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AnRNA-Seq strategywas used to obtain the complete set of protein-codingmitochondrial genes from two rodent
taxa. Thanks to the next generation sequencing (NGS) 454 approach, we determined the completemitochondrial
DNA genome from Graphiurus kelleni (Mammalia: Rodentia: Gliridae) and partial mitogenome from Pedetes
capensis (Pedetidae), and compared them with published rodent and outgroup mitogenomes. We finished the
mitogenome sequencing by a series of amplicons using conserved PCR primers to fill the gaps corresponding
to tRNA, rRNA and control regions. Phylogenetic analyses of the mitogenomes suggest a well-supported rodent
phylogeny in agreementwith nuclear gene trees. Pedetes groupswithAnomalurus into the cladeAnomaluromorpha,
while Graphiurus branches within the squirrel-related clade. Moreover, Pedetes + Anomalurus branch with Castor
into the mouse-related clade. Our study demonstrates the utility of NGS for obtaining newmitochondrial genomes
as well as the importance of choosing adequate models of sequence evolution to infer the phylogeny of rodents.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Among placental mammals, rodents constitute a highly diverse
group in terms of taxonomy (Carleton and Musser, 2005; Kay and
Hoekstra, 2008),morphology (Hautier et al., 2008),molecular evolution
(Nabholz et al., 2008a, 2009), macroevolution (Fabre et al., 2012) and
life history traits (Eisenberg, 1981). However, high rates of speciation
(Steppan et al., 2004) and high levels of homoplasy in morphological
and molecular characters (Hartenberger, 1985; Hautier et al., 2008,
2011; Nabholz et al., 2008a; Philippe, 1997; Wood, 1965) have ham-
pered delimitation of inter-familial relationships within rodents
(Fig. 1). Consequently, the systematics of rodents has displayed an
array of differing phylogenetic hypotheses (Luckett and Hartenberger,
1993; Montgelard et al., 2008; Blanga-Kanfi et al., 2009). Poor taxon
sampling (Lecointre et al., 1993) and variable evolutionary rates
among lineages (Philippe et al., 2005) are additional difficulties that
have faced molecular systematists interested in the inference of the ro-
dent Tree of Life. In particular, the “Guinea pig is not a rodent” contro-
versy (D'Erchia et al., 1996; Graur et al., 1991; Philippe, 1997) has
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ible; ML, Maximum Likelihood;
ty; RNA-Seq, RNA Sequencing.

E.J.P. Douzery).

ights reserved.
helped to identify the biases which can affect molecular phylogenies
(Delsuc et al., 2005; Felsenstein, 2004).

During the last decade, there has been a growing interest in the in-
ference of rodent phylogeny using molecular markers like nuclear
genes (Adkins et al., 2001, 2003; Blanga-Kanfi et al., 2009; DeBry,
2003; Huchon et al., 1999, 2002, 2007; Meredith et al., 2011;
Montgelard et al., 2008), mitogenomes (Arnason et al., 2008;
Horn et al., 2011; Horner et al., 2007; Reyes et al., 1998, 2000) and
retroposons (Churakov et al., 2010; Kramerov et al., 1999;
Veniaminova et al., 2007). These studies concurred with a new hypoth-
esis of suprafamilial relationships among rodents, and proposed three
main monophyletic assemblages: (i) a Guinea pig-related clade:
Ctenohystrica (Hystricognathi + Ctenodactylidae/Diatomyidae), (ii)
a squirrel-related clade: Sciuroidea (=Sciuridae + Aplodontidae) +
Gliridae, and (iii) a mouse-related clade: Myodonta (=Muridae +
Dipodidae), Geomyoidea (=Geomyidae + Heteromyidae) +Castoridae,
and Anomaluridae + Pedetidae. While Ctenohystrica and Sciuroidea +
Gliridae are well-supported by independent markers (Adkins et al.,
2001, 2003; Huchon and Douzery, 2001; Huchon et al., 1999;
Montgelard et al., 2002), this is not the case for the mouse-related clade.
In fact only recently published phylogenies using nuclearmarkers in com-
bination (Blanga-Kanfi et al., 2009; Montgelard et al., 2008) have
provided support for this hypothesis. Moreover, only one mitogenome
analysis has recovered the monophyly of the mouse-related group
(Horn et al., 2011) whereas another mitogenomic analysis supports
Anomalurus as a closer relative to the Hystricognathi (Horner et al.,
2007). In addition, within the mouse-related clade, relationships among
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Fig. 1. Different phylogenetic hypotheses for rodents based on morpho-paleontological (A), mitogenome (B) and nuclear gene plus retroposon datasets. Systematic names and icons for
the major rodent clades are given along the phylogenies.
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Castorimorpha (=Castoridae, and Geomyidae + Heteromyidae),
Anomaluromorpha (=Anomaluridae + Pedetidae) and Myodonta are
still unresolved (Blanga-Kanfi et al., 2009; Churakov et al., 2010;
Montgelard et al., 2008).

Congruence among mitochondrial and nuclear gene trees suggests
that molecular phylogenies describe the underlying species-level rela-
tionships (Reyes et al., 2004). It is therefore important to build mito-
chondrial and nuclear phylogenies for the same set of taxa. Here, we
investigate the relationships of the threemain rodent clades using com-
plete mitogenomes focusing on the deep branching patterns within the
mouse-related clade. Because of its atypical pattern of molecular evolu-
tion (Galtier et al., 2009; Nabholz et al., 2008a,b), the mitochondrial ge-
nome often displays a limited resolving power to answer questions
about higher level relationships within animals (Arnason et al., 2008;
Foster et al., 1997; Rota-Stabelli et al., 2009). However, the rise of next
generation sequencing (NGS) methods (e.g. 454, Illumina; Meyer
et al., 2008) and new probabilistic models of sequence evolution
(Lartillot and Philippe, 2004; Lartillot et al., 2007; Rota-Stabelli et al.,
2009) has resurrected the interest in mitogenomes for inferring phylo-
genetic relationships (e.g. Douglas et al., 2011; Jex et al., 2008; Nabholz
et al., 2010; Rowe et al., 2011). The new, high-throughput sequencing
methodologies have increased the amount of available complete
mitogenomes of mammals (e.g., Horn et al., 2011; Mason et al., 2011;
Miller et al., 2009, 2012). Consequently, several phylogenetic analyses
ofmitogenomes have allowed for a detailed study of higher level rodent
systematics (Horner et al., 2007), the Rattus species level systematics
(Robins et al., 2008, 2010) and molecular evolution within Castoridae
(Horn et al., 2011). Using a combination of an RNA-Seq approach
(Wang et al., 2009) with NGS and a series of PCR amplicons, we here se-
quenced two new mitochondrial genomes for the following taxa:
Pedetes capensis (springhare; Pedetidae) andGraphiurus kelleni (Kellen's
African dormouse; Gliridae). This deep sequencing transcriptomic ap-
proach allowed us to detect functional mitochondrial protein-coding
genes despite their potential differential levels of expression (Nabholz
et al., 2013).

Springhares are represented by two extant African species (Pedetes
capensis and P. surdaster), with adaptations to arid habitat and jumping
locomotion. Hypotheses about their evolutionary affinities are contro-
versial (Fig. 1; see Luckett and Hartenberger, 1993; Vianey-Liaud et al.,
1994) and led morphologists to relate them to either Anomaluridae
(Bugge, 1974; Gill, 1872; Lavocat and Parent, 1985) or Graphiurinae
(Vianey-Liaud et al., 1994). African dormice of the subfamily
Graphiurinae belong to Gliridae together with Glirinae and Leithiinae,
and represent the most diversified of the three main lineages of this
family (Montgelard et al., 2003; Nunome et al., 2007). Based on the
comparison of two individual mitochondrial genes, it has been
suggested that springhares are related to African scaly-tailed flying
squirrels (Anomaluridae) (Montgelard et al., 2002). The latter point
suggests that the inclusion of a Pedetidae taxon would break the long,
isolated branch of Anomaluridae observed in mitogenomic trees
(Horner et al., 2007).

Here, we provide new molecular data for these two undersampled
rodent families Pedetidae and Gliridae, and by sampling these lineages
we test the Anomaluromorpha hypothesis using completemitogenome
data. Using model-based approaches (maximum likelihood, Bayesian
inference) and topological tests of alternative hypotheses we also ex-
plored the potential relationship between Pedetidae, Anomaluridae,
and their putative close relatives Castoridae and Myodonta in the
mouse-related clade. Our superfamily level rodent mitogenomic phy-
logeny allows us to address the following questions: (i) Are the rodent
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mitogenome phylogenetic results congruent with nuclear gene and
retroposon analyses? (ii) What are the closest relatives of Pedetidae
among rodents? (iii) How does the choice of model of sequence evolu-
tion affect phylogenetic inference?

2. Materials and methods

2.1. Mitogenome sequencing

To test for the phylogenetic affinities of Pedetidae with either
Anomaluridae or Graphiurinae, we focused on two species for which
biological material was available for RNA-Seq experiments. Nucleic
acid extracts were isolated from cell cultures (fibroblasts) for
Graphiurus kelleni (Gauthier Dobigny, Centre de Biologie et de Gestion
des Populations, Montferrier-sur-Lez, France) and Pedetes capensis
(Terry Robinson, Stellenbosch, South Africa). Total RNA was extracted
following the RNeasy protocol (Qiagen). After first and second strand
cDNA synthesis, tagged libraries were prepared for the RNA-Seq 454 se-
quencing by GATC-Biotech (www.gatc-biotech.com). The 454 reads—
with an average length of 250 nt—were produced under the GS-FLX
protocol by the same company.

De novo assembly of the 454-reads was conducted with Geneious
(Drummond et al., 2011), version 5.5. The resulting contigs were
mined for mitochondrial sequences with a similarity-based BLASTN ap-
proach (Altschul et al., 1990) against the phylogenetically related
mitogenomes of Glis glis (accession NC_001892; Reyes et al., 1998)
and Anomalurus sp. (accession NC_009056; Horner et al., 2007) for
Graphiurus kelleni and Pedetes capensis, respectively, and using a 10−5

significance threshold for the expected (e) value.
Mitogenomic fragments not obtained from this 454 approach were

amplified and sequenced using primers anchored in the 454 contigs
(SI Table 1). Total DNA extracted by the phenol–chloroform procedure
was used as PCR template. PCR conditions startedwith an initial heating
to 95 °C for 5 min, followed by 5 cycles of 95 °C for 30 s, 61 °C for 30 s
and 72 °C for 1 min. This was followed by three repeats of the same
5 cycles but with annealing temperature decreasing from 59 °C to
57 °C, and then 55 °C. These touchdown cycleswere followed by 20 cy-
cles of 95 °C for 30 s, 53 °C for 30 s and 72 °C for 1 min, with a final ex-
tension of 72 °C for 5 min. PCR products were purified from 1% agarose
gel using Amicon Ultrafree-DNA columns (Millipore). They were se-
quenced on both strands using Sanger automatic sequencing (BigDye®
Terminator v3.1 kit) on an Applied ABI Prism 3130 XL sequencer.

All sequences were checked for the presence of signatures that may
be indicative of pseudogenes.We found no stop codons or indels within
the coding gene sequences.We also built alignments for each individual
gene and constructed the corresponding phylogenetic trees (see
below). We did not find any phylogenetic incongruence or spurious
branch length patterns among individual genes.

2.2. Dataset assembly

The molecular dataset presented here include all Rodentia taxa for
which mitochondrial genome sequences were available in public data-
bases (see SI Table 2). During the course of our study some additional
mitogenomes became available (e.g., Ryu et al., 2013) but were not in-
cluded in the analyses. Here, we focused on 37 mitochondrial genomes
for 34 rodent species (available as ofMarch 2011). Outgroupswere cho-
sen among the Euarchontoglires (Janecka et al., 2007; Meredith et al.,
2011) for which mitogenomes were available (see SI Table 2).

DNA sequences were aligned with MUSCLE 3.7 (Edgar, 2004). From
these mitogenomes, we built 4 different datasets by combining: (i) the
13 protein-coding genes (partition “123”), (ii) the 13 protein-coding
genes, the two rRNA and all the 22 tRNA (partition “123RNA”), (iii)
the 13 protein-coding genes but excluding the third codon positions
(partition “12”), and (iv) the 13 protein-coding genes excluding the
third codon positions, the two rRNA and all the 22 tRNA (partition
“12RNA”).We also concatenated the 13 protein-coding genes translated
into amino acid sequences in a super-protein dataset (partition “AA”).
Two different a priori partitioning strategies were applied to the nucle-
otide data sets: (a) each gene/rRNA/tRNA was assigned its own parti-
tion (“gene-partitioned”), and (b) each codon position within each
protein-coding gene and each rRNAand tRNAwas assigned its own par-
tition (“codon-RNA-partitioned”).
2.3. Maximum likelihood phylogenetic analyses

Phylogenetic tree inference was performed on the concatenated
datasets (partitions 123, 123RNA, 12, 12RNA, and AA) under the
maximum likelihood (ML) criterion, with RAxML version 7.0.4
(Stamatakis, 2006). We used Modeltest 3.07 (Posada and Crandall,
1998) to determine the best fittingmodel of DNA sequence evolution
following the Akaike Information Criterion (AIC). We applied to each
partition the GTRGAMMA option, i.e., the general time reversible
(GTR) model (Rodriguez et al., 1990) plus among-site rate heteroge-
neity accommodated by a gamma (Γ) distribution (Yang, 1996), to-
gether with a fraction of invariant sites. For the bootstrap analyses,
we used the GTRMIX option of RAxML which assumes the RAxML
GTRCAT model for the topological search, but then uses the
GTRGAMMA model when computing the likelihood. Each RAxML
run comprised 10,000 tree search replicates (with the default pa-
rameters). We applied the same methodology to each gene dataset.
The robustness of nodes was estimated with ML bootstrap percent-
ages (BPRAxML) after 10,000 pseudoreplicates.
2.4. Bayesian analyses

Bayesian inferences were conducted on three of the concatenated
datasets (partitions 123, 123RNA, and AA). To account for the potential
heterogeneity of substitution patterns among partitions, we used the
CAT mixture model (Lartillot and Philippe, 2004), implemented in
PhyloBayes 3 (Lartillot et al., 2009). To account for among-site heteroge-
neity in the nucleotide and amino acid substitution rates, we used a Γ
distribution with 4 discrete categories (Γ4). Relative exchangeabilities
among nucleotides and amino acids were described under the GTR
model. For the protein dataset, we also explored a range of empirical ex-
changeability matrices to evaluate their potential effect on the phyloge-
netic inference. In addition to GTR exchangeabilities, we therefore used
the following matrices: POI (Poisson, i.e., all exchangeabilities among
amino acids are equal), WAG (Whelan and Goldman, 2001), LG (Le
and Gascuel, 2008), mtREV (Adachi and Hasegawa, 1996), and mtZoa
(Rota-Stabelli et al., 2009). For each mitochondrial dataset, twoMarkov
chains Monte Carlo analyses were run with PhyloBayes for 10,000 cy-
cles (ca. 8,000,000 generations) with trees sampled every 5 cycles
after discarding the first 1000 as a burn-in. Convergence was ensured
when the maximum difference in bipartition frequencies as estimated
by the two chainswas below 0.1. Node support was estimated by poste-
rior probabilities (PP).
2.5. Testing alternative topologies

The different topologies found in the various analyses, as well as a
number of other topologies proposed in other studies, were tested
using the approximately unbiased (AU—Shimodaira, 2002) test with
10 batches of 106 bootstrap replicates as implemented in CONSEL
(Shimodaira and Hasegawa, 2001). The 4 nucleotide datasets were
used for these tests. The site likelihoods for each of the test topologies
were calculated with PAUP* version 4.0b10 (Swofford, 2002), under
the corresponding gene partitioning scheme and appropriate model of
sequence evolution for each dataset.

http://www.gatc-biotech.com
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3. Results

3.1. Next-generation sequencing of Pedetes and Graphiurus mitogenomes
using 454

After the 454 run, we obtained NGS transcriptomic data for a total of
62,424 reads for Graphiurus and 51,668 reads for Pedetes. After de novo
assembly, we collected 5119 and 4241 contigs for the dormouse and
the springhare, respectively. Twelve Graphiurus contigs showed signifi-
cant similarity with the mitogenome of Glis, while 9 Pedetes contigs
were similar to Anomalurus. To recapitulate, 4111 readswith an average
length of 239 nt were mapped onto the Graphiurus mitogenome, pro-
viding 14,679 nt with a mean coverage of 69 ×. For Pedetes, 690 reads
with an average length of 236 nt were mapped onto the mitogenome,
providing 10,343 nt with a mean coverage of 11 ×.

To quantify variations of the transcription level along the mito-
genome, we reported the per-nucleotide coverage of the RNA-Seq 454
reads forGraphiurus kelleni, as itsmitochondrial DNA is the best covered
of the two sequenced in this study (Fig. 2). If we assume that the proto-
col of 454 library construction has not biased the relative initial amounts
of mitochondrial transcripts, then the RNA-Seq coverage can be used as
a proxy for the transcription level of each mitochondrial region. All
protein-coding genes display a transcription level above the median
for mitochondrial transcripts, except ND3 and ND6. For ribosomal re-
gions, the expression level of the 12S rDNA is close to the median,
whereas the 16S rDNA displays a very strong over-expression (i.e.,
over the 90% to 95% quantiles). For the non-coding region, the second
half of the control region (i.e., on the tRNAPhe side) is expressed at a
level close to the median.

Finally, we did not detect expression of any of the 22 tRNA. A stan-
dard PCR + Sanger protocol has therefore been used to finish the
mitogenome sequence. With this approach, we were able to fill all the
mitochondrial gaps for Graphiurus, and all but one for Pedetes (i.e.,
the area corresponding to the control region). After PCR completion,
the mitogenome of Graphiurus kelleni is 16,596 nt long. The
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mitogenome of Pedetes capensis is 15,366 nt long, and displays a similar
genome arrangement, except that, despite sequencing efforts, we did
not succeed in obtaining the control region and the two surrounding
tRNAPro and tRNAPhe gene sequences. Both mitogenomes contained 13
protein-coding genes (ND1 to 6, ND4L, CytB, COI to III, ATP6, and
ATP8), two rRNA genes (12S rRNA and 16S rRNA), 22 tRNA genes, and
a major non-coding region (Fig. 2). The gene arrangement pattern was
identical to those of typical placentals (Boore, 1999). Most genes were
encoded on the H-strand, except the ND6 and eight tRNA genes
(tRNAGln, tRNAAla, tRNAAsn, tRNACys, tRNATyr, tRNASer(UGA), tRNAGlu,
and tRNAPro). These mitogenomic sequences were deposited in the
EMBL-EBI European Nucleotide Archive (ENA) database under acces-
sion numbers HE978360 (Graphiurus kelleni) and HE983623 (Pedetes
capensis).

3.2. Maximum likelihood phylogenetic inference with a priori site
partitioning

The phylogenetic position of Pedetes and Graphiurus was inferred
under the ML method from the mitogenomics information—13
protein-coding genes, 2 rRNA, and 22 tRNA—and under different a priori
partition schemes of the aligned sites. Fig. 3 displays the highest-
likelihood trees based on the 123RNA and 12RNA partitions. Table 1
demonstrates how theML bootstrap support for themain rodent clades
varies according to the partitioning scheme: inclusion or exclusion of
third codon positions of protein-coding genes, incorporation or not of
the rRNA and tRNA alignments, and analysis of the 13 proteins. All phy-
logenies are in agreement with the current view of rodent molecular
phylogenetics (e.g., Churakov et al., 2010). In particular, with the addi-
tional contribution of the two new mitogenomes here analyzed, there
is unambiguous support for the branching of Pedetes with Anomalurus
(=Anomaluromorpha), and Graphiuruswith Glis (=Gliridae).

Seven clades are recovered with maximal bootstrap support
regardless of the partitioning scheme: Hystricognathi, Sciuroidea
(=Sciuridae + Gliridae), Anomaluromorpha, Myodonta, Muroidea,
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Fig. 3. Maximum likelihood topology obtained from the dataset concatenation of the 13 protein-coding, the two rRNA and the 22 tRNA genes, with inclusion (123RNA) or exclusion
(12RNA) of third codon positions. Bootstrap percentages are indicated on each node and correspond to the 123RNA (above branches) and 12 RNA (below) partitions. The tree is rooted
by primate taxa. All calculations have been conducted under RAxML. Systematic names and icons for the major rodent clades are given along the phylogeny.
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Cricetidae, and Muridae (Fig. 3; Table 1). The support for 4 other
major clades depends upon the character partition analyzed.
(i) The grouping of Hystricognathi with the mouse-related clade is
supported by the combination of all mitogenomics partitions, but
the support decreases either with the exclusion of third codon
Table 1
Maximum likelihood bootstrap support for themain rodent clades under different character pa
excluded (12), and the two rRNA + 22 tRNA have been included (RNA) or not. All calculations h
acids: AA) models. A dash indicates a clade not recovered under the corresponding partition a

Clades Maximum likelihood models and partitio

GTR + Γ4 GTR + Γ4

123RNA 12RNA

Rodentia 95 67
Ctenohystrica 100 100
Gliridae + Sciuridae 100 100
Ctenohystrica + mouse-related clade 92 78
Mouse-related clade 86 96
Anomaluromorpha 100 100
Anomaluromorpha + Castoridae 80 88
Myodonta 100 100
Muroidea 100 100
Cricetidae 100 100
Muridae 100 100
positions or rRNA + tRNA genes. This grouping is not recovered at
the protein level. (ii) The monophyly of the mouse-related clade is
strongly supported by the rRNA + tRNA genes, and by their combi-
nation with the protein-coding genes. (iii) The Anomaluromorpha
clusters with Castoridae with rather strong support (80 b BP b 98)
rtitions. Third codon positions of the 13 protein-coding genes have been included (123) or
ave been conductedwith RAxML under the GTR + Γ4 (nucleotides) orWAG + Γ4 (amino
nalysis.

ns

GTR + Γ4 GTR + Γ4 GTR + Γ4 WAG + Γ4

123 12 RNA AA

64 – 93 75
100 100 100 100
100 100 100 100
72 54 – –

– – 98 80
100 100 100 100
90 88 – 94
100 100 100 100
100 100 100 100
100 100 100 100
100 100 100 100
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for all partitions but the rRNA + tRNA genes. (iv) The monophyly of
the rodent mitogenomes here sampled is strongly supported by the
partitions 123RNA and 12RNA, and by the amino acid matrix. How-
ever, the support decreases when third codon positions or
rRNA + tRNA genes are excluded (partitions 12RNA, 123, and 12).
3.3. Bayesian phylogenetic inference with a posteriori site partitioning

To circumvent the potential problem of a priori defining the parti-
tions of sites that are supposed to evolve according to the same
substitution pattern, we used the CAT mixture model in a Bayesian
framework. This model distributes a posteriori into distinct categories
of nucleotide or amino acid composition the different alignment sites
sharing similar evolutionary patterns. The corresponding maximum
posterior probability phylograms are reported in Figs. 4A (partition
123RNA) andB (partition AA). Topologies of the ML and Bayesian trees
are very similar, both at the DNA and protein levels.

Table 2 shows howposterior probabilities for themain rodent clades
vary according to the choice of exchangeability matrices among
amino acids. We distinguished two categories of clades following their
statistical support. First, we found 7 clades (Hystricognathi, Gliridae +
Sciuroidea, Anomaluromorpha, Myodonta, Muroidea, Cricetidae,
Muridae) for which all the analyses yield the same topology with the
highest posterior probabilities. Second, four nodes displayed different
A) Partition 123RNA B

Fig. 4.Maximum posterior probability phylogram obtained from the Bayesian analyses of the n
coding, the two rRNA and the 22 tRNA genes. The protein dataset includes the 13 mitochond
conducted under the CAT + GTR + Γ (for DNA) and CAT + mtREV + Γ (for proteins) mixtu
phylogeny.
topologies depending on the model. This is the case for (i) Rodentia,
(ii) Hystricognathi + mouse-related clade, (iii) the mouse-related
clade and (iv) the Anomaluromorpha + Castoridae lineages for which
some amino acid models (CAT + LG + Γ4; CAT + POI + Γ4, CAT +
WAG + Γ4) did not recover the same topology (Table 2). Themonophy-
ly of the mouse-related clade is not recovered under the
CAT + POI + Γ4 and CAT + LG + Γ4 models. Anomaluromorpha is
the sister group of Castoridae under all models but the CAT + LG + Γ4
and CAT + WAG + Γ4 models.
3.4. Evaluating the likelihood of alternative branching patterns

Our main topology supported a Hystricognathi + mouse-related
clade. However, as suggested by ML topological tests on DNA data sets
(see Table 3), we cannot exclude a Hystricognathi + Gliridae +
Sciuroidea relationship (PAU N 0.05), and a Gliridae + Sciuroidea +
mouse-related relationship is only rejected for the 123RNA and the
123 partitions (PAU b 0.05). Within the mouse-related clade, an
Anomaluromorpha + Myodonta relationship is rejected (PAU b 0.05)
for the coding gene partitions only (123 and 12 partitions). This
highlights that tRNA genes support a sister-relationship between
Anomaluromorpha and Myodonta. All the AU tests rejected a
Castorimorpha + mouse-related clade relationship for all the partitions
(PAU b 0.05). We also tested the hypothesis Pedetes + Graphiurus
) Amino acid

ucleotide (A) and the amino acid (B) matrices. The DNA dataset includes the 13 protein-
rial proteins. Posterior probabilities are indicated on each node. Calculations have been
re models implemented in PhyloBayes. Clades are labeled with icons and text along the



Table 2
Bayesian posterior probabilities for the main rodent clades under different models of sequence evolution and character partitions. All calculations have been conducted with PhyloBayes
under the CAT + Γ4 model. For the DNA partitions 123RNA and 123, GTR exchangeabilities among nucleotides have been used. For the 13 proteins (partition AA), different exchangeabil-
ities among amino acids have been used, with either estimation of all rates (GTR), or use of empirical rates: Poisson (POI), WAG, LG, mtZoa and mtREV. A dash indicates a clade not re-
covered under the corresponding model and partition analysis.

Clades Bayesian models (PhyloBayes) and partitions

CAT CAT CAT CAT CAT CAT CAT CAT

+GTR +GTR +GTR +POI +WAG +LG +mtZoa +mtREV

+Γ4 +Γ4 +Γ4 +Γ4 +Γ4 +Γ4 +Γ4 +Γ4

123 123+ RNA AA AA AA AA AA AA

Rodentia – 1 0.54 – – – 0.51 0.98
Ctenohystrica 1 1 1 1 1 1 1 1
Gliridae + Sciuridae 0.99 1 1 1 1 1 1 1
Ctenohystrica + mouse-related clade – – 0.57 – – – 0.53 0.98
Mouse related clade – 0.94 0.98 – 1 – 0.98 0.89
Anomaluromorpha 1 1 1 1 1 1 1 1
Anomaluromorpha + Castoridae 1 1 1 1 – – 1 1
Myodonta 1 1 1 1 1 1 1 1
Muroidea 1 1 1 1 1 1 1 1
Cricetidae 1 1 1 1 1 1 1 1
Muridae 1 1 1 1 1 1 1 1
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(Vianey-Liaud et al., 1994) which was also rejected by all the AU tests
(PAU b 0.05).

4. Discussion

4.1. Mitogenome assembly based on 454 RNA-Seq

Deep transcriptome sequencing has proven useful to retrieve mito-
chondrial genomes in animals (Douglas et al., 2011; Jex et al., 2008;
Nabholz et al., 2010; Rowe et al., 2011). Here, we used GS-FLX 454
reads to obtain Graphiurus kelleni and Pedetes capensis mitochondrial
transcripts expressed in adult rodent fibroblasts (see Sections 2.1 and
3.1). From these analyses we obtained all 12 mtDNA protein-coding
genes encoded from the heavy strand and the ND6 gene encoded on
the light strand. A limitation of the high throughput RNA-Seq protocol
is that some regions were not covered, and have to be filled through a
standard PCR and Sanger protocol. This gap filling limitation of our
mitogenomic RNA-Seq approach might reflect three mutually non-
exclusive factors. (i) The RNA precursor resulting from the transcription
of each mitochondrial DNA strand is polycistronic. This primary tran-
script is then processed to release individualmRNA, rRNA, and tRNA se-
quences. Folded tRNA likely act as secondary structure punctuations
which are excised during mitochondrial RNA processing (Falkenberg
et al., 2007). If tRNA sequences are rapidly eliminated during transcript
maturation, they are less likely to be captured by theRNA-Seq approach.
(ii) Different regions of the same mitogenome display differential tran-
scription levels (Nabholz et al., 2013), meaning that the lower the ex-
pression, the lower the probability of recovering the corresponding
transcripts. (iii) The coverage power of the 454 sequencing approach
is not sufficiently deep to ensure the detection of all mitogenomic
Table 3
Likelihood-based tests of alternative topologies within Rodentia. Results are computed under th
donswith (123) orwithout (12) third positions, and with (RNA) or without rRNA + tRNA gen
the best tree. AU, Approximately Unbiased test (significant P-values in bold).

Hypotheses 123RNA 12

ΔlnL AU Δl

Gliridae + Sciuroidea + Ctenohystrica 2.70 0.65 10
Gliridae + Sciuroidea + mouse-related clade 52.50 0.01⁎ 28
Anomaluromorpha + Myodonta 48.50 0.06 9
Castorimorpha + mouse-related clade 65.20 0.02⁎ 38

⁎ Statistically significant at the 5% level.
transcripts. Ultra deep NGS approaches, for example by the Illumina
platform, may help to better detect transient tRNA molecules. NGS is a
promising avenue to assemble mitogenomes from genomic and/or
transcriptomic data, and the higher the coverage, the easier the task
(Mason et al., 2011; Rowe et al., 2011).

4.2. Models of sequence evolution to analyze mitogenomic data

Several difficultiesmay hamper the extraction of evolutionary signal
from complete mitogenomes when attempting to infer the rodent phy-
logeny. First, multiple substitutions on third codon positions of protein-
coding genes introduce compositional heterogeneity and saturation.
Second, the combination of mitochondrial sequences subjected to dif-
ferent selective pressures has to be analyzed under an adequate
model. Moreover, owing to the marked compositional asymmetry of
the two strands of the mitochondrial circle, the ND6 gene is generally
excluded from phylogenetic analyses because it is encoded on the L-
strand, while the 12 other mitochondrial protein-coding genes—all
encoded on the H-strand—are concatenated into a single super-gene.
The same remark holds at the amino acid level for which all proteins
apart from ND6 are concatenated into a super-protein (e.g., Horner
et al., 2007). Instead of using more sophisticated models of sequence
evolution to accommodate these features, often an important piece of
information is excluded from most analyses.

To reduce the impact of multiple substitutions at the DNA level, a
possibility is the removal of third codon positions. This does not change
the nodal support for most nodes, including the affinities between
Anomaluromorpha and Castoridae, but decreases the support for the
monophyly of rodents, and the affinity between Ctenohystrica and
the mouse-related clade (Table 1, Fig. 3). By contrast, the nucleotide
e GTR + Γ + INVmodel with different concatenated mitogenome DNA partitions: all co-
es. The best ML topology is given in Fig. 3. ΔlnL: difference of log-likelihoodwith respect to

RNA 123 12

nL AU ΔlnL AU ΔlnL AU

.60 0.47 7.00 0.42 25.20 0.14

.40 0.09 40.50 0.01⁎ 25.80 0.11

.20 0.46 72.90 0.01⁎ 48.20 0.01⁎

.30 0.03⁎ 106.50 0.01⁎ 48.60 0.01⁎
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information contained in the rRNA and tRNA genes supports the mono-
phyly of rodents and of the mouse-related clade (Tables 1 and 2). This
suggests that the combined use of partitions 123 and RNA is required
to provide a better resolved rodent phylogeny: even if some sites are sat-
urated bymultiple substitutions, othersmay retain the evolutionary sig-
nal.We emphasize that it is important to incorporate the Γdistribution in
the tree-buildingmodels in order to take into account this heterogeneity
of substitution rates among sites within and also between the different
mitochondrial partitions.

The use of amino acids provides an alternative way to reduce com-
positional heterogeneity and saturation problems with third codon po-
sitions. To circumvent the estimation of the 190 entries of amino acid
rate exchangeability matrices, several empirical models have been
designed. For example, models like WAG (Whelan and Goldman,
2001) and LG (Le and Gascuel, 2008), which were built on a wide spec-
trum of proteins, have been proposed. The analysis of expanded mito-
chondrial datasets led to the definition of models more focused on
mitochondrial proteomics, such as mtREV (Adachi and Hasegawa,
1996; Yang et al., 1998) andmtZoa (Rota-Stabelli et al., 2009) for verte-
brates and metazoans respectively. However, these models assume ho-
mogeneous exchangeabilities among sites, hence identically analyzing
all positions of any partition of the super-gene or super-protein align-
ment. In addition, the use of a rate exchangeability matrix involves
that at each site, each amino acid has the potential to be replaced
by any of the 19 remaining amino acids, proportionally to the exchange
rates. However, in practice, it is unlikely that every amino acid can occur
at a given site. This is the reason why standard site-homogeneous
models tend to have a biased estimate of the number of amino acid
replacements (Douzery, 2011; Lartillot and Philippe, 2009).

As an alternative to reduce the above-mentioned problems of satu-
ration and among-site substitution pattern heterogeneity, mixture
models like CAT have been developed (Lartillot and Philippe, 2004).
Here, the site-heterogeneous CATmodel allows the convenient analysis
of datasets combining different mitochondrial markers, including ND6.
Because the CAT model groups sites into a number of independent cat-
egories defined a posteriori, it accounts for different site-specific nucleo-
tide or amino acid preferences. Moreover, it has been shown that the
CAT model is less impacted by systematic errors because it better de-
tects multiple substitutions than an empirical model like WAG
(Lartillot and Philippe, 2008).

The Bayesian analysis of rodent mitochondrial proteins along with
the site-heterogeneous CAT + Γ mixture model, allowed us to infer a
mitochondrial phylogeny congruent with published nuclear topologies,
together with strong support for the Anomaluromorpha, Anoma-
luromorpha + Castorimorpha, and mouse-related clades. However,
the different exchangeability matrices used in association with
CAT + Γ provided different results for tricky nodes (Table 2). Whereas
some models provide strong support for the mouse-related clade
(CAT + Γwith GTR,WAG,mtZOA, ormtREV), othermodels do not sup-
port it (CAT + Γwith POI or LG). We found that the best resolved phy-
logeny (Fig. 4) is inferred from the empirical mtREV exchangeability
matrix because it likely better describes the specificities of the replace-
ment rate of the amino acids of the 13mitochondrial proteins, together
with CAT accounting for the among site heterogeneity in stationary
amino acid frequencies.

4.3. Implications for phylogenetics of Anomaluridae and Pedetidae

The phylogenetic affinities of Anomaluridae (scaly-tailed flying
squirrels) and Pedetidae (springhares) among rodents have been con-
troversial, especially from the morpho-paleontological point of view
(see Hartenberger and Luckett, 1985; Vianey-Liaud et al., 1994). Each
family has for example been linked to different clades. Fossil data have
related Anomaluridae to the North African Zegdoumyidae, together
with the Graphiurinae subfamily of Gliridae (Vianey-Liaud and Jaeger,
1996; Vianey-Liaud et al., 1994). Based on cranio-dental and protein
characters, several authors (de Jong, 1985; Doran, 1879; Flynn et al.,
1985; Marivaux et al., 2004; Martin, 1995; von Koenigswald, 1985)
have pointed out a possible relationship between Pedetidae and
Hystricognathi or Ctenodactylidae rodents. By contrast, other morpho-
logical (Bugge, 1974; Gill, 1872; Lavocat and Parent, 1985; Marivaux
et al., 2011; Ruf et al., 2010) and molecular (e.g., Montgelard et al.,
2002) studies suggest the grouping of Anomaluridae plus Pedetidae
into the Anomaluromorpha clade.

Our mitogenomics results strongly support the affinities between
Anomaluridae and Pedetidae. Complete mitogenomes therefore in-
crease the body of molecular characters that supports the monophyly
of Anomaluromorpha: individual mitochondrial genes (cytochrome b
and 12S rRNA: Montgelard et al., 2002), nuclear markers (Blanga-
Kanfi et al., 2009; Montgelard et al., 2008), retroposon data (Churakov
et al., 2010), and a combination of molecular data (Huchon et al.,
2007). In addition, morphological characters (Ruf et al., 2010) and pale-
ontological data (Marivaux et al., 2011; Sallam et al., 2010a, 2010b) sup-
port this phylogenetic hypothesis. In particular, Ruf et al. (2010) studied
the chorda tympani morphology and showed that Anomaluridae and
Pedetidae share two synapomorphies (i.e., the epitensoric character
state, and the structure of themallear channel). The cranio-dental anal-
ysis of Marivaux et al. (2011) also highlighted synapomorphic character
states between these two families and the extinct African family
Zegdoumyidae from the Early Eocene (45–50 Mya).

4.4. Implications for affinities of Anomaluromorpha among rodents

Our mitochondrial genome comparative analysis provides strong
support for three major clades among rodents: (i) the squirrel-related
clade (Sciuridae + Aplodontidae + Gliridae), (ii) the Ctenohystrica
clade here represented by Hystricognathi and (iii) the mouse-related
clade (Anomaluromorpha, Castoridae + Geomyoidea, and Myodonta).
These phylogenetic results are in agreement with previous inferences
based on nuclear genes (Adkins et al., 2001; Adkins et al., 2003;
Blanga-Kanfi et al., 2009; DeBry, 2003; Huchon et al., 1999, 2002,
2007; Montgelard et al., 2008) and retroposon characters (Churakov
et al., 2010). Moreover, mitogenome data provide moderate support
for a relationship between Hystricognathi + mouse-related clade as
suggested by the recent retroposon analysis of Churakov et al. (2010).

Based on the mitogenome analysis, Anomaluromorpha is shown to
belong to themouse-related clade, in agreementwith nuclear gene phy-
logenies (Blanga-Kanfi et al., 2009; Huchon et al., 2002; Montgelard
et al., 2008) and retrotransposon insertion patterns (Churakov et al.,
2010). This result contrastswith anothermitogenomic study suggesting
that Anomalurus is a sister taxon to Hystricognathi (Horner et al., 2007).
Such a branching pattern may have been caused by one of the factors
known to affect phylogenetic inference: nucleotide/amino acid compo-
sition (Bernt et al., 2012), reduced taxon sampling in the previous
mitogenomic analysis (Lecointre et al., 1993), differential evolutionary
rates among lineages (Philippe et al., 2005), and model choice (Delsuc
et al., 2005). In particular, we postulate that taxon sampling plays a
key role, as the addition of Pedetes breaks the long, isolated branch
of Anomalurus, and hence stabilizes the phylogenetic position of
Anomaluromorpha with rodents.

The mouse-related clade includes three subclades: (1) Anomalu-
romorpha, (2) Castorimorpha which are divided into Castoridae +
Geomyidae + Heteromyidae, and (3) Myodonta which are divided
into Dipodoidea and Muroidea (Michaux and Catzeflis, 2000; Michaux
et al., 2001; Steppan et al., 2004). Relationships among these three line-
ages are controversial and previous molecular analyses were either not
conclusive (Blanga-Kanfi et al., 2009; Churakov et al., 2010) or provided
moderate support to link Anomaluromorpha with Myodonta (Huchon
et al., 2002;Montgelard et al., 2008). OurDNA and proteinmitogenomics
characters support a relationship between Castorimorpha and
Anomaluromorpha (Figs. 3 and 4; Tables 1 to 3), in agreement with the
phylogenetic analyses of Horn et al. (2011). Mitogenomic sequences of
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Geomyidae andHeteromyidae are however required to confirm this evo-
lutionary hypothesis.

5. Perspectives

Next generationDNA sequencing provides the opportunity to gather
mitogenomes of non-model organisms. An RNA-Seq approach is conve-
nient for identifying protein-coding genes for phylogenetic and expres-
sion purposes, although it has the potential limitation that all genes are
not expressed at the same level (Nabholz et al., 2013). Conversely, a NGS
approach based on the genomic DNA is more appropriate if one is inter-
ested in collecting rRNA and tRNA genes and building mitochondrial
maps to study gene order and gene content (D'Onorio de Meo et al.,
2012), as this method will ensure a more even coverage of all regions
of the mitochondrial circle.

The present update of rodent mitogenomes highlights the impor-
tance of denser taxonomic sampling as we recovered a mitochondrial
phylogeny in better agreement with nuclear gene trees (see also
Reyes et al., 2004). Comparative mitogenomics provides phylogenetic
information for the deep nodes of rodent phylogeny and also further
suggests the branching of Anomaluridae + Pedetidae with Castoridae
within the mouse-related clade. Perspectives into the comparative
mitogenomics and phylogeny of rodents would be (i) to use time-
heterogeneous models to take into account potential branch specific
variations of compositional and substitution patterns (Blanquart and
Lartillot, 2008; Dutheil et al., 2012; Zhou et al., 2007), and (ii) to im-
prove taxonomic sampling by using deep sequencing methodologies.
Resolution of the phylogenetic relationships among themajormamma-
lian clades will benefit from growing mitogenome collections which
contain valuable information to be extracted in a probability framework
with adequate, non-homogeneous models.
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