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museum specimens for full mitogenome assembly (Rowe
et al. 2011).

The complete mitogenomes allowed us to construct a
highly informative phylogenetic data set containing
15,006 sites for 40 taxa (37 xenarthrans and 3 outgroups).
The best way to analyze mitogenomic data continues to
be debated (Leavitt et al. 2013; Powell et al. 2013). Despite
representing a single linked locus, selection pressures and
evolutionary rates are highly heterogeneous across the mi-
tochondrial DNA molecule (Galtier et al. 2006; Nabholz
et al. 2012) and particular substitution patterns and base
composition biases exist among sites and strands (Reyes
et al. 1998). One way to accommodate this rate heteroge-
neity is to use partitioned models implemented in both
maximum likelihood (ML) and Bayesian approaches,
which have been shown to improve phylogenetic infer-
ence (Chiari et al. 2012; Kainer and Lanfear 2015).
However, determining the best partition scheme currently
requires the a priori definition of biologically relevant par-
titions (Lanfear et al. 2012). In our case, the optimal par-
tition scheme selected by PartitionFinder (Lanfear et al.
2012) attributed a GTR+G+| model to four partitions, ba-
sically capturing the substitution rate heterogeneity
among codon positions of protein-coding genes, RNAs,
and ND6 that is the only gene to be encoded on the
heavy strand (supplementary table S1, Supplementary
Material online). A valuable alternative to partitioned
models is provided by the Bayesian site-heterogeneous
CAT-GTR (general time reversible) mixture model
(Lartillot and Philippe 2004), in which the optimal
number of site-specific substitution pattern categories is
directly estimated from the data. The application of this
model for analyzing mammalian mitogenomic data is only
starting, but it has already been rather promising
(Hassanin et al. 2012; Botero-Castro et al. 2013; Fabre
et al. 2013). In the case of our xenarthran data set, ML
and Bayesian implementations of the optimal partitioned
model and Bayesian inference under the CAT-GTR mix-
ture model gave exactly the same, fully resolved topology
apart from one unsupported node within the genus
Dasypus (fig. 1).

The xenarthran mitogenomic tree shows a fair amount of
branch length heterogeneity among groups, with fast evolving
clades including anteaters and Dasypodinae, and slow evolv-
ing clades such as sloths and hairy armadillos (fig. 1). Lineage-
specific variation in evolutionary rates in mammalian mito-
chondrial genomes has been previously characterized (Gissi
et al. 2000). Such variation has been linked to differences in
mutation rates that correlate well with longevity in mammals
(Nabholz et al. 2008). As a result, the mammalian mitochon-
drial clock is particularly erratic (Nabholz et al. 2009) and
substitution rate variations among lineages should be ac-
counted for in dating analyses by using relaxed clock
models (Thorne et al. 1998). The selection of the clock
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known as UCLN) relaxed clock model (Drummond et al.
2006). However, it has been shown that autocorrelated rate
models, such as the autocorrelated log-normal model (LN;
Thorne et al. 1998), generally offer a better fit, especially
with large data sets above the species level (Lepage et al.
2007; Rehm et al. 2011). We thus compared the fit of the
UGAM and LN models with a strict molecular clock (CL)
model using cross-validation tests. The latter showed that
the relaxed clock models both largely outperform the strict
clock model (UGAM vs. CL: 14424912, LN vs. CL
18.47 4 4.86), and among relaxed clock models, LN fits our
data better than UGAM (LN vs. UGAM:. 4.05+ 787).
Accordingly, we present and discuss the divergence times
obtained with the autocorrelated LN relaxed clock model
(fig. 2 and table 2).
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Table 2. Divergence Time Estimates for All Xenarthran Nodes Inferred Using the Site-Heterogeneous CAT-GTR+G4 Substitution Model and an

Autocorrelated LN Relaxed Molecular Clock Model.

Nodes

This study

Delsuc et al. (2012)

Delsuc et al. (2004)

. Xenarthra®

. Pilosa® (anteaters + sloths)

. Folivora® (sloths)

. Megalonychidae (two-toed sloths)
. Bradypodidae (three-toed sloths)
. Bradypus pygmaeus/others

67.7+30 [60.4-716]
58441 [48.6-64.7]
209+ 65 [165-39.6]
92435 [35-16.7]
190+ 4.7 [9.6-27.0]
77424 [36-126]

67.8+34 [613-74.7]
60.1-36 [53.1-67.2]
283434 [220-352]

NA.

NA.

NA.

64.7+ 4.9 [553-746]
55249 [458-652]
2084+ 33 [15.0-27.8]

NA.

NA.

NA.

~N O OB W DN

. Bradypus tridactylus/Bradypus variegatus 57

in combination with mitochondrial genes (Delsuc et al. 2012).
The few discrepancies concern nodes for which the species
sampling has been substantially increased such as Folivora,
Dasypodinae, Euphractinae, and Tolypeutinae (table 2). For
these nodes, the newly inferred dates appear older than pre-
vious estimates performed at the genus level as expected with
a denser species sampling. Such global congruence with pre-
vious nuclear-based phylogenetic and dating analyses, allows
being confident that ancient introgression and/or hybridiza-
tion events have not significantly affected the mitogenomic
tree of xenarthrans. A number of new surprising and impor-
tant inferences are to be drawn from our mitogenomic frame-
work with respect to phylogenetic relationships and species
delimitation within the different xenarthran groups.

Sloths (Pilosa; Folivora)

The six living species of sloths belong to two genera, with two-
toed sloths (genus Choloepus) and three-toed sloths (genus
Bradypus) having been placed in two distinct families
(Megalonychidae and Bradypodidae, respectively) to reflect
their numerous morphological differences and a probably
diphyletic origin from two different fossil groups (Webb
1985). Their independent adaptation to the arboreal lifestyle

also led to a number of anatomical convergences related to
their peculiar suspensory locomotion (Nyakatura 2012). Our
results confirm this deep dichotomy with a divergence date
between the two genera around 30 Ma (fig. 2 and table 2),
which appears more ancient than previously estimated with
nuclear data (Delsuc et al. 2004). This difference might stem
from our increased taxon sampling, because only a single
representative species of each genus was previously consid-
ered. Their considerable molecular divergence nevertheless
supports the classification of the two modern sloth genera
into distinct families.

Within two-toed sloths, the new mitochondrial genome
sequence obtained for the Southern two-toed sloth
(Choloepus didactylus) appears almost identical to the refer-
ence mitogenome (NC_006924) deposited in GenBank
(99.8% pairwise identity). As expected, the Hoffmann’s two-
toed sloth (Choloepus hoffmanni) is more divergent (pairwise
distance of 7.2% with Cho. didactylus). The divergence time
between the two toed-sloth species is estimated at about 9
Ma (fig. 2 and table 2). Choloepus hoffmanni presents two
disjunct northern and southern populations. A recent study
estimated the divergence between northern and southern






date relative to other placental families (Meredith et al. 2011),
we propose splitting armadillos into two distinct families:
Dasypodidae and Chlamyphoridae. The proposed use of
Chlamyphoridae is based on the taxonomic rank elevation
of the oldest constitutive subfamily that is Chlamyphorinae
Bonaparte 1850. Within Chlamyphoridae, the mitogenomic
tree (fig. 1) supports the grouping of Chlamyphorinae (fairy
armadillos) with Tolypeutinae (giant, three-banded, and
naked-tailed armadillos) to the exclusion of Euphractinae
(hairy armadillos), in line with previous studies including nu-
clear noncoding (Maller-Krull et al. 2007) and protein-coding
(Delsuc et al. 2012) sequences. The early branching of
Euphractinae is estimated around 37 Ma, relatively quickly
followed by the separation between Chlamyphorinae and
Tolypeutinae, circa 33 Ma (fig. 2 and table 2).

Dasypodinae.  This subfamily includes seven species of long-
nosed armadillos belonging to the single genus Dasypus.
Species in this genus are characterized by an elongated
nose that can be functionally related to the use of the
tongue to gather ants, termites, and a diversity of soil inver-
tebrates (Loughry and McDonough 2013). An unusual par-
ticularity, thought to be shared by all species belonging to this
genus, is their reproduction by obligate polyembryony in
which the female systematically gives birth to genetically iden-
tical litters (Galbreath 1985). The most common and best
studied is the nine-banded armadillo (Dasypus novemcinctus),
which has the largest distribution from Argentina to North
America as a consequence of its ongoing invasion of the
southern United States (Taulman and Robbins 2014; Feng
and Papes 2015). The greater long-nosed armadillo
(Dasypus kappleri) is the largest of the group, and it has
been proposed on morphological grounds to classify this spe-
cies in its own subgenus Hyperoambon (\Wetzel and Mondolfi
1979). The hairy long-nosed armadillo (Da. pilosus), which is
an endemic of Peru, is also morphologically distinctive in
being the only armadillo possessing a carapace entirely cov-
ered with dense fur. This peculiarity has led some authors to
propose its taxonomic distinction in the subgenus
Cryptophractus (Wetzel and Mondolfi 1979). A recent mor-
phological study, which was mainly based on the analysis of
the structure of its osteoderms, even proposed to raise it to
the genus level (Castro et al. 2015). The remaining species
constitute a complex of morphologically similar taxa with
historical taxonomic uncertainty. The southern long-nosed
armadillo (Dasypus hybridus) and the seven-banded arma-
dillo (Dasypus septemcinctus) are particularly hard to distin-
guish, with globally parapatric distributions that might
overlap in southern Brazil, northern Argentina, and
Paraguay (Abba and Superina 2010). The species status of
the northern long-nosed armadillo (Dasypus sabanicola) has



results of Castro et al. (2015) who found



Cabassous and Tolypeutes (Mdller-Krull et al. 2007). The mito-
genomic picture (fig. 1) is congruent with noncoding nuclear
data in supporting the paraphyly of the tribe Priodontini by
grouping Tolypeutes with Cabassous to the exclusion of
Priodontes (PPcat = 1/PPpart = 1/BPpart = 88). This suggests
that the morphological characters related to fossoriality used
to define this tribe might either have been acquired conver-
gently by giant and naked-tailed armadillos or, more probably,
represent symplesiomorphies inherited from a fossorial
ancestor.

Concerning Tolypeutini, we collected the first molecular
data for the flagship Brazilian three-banded armadillo
(Tolypeutes tricinctus). This endangered endemic of the
North-Eastern Brazilian Caatinga biome was chosen as a
mascot to increase awareness about biodiversity and ecosys-
tem conservation. Our mitochondrial genome data revealed
an unexpectedly high sequence divergence with its sister spe-
cies, the southern three-banded armadillo (Tolypeutes mata-
cus). The pairwise distance between the two mitogenomes of
these morphologically and ecologically similar species reaches
12% (11.9% on COX1). Accordingly, molecular dating esti-
mated a deep divergence of circa 14 Ma between the two
allopatrically distributed species (fig. 2 and table 2). The con-
siderable phylogenetic distinctiveness revealed for the
Brazilian three-banded armadillo reinforces the conservation
concerns expressed for a species considered to be one of the
most threatened Brazilian mammals (Feijo et al. 2015).

Our mitogenomic study is the first to include all four rec-
ognized species of the conspicuous and fossorial naked-tailed
armadillos. The greater naked-tailed armadillo (Cabassous
tatouay) is the first to diverge, followed by the Chacoan
naked-tailed armadillo (Cabassous chacoensis) and the two
closely related northern (Cabassous centralis) and southern
(Cabassous unicinctus) naked-tailed armadillos (fig. 1). The
emergence of
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extinction of the largest forms at the terminus of the
Pleistocene (Lyons et al. 2004), a very recent event that is
hardly detectable with current methods of macroevolution-
ary analyses. This effect is especially resonant for Pilosa in
which the successful northern emigrants such as giant
ground sloths were drawn to extinction (McDonald 2005).
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Fic. 5. Historical biogeography of living xenarthrans. The biogeographical range estimation was inferred under the Dispersal-Extinction-Cladogenesis
model taking into account the change of connectivity and dispersal ability between areas defined as the main biomes of the American continent.
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flanking regions resolve the evolutionary history of xenarthran
mammals (armadillos, anteaters, and sloths).



