignments, we compiled
available sequence information of other selected mammalian
species from trace or genomic data sequences from mouse, guinea
pig, rabbit, dog, horse, cow, tenrec, hyrax, sloth, and as far
as available, opossum. All inserted L1MB elements were aligned
against the consensus Repbase sequences (www.girinst.org/
repbase) (Kapitonov and Jurka 2008). Each insertion site was
carefully checked to validate the orthology of the insertions based
on the following criteria: (1) identical genomic insertion points;
(2) element orientation; (3) identical LINE1 subtypes; (4) match-
ing length and sequence of direct repeats; and (5) identical trun-
cation points. We tried as much as was possible to compile
a representative and consistent species sampling for each marker
(Supplemental Table S1; Supplemental Material 1). This was not
always possible because the genomic information from some
species remains fragmented. For consistent comparisons for most
markers we selected two Supraprimates from human, mouse,
guinea pig, and rabbit; two Laurasiatheria from dog, horse, and
cow; two Afrotheria from elephant, tenrec, and hyrax; two
Xenarthra (armadillo and sloth); and if alignable, the opossum
outgroup sequence.
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