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ABSTRACT. This is the first report of a complete mitochondrial
genome sequence from Himalayan marmot (Marmota himalayana,
class Marmota). We determined the M. himalayana mitochondrial
(mt) genome sequence by using long-PCR methods and a primer-
walking sequencing strategy with genus-specific primers. The
complete mt genome of M. himalayana was 16,443 bp in length
and comprised 13 protein-coding genes, 2 ribosomal RNA (rRNA)
genes, 22 transfer RNA (tRNA) genes, and a typical control region
(CR). Gene order and orientation were identical to those in mt
genomes of most vertebrates. The heavy strand showed an overall
A+T content of 63.49%. AT and GC skews for the mt genome of
the M. himalayana were 0.012 and -0.300, respectively, indicating
a nucleotide bias against T and G. The control region was 997 bp
in size and displayed some unusual features, including absence of
repeated motifs and two conserved sequence blocks (CSB2 and
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CSB3), which is consistent with observations from two other rodent
species, Sciurus vulgaris and Myoxus glis. Phylogenetic analysis of
complete mt DNA sequences without the control region including 30
taxa of Rodentia was performed with Maximum-Likelihood (ML)
and Bayesian Inference (BI) methods and provided strong support
for Sciurognathi polyphyly and Hystricognathi monophyly. This
analysis also provided evidence that M. himalayana mt DNA was
closely related to that from Sciurus vulgaris (Sciuridae) and was
similar to mt DNA from Myoxus glis.

Key words: Marmota himalayana; Mitochondrial genome; Rodentia;
Phylogenetic analysis

INTRODUCTION

Mitochondria are important subcellular organelles present in almost all animal tis-
sue cells. They facilitate the reactions in the tricarboxylic acid cycle and electron transfer
in oxidative phosphorylation, required for cellular energy generation. In organisms lacking
chloroplasts, mitochondria are the only organelles besides the nucleus that have their own
genomic DNA (Giles et al., 1980). The typical vertebrate mitochondrial (mt) genome is a
closed circular DNA molecule with two strands (H-strand and L-strand), ranging 15-19 kb
in size. The complete mtDNA contains a remarkably conserved set of 37 genes, including
13 protein-coding genes, 2 rRNA genes, and a full set of 22 tRNA genes (Wolstenholme,
1992; Boore, 1999). In addition, noncoding regions are mainly concentrated in a variable
control region (CR) or D-loop with important functions in the regulation and initiation of
mtDNA replication and transcription (Shadel and Clayton, 1993).

Marmots are large terrestrial rodents widespread across much of northern Eurasia
and North America, including the Bering Strait region of western Alaska and eastern Si-
beria. Today, there are 14 recognized species of marmots throughout the world (Steppan
et al., 1999). Among the four marmot species in China, Marmota himalayana is one of
the species living at the highest altitudes in the region and has the widest distribution,
covering parts of the Qinghai-Tibet Plateau and mountains, and meadows and grasslands
in India, Nepal, and Pakistan. Marmot is an important animal with high economic value,
and marmot products have a long history of development and use in China. To date, stud-
ies of M. himalayana have mainly focused on its ecology and ethology, and because of
their close relationships with ground squirrels and prairie dogs, marmots have featured
prominently in theories of social evolution in mammals (Barash, 1989; Arnold, 1990;
Blumstein et al., 1997; Armitage, 1975, 1987, 1999). In recent years, helped by the de-
velopment of long polymerase chain reaction (long-PCR) methods for amplification of
mtDNA genes and complete mt genomes, comparative analyses of mt genome sequences
and organizations are widely used to study phylogenetic relationships of animal taxa.
The unique characters of mt DNA, such as its small size, simple structure, maternal in-
heritance, fast evolutionary rate, and high informational content, have made mt DNA a
very attractive subject of research (Miyata et al., 1982; Brown, 1983; Moritz et al., 1987,
Wolstenholme, 1992; Avis, 1994; Castro et al., 1998; Saccone et al., 1999; Yamanoue et
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al., 2007; Zhou et al., 2009). More than 1200 complete mt genome sequences are cur-
rently available in GenBank, including mt sequences from various vertebrate groups.
Although some studies have investigated mitochondrial genes from M. himalayana, such
as the Cytb gene (Steppan et al., 1999), no complete mt genome of the 14 species of mar-
mots has yet been reported, and only one complete mt genome from Sciuridae (Sciurus
vulgaris, accession No. AJ238588) is available in GenBank (Reyes et al., 2000). Like-
wise, previous studies of Rodentia phylogenies have mainly focused on rodent positions
within mammalian phylogenetic trees (Reyes et al., 1998, 2000, 2004; Kjer and Honeyc-
utt, 2007; David et al., 2007).

In this study, we describe for the first time the complete mt genome of M. himalayana
and discuss phylogenetic relationships within Rodentia. This provides an important resource
for comparative analyses of the evolution of mitochondrial genomes in rodents.

MATERIAL AND METHODS

Sample collection and DNA extraction

Tissue samples were preserved at -20°C until analysis. Total genomic DNA in samples
was extracted by a phenol/chloroform/isoamylalcohol method.

PCR amplification and sequencing

To obtain the complete sequence of the mt genome, seven pairs of primers were
designed by using NCBI primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-
blast/) on the basis of alignments and comparisons of the genome sequence of Sciurus
vulgaris and partial sequences of the M. himalayana mt genome (Table 1). The long poly-
merase chain reaction (long-PCR) technique was carried out to amplify the complete M.
himalayana mt genome. PCR was performed in 50-pL volume containing 5 pL 10 X LA
PCR buffer IT (TaKaRa), 8 uL 4 mM dNTP, 2 pL 10 uM of each primer, 2 pL 1 mM MgCl,,
0.5 uL 2.5 U LA Taq polymerase, and 1 pL. genomic DNA. PCR cycling conditions were
the following: initial denaturation step of 5 min at 94°C, followed by 35 cycles of 1 min
at 94°C, 1 min at 58°C, and 2-5 min at 72°C, and a final extension step at 72°C for 10
min. The resultant PCR products were checked by electrophoresis on a 1.0% agarose gel
(Promega, Madison, WI, USA), staining with ethidium bromide, and visualization under
UV on a transilluminator, followed by purification with PCR Purification Kit (Qiagen,
USA). Two microliter of the purified PCR products were electrophoresed again to deter-
mine DNA concentrations by visual comparison of DNA band intensities with intensities
of DNA size standards run alongside. The purified products were directly sequenced in
both directions on an ABI 3730 XL Sequencer by using the primer walking method with
the species-specific primers.

Sequence analysis

Editing and assembly of the mitochondrial sequences were performed with the
DNAStar 7.1 software and program CLUSTAL W 2.1 (Thompson et al., 1997). The inte-
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grated mt genome sequence has been deposited in GenBank by the Sequin software (http://
www.ncbi.nlm.nih.gov/sequin/index.html) under accession No. JX069958. The 13 protein-
coding genes and 2 rRNA genes were identified by DOGMA (Wyman et al., 2004) and
their similarity to published gene sequences in NCBI identified by BLAST searches (http://
www.ncbi.nlm.nih.gov/BLAST/). The tRNA genes were identified by tRNA Scan-SE ver-
sion 1.21 (http://lowelab.ucsc.edu/tRNAscan-SE/) (Lowe and Eddy, 1997). The remaining
tRNASCCY gene was not found by tRNAscan-SE and was therefore predicted using its anti-
codons with the RNAstructure 4.5 and the RNAdraw software (Mathews et al., 1999, 2004).
The CR region was identified by sequence homology and proposed secondary structures.
Composition skew analysis of AT and the GC bases was conducted to find nucleotide bases
that were different among the mt genomes of M. himalayana and other species of the Mar-
mota genus. Codon usage was calculated by CodonW version 1.3 (http://bioweb.pasteur.
fr/seqanal/codonw.html). Tandem repeats of the whole sequence were tested by Tandem
Repeats Finder (Benson, 1999).

Table 1. Primers used for the experiment.

Order Primer name Sequence (5'-3") Product size (bp)

1 ND4F TGCTGGTTCTATAGTTTTAGCCGCC 3330
CYR AGAGGGTGGGTTTTGCGGGTG

2 Mt76 ACGATCCATCCCCAACAAACTAGGA 3124
16RR TGGCTGCTTTTAGGCCAACTATGGA

3 ND3F CCCATAGGATCTGCTCGCTTACCA 1007
ND4R ACCGTTCAGTTTGGTTTCCCCATCG

4 NDA4LF TTGCCGCATGTGAAGCAGCTGTA 1216
ND4 GTTAATGGAGGGTGGAAGGGCTAGA

5 ValF ACCCGGCTTACACCCGAGAG 8668
NDCR GTTTGGGAAGCTCAGGGAAGAGGGA

6 ND4F AGCCCACGTCGAAGCTCCCAT 2842
ND6R TGAAGATTCAATAGGGGTGGCGGC

7 ND6 GCTTTGAAGAAACCCCCACAAAGCC 3199
12RF CCACCCTATAGGCTACACCTTGACC

Phylogenetic analyses

The phylogenetic analyses were performed on the complete mt DNA sequences of M.
himalayana (this study) and from 29 Glires species retrieved from GenBank (Table 2). Lepus
europaeus, Oryctolagus cuniculus, and Ochotona princeps from the family Lagomorpha were
used as outgroups. The nucleotide sequences of 30 complete mt genome - with the control
region excluded - were used in the phylogenetic analysis as follows: First, the sequence align-
ment and a site-specific rate model were constructed according to Kjer et al. (Kjer et al., 2001;
Kjer and Honeycutt, 2007). Two different phylogenetic reconstruction approaches including
Maximum Likelihood (ML) and Bayesian Inference (BI) were used to reconstruct phyloge-
netic trees. For ML analysis, 100 bootstraps were performed to estimate the node support with
RaxML-7.04 (Stamatakis, 2006). Bayesian analysis was conducted by MrBayes 3.1.2 (Ron-
quist and Huelsenbeck, 2003) under the GTR + gamma model, and the Markov chain Monte
Carlo (MCMC) chains were run for 10,000,000 generations (sampling every 1000 genera-
tions) to allow adequate time for convergence. Discarding the first 1000 trees as burn-in, the
remaining trees were used to estimate posterior probabilities.
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Table 2. List of mitochondrial genomes analyzed in this study.
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Species Classification Accession No.
Neodon irene Glires; Rodentia; Sciurognathi; Muroidea; Cricetidae NC_016055.1
Microtus kikuchii Glires; Rodentia; Sciurognathi; Muroidea; Cricetidae AF348082.1
Proedromys liangshanensis Glires; Rodentia; Sciurognathi; Muroidea; Cricetidae NC_013563.1
Eothenomys chinensis Glires; Rodentia; Sciurognathi; Muroidea; Cricetidae NC 013571.1
Cricetulus griseus Glires; Rodentia; Sciurognathi; Muroidea; Cricetidae NC_007936.1
Tscherskia triton Glires; Rodentia; Sciurognathi; Muroidea; Cricetidae NC 013068.1
Mesocricetus auratus Glires; Rodentia; Sciurognathi; Muroidea; Cricetidae EU660218.1
Mus musculus Glires; Rodentia; Sciurognathi; Muroidea; Muridae NC_005089.1
Apodemus chejuensis Glires; Rodentia; Sciurognathi; Muroidea; Muridae NC_016662.1
Rattus norvegicus Glires; Rodentia; Sciurognathi; Muroidea; Muridae AJ428514.1
Nannospalax ehrenberg Glires; Rodentia; Sciurognathi; Muroidea; Spalacidae NC_005315.1
Spalax ehrenbergi Glires; Rodentia; Sciurognathi; Muroidea; Spalacidae AJ416891.1
Eospalax baileyi Glires; Rodentia; Sciurognathi; Muroidea; Spalacidae NC_018098.1
Sciurus vulgaris Glires; Rodentia; Sciurognathi; Sciuridae; Sciurinae NC_002369.1
Marmota himalayana Glires; Rodentia; Sciurognathi; Sciuridae; Xerinae NC_018367.1
Jaculus Glires; Rodentia; Sciurognathi; Dipodidae; Dipodinae NC _005314.1
Myoxus glis Glires; Rodentia; Sciurognathi; Gliridae; Glirinae NC_001892.1
Castor Canadensis Glires; Rodentia; Sciurognathi; Castoridae; Castor NC 015108.1
Anomalurus Glires; Rodentia; Sciurognathi; Anomaluridae; Anomalurus NC_009056.1
Octodon degus Glires; Rodentia; Hystricognathi; Octodontidae; Octodon HM544134.1
Spalacopus cyanus Glires; Rodentia; Hystricognathi; Octodontidae; Spalacopus HM544133.1
Tympanoctomys barrerae Glires; Rodentia; Hystricognathi; Octodontidae; Tympanoctomys HM544132.1
Ctenomys leucodon Glires; Rodentia; Hystricognathi; Ctenomyidae; Ctenomys HM544131.1
Proechimys longicaudatus Glires; Rodentia; Hystricognathi; Echimyidae; Proechimys HM544128.1
Cavia porcellus Glires; Rodentia; Hystricognathi; Caviidae; Cavia AJ222767
Thryonomys swinderianus Glires; Rodentia; Hystricognathi; Thryonomyidae; Thryonomys NC_002658.1
Heterocephalus glaber Glires; Rodentia; Hystricognathi; Bathyergidae; Heterocephalus NC_015112.1
Lepus europaeus Glires; Lagomorpha; Leporidae; Lepus AJ421471
Oryctolagus cuniculus Glires; Lagomorpha; Leporidae; Oryctolagus AJ001588
Ochotona princeps Glires; Lagomorpha; Leporidae; Oryctolagus AJ537415

RESULTS

Genome organization and features

The mitochondrial DNA sequence of Marmota himalayana was identified as a
circular molecule of 16,443 bp consisting of 2 rRNAs (srRNA and [rRNA), 13 PCGs, 22
tRNAs, and a control region (CR). The three different types of genes and their numbers
were the same as previously identified in most vertebrate mt genomes. Among the 37
genes identified, 8 tRNA genes and the ND6 gene were encoded on the L-strand, and the
remaining 28 genes were encoded on the H-strand. The arrangement of the genes in the M.
himalayana mt genome is summarized in Figure 1 and Table 3. The complete mt genome
of Marmota himalayana is somewhat shorter than that of the Sciuridae species Sciurus
vulgaris (16,507 bp). This size variation mainly resulted from differences in the length
of the control region among the Rodentia species; therefore, when the CR region was ex-
cluded, the mt genome sequences of the Rodentia species were nearly identical in length.
In addition, similar to the mt genomes in most vertebrates, overlaps and similar intervals
were observed for several genes in the Marmota himalayana mt genome, with the most
typical interval extending up to 30 nucleotides between the tRNA*" and tRNA®* genes.
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Figure 1. Gene map of the Marmota himalayana mtDNA. Protein-coding genes (deep-gray) and rRNA genes
(light-gray) are identified by arrows. The ND6 gene is transcribed in the opposite direction as relative to the rest
PCGs. tRNA genes (black) are depicted with their corresponding amino acids.

Nucleotide composition and base bias

The total nucleotide base composition of the M. himalayana mt genome was A (32.13%)
>T (31.36%) > C (23.73%) > G (12.78%) (Table 4). Its overall A+T content was 63.49%, which
is similar to that in the mt genome of Sciurus vulgaris (62.97%). To investigate potential base bias,
we calculated the AT and GC skews for the M. himalayana mt genome, including CR, protein-
coding, and ribosomal RNA genes, and identified an AT skew of 0.012 and a GC skew of -0.300.
We also noted that all GC skews and most of the AT skews were negative for the protein-coding
genes, indicating that C and T residues were more prevalent than G and A residues in these genes,
which is consistent with previous observations that vertebrate sequences have a bias against the
use of G (Saccone et al., 1999). The nucleotide compositions in the rRNA genes (63.2% AT) and
in the CR (62.2% AT) were similar to compositions in the complete mt genome, and, therefore, an
A+T bias pattern holds for all functional segments of the M. himalayana mt genome.
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Table 3. Organization of Marmota himalayan mitochondrial genome.

Gene From To Size (bp) Start codon Stop codon Strand Amino acid
tRNA"" 1 69 69 H F
srRNA 70 1040 971 H

tRNA™ 1041 1109 69 H A%
IrRNA 1110 2677 1568 H

tRNA e VAD 2678 2751 74 H L
NDI 2755 3710 956 ATG TA- H +3
tRNA" 3711 3779 69 H I
tRNA" 3777 3848 72 L Q-3
tRNAMe 3852 3920 69 H M +3
ND2 3921 4962 1042 ATT T-- H

tRNA™ 4963 5030 68 H w
tRNA 5034 5102 70 L A+3
(RNA™" 5108 5180 73 L N+5
tRNA®* 5211 5277 67 L C+30
tRNA™" 5278 5343 66 L Y
col 5352 6893 1545 ATG TAG H +8
tRNASrWon) 6896 6964 69 L S +2
tRNA*» 6968 7036 69 H D+3
co2 7037 7720 684 ATG TAA H

tRNAY" 7724 7790 67 H K+3
ATPase8 7792 7995 204 ATG TAG H +1
ATPase6 7953 8632 630 ATG TT- H -3
Cco3 8633 9416 784 ATG T-- H

tRNAY 9417 9486 70 H G
ND3 9487 9833 347 ATA TA- H

tRNAe 9834 9900 67 H R
NDA4L 9902 10198 297 ATG TAA H +1
ND4 10192 11569 1378 ATG T-- H +7
tRNA"s 11570 11638 69 H H
tRNASrGCv) 11640 11696 57 H S +1
tRNALVAO) 11698 11767 70 H L+1
ND5 11768 13585 1818 ATT TAA H

ND6 13569 14093 525 ATG AGA L -17
tRNA™ 14094 14162 69 L E
CYTB 14167 15306 1140 ATG AGA H +3
tRNA™" 15307 15373 67 H T
tRNA" 15379 15446 68 L P+4
CR 15447 16443 997 H +997

Table 4. Nucleotide composition and skews of Marmota himalayana mitochondrial protein-coding and
ribosomal RNA genes.

Gene Proportion of nucleotides %AT AT skew GC skew
A T G C
NDI 31.0 32.6 11.0 254 63.6 -0.025 -0.396
ND2 343 30.7 8.6 26.4 65.0 0.055 -0.509
col 27.9 342 16.3 21.6 62.1 -0.102 -0.140
co2 32.8 304 13.2 23.7 63.2 0.038 -0.285
ATPase8 353 324 7.8 24.5 67.7 0.043 -0.517
ATPase6 30.2 33.1 10.7 26.0 63.3 -0.046 -0.417
co3 27.3 32.1 15.1 25.5 59.4 -0.081 -0.256
ND3 27.7 36.0 12.7 23.6 63.7 -0.130 -0.300
ND4L 28.0 374 114 23.2 65.4 -0.144 -0.341
ND4 31.5 34.0 10.0 24.5 65.5 -0.038 -0.420
NDS5 31.3 33.0 10.0 25.7 64.3 -0.026 -0.440
ND6 39.8 23.6 7.3 293 63.4 0.256 -0.601
CYTB 28.9 329 12.5 25.7 61.8 -0.065 -0.346
srRNA 35.8 25.4 17.1 21.7 61.2 0.170 -0.119
IrRNA 37.0 27.4 16.6 19.0 64.4 0.150 -0.067
CR 30.3 31.9 12.9 24.9 62.2 -0.026 -0.317
Mitochondrial genome  32.1 31.4 12.8 23.7 63.5 0.011 -0.299
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Protein-coding genes

The complete mtDNA of M. himalayana encodes 13 protein-coding genes (PCGs).
The arrangement and directions of all 13 PCGs are the same as observed in other vertebrate
mt genomes (Figure 1). Among the 13 PCGs, ND2 and ND5 use ATT as start codon, whereas
ND35 appears to use ATT instead of the canonical ATG start codon. As shown in Table 3, the
other 10 PCGs had the standard ATG start codon. TAA as a stop codon was observed in CO2,
ND4L, and ND5, whereas TAG was the stop codon in CO/ and ATPase8. AGA was observed
as the stop codon in ND6 and CYTB, while the remaining 6 PCGs were apparently terminated
by an incomplete stop codon, TA (NDI, ND3), TT (ATPase6), or T _(ND2, CO3, ND4),
thus differing from the typical stop codons found in PCGs (TAA, TAG, TGA). Incomplete
stop codons commonly exist in vertebrate mt genomes, and these incomplete codons are typi-
cally restored to functional stop codons by posttranscriptional polyadenylation during mRNA
maturation (Ojala et al., 1981).

Some of the 13 PCGs displayed sequence overlaps: for instance, the 4ATPase§ and
ATPase6 overlapped by a 43-bp long sequence, and ND4 and ND4L shared a seven-nucleotide
overlap. Such gene overlaps are found in many vertebrate mtDNAs.

Ribosomal and transfer RNA genes

Small and large ribosomal RNA genes (s¥RNA and l[rRNA) were 70 and 1110-bp long,
respectively, and appeared to be transcribed from the H-strand of the M. himalayana mt ge-
nome. The rRNA genes were located between tRNA™ and tRNA*““ and separated by the
gene for tRNA", as observed for other vertebrate mt genomes (Delisle and Strobeck, 2002;
Hwang et al., 2008).

Twenty-two tRNA genes, ranging 57-74 bp in size and scattered throughout the mt ge-
nome, were identified in M. himalayana. Of these, 21 were identified by tRNAscan, identified
by typical cloverleaf secondary structures with normal base pairing and harboring anticodons
that match the vertebrate mitochondrial genetic code (Figure 2). The remaining tRNAS¢CV)
gene was 57 bp in size determined by visual inspection and comparison with the Sciurus
vulgaris mt genome sequence. Unlike the other 21 tRNA genes, the tRNAS (V) gene cannot
form a typical cloverleaf structure because it lacks the appropriate sequence to form the dihy-
drouridine arm and loop. This unusual secondary structure is also found in many mt genomes
from other vertebrates, including bear, coyote, dogs, Eurasian otter, and wild camel (Peng et
al., 2007; Hou et al., 2007; Cui et al., 2007; Hwang et al., 2008). Mismatches were observed in
the amino acid-acceptor arms, anticodon, and TyC stems of some M. himalayana tRNA genes
[tRNA"", tRNA"™, tRNAY, tRNAY, tRNA V19, which may be restored through RNA-editing
mechanisms.

Non-coding regions

A total of 1075 bp in the M. himalayana mt genome corresponded to non-coding se-
quences, spread over 15 intergenic segments and ranging 1-997 bp in size. The largest (997 bp)
non-coding region, CR, was identified between the fRNA”° and tRNA™ genes, with an A+T
content of 62.2%. By comparing the complete CR region in M. himalayana with the corre-
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sponding CRs in other mammalians (Sbisa et al., 1997, Cui et al., 2007; Hwang et al., 2008), we
could compartmentalize the CR of M. himalayana into three domains: domain (D)-I, -II, and
-1II (Figure 3), corresponding to the termination-associated sequence domain (TAS), the central
conserved domain (CD), and the conserved sequence block domain (CSB) (Sbisa E, 1997). We
found a termination-associated sequence (TAS-A) and six conserved sequence blocks (CSB1
and B-F), which contain regulatory sequences controlling replication and transcription. Among
Sciuridae animals, the TAS-A, CSB1, and CSBB-F are highly conserved; however, CSB2 and
CSB3 are absent from some of them. In addition, we found no repetitive motifs in the CR of the
M. himalayana, which is identical with that of the Sciurus vulgaris and Myoxus glis.

tRNA-Ala tRNA-Arg  * tRNA-Asn _ ° tRNA-Asp . tRNACys  °

tRNA-GIn ¢ tRNA-Glu ~_* tRNAGly  * tRNA-His ~ © tRNA-Leu e
AR

tRNA-Leu ¢ tRNA-Ile . tRNALys * tRNA-Met ’ tRNA-Phe
(UAG) cea xoy

tRNA-Pro tRNASer  © tRNA-Ser
(UGAVRSE = (Gev)

tRNA-Thr ¢ tRNA-Trp
aec

tRNA-Tyr tRNA-Val

Figure 2. Putative secondary structures of 22 mitochondrial tRNAs from the Marmota himalayana.
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1 CACTCGATCAGTCGCTTAAATTTTAACTTCTATGTCACTATCAACCTTTATTCAATGGTCCACTCCTCTA
70 TGTAAATCGTGCATTTAATGCTTTTCCCCATTAAGACATTACTAACTCATGTACATAGGACATTATATGT DI
141 TTAATCAACATTAATAGCATACCCAGCATGCATATCAAGCACGTTCATAATACTAACATAGTACATAACA
TAS-A (1-381bp)
211 CAGTACCTTATAGCTTCACATTAAATGCTTGCCAATACGACCGTGGCCGCTCAACAACACCTGCTTAAAG
281 TACATAGCACATTACTATCACTGGCGGTACATACCACATTAAGTCATAAACCTTTCTCGCTCCAAATGAC
351 TATCCCCTACCAACTTTGGTCTCATAATCTASCACCCTCCGT.%%A%CATCTACWCACTCCGTGTC
421 CCTCTTCTTGCTCTGATCCCATTTAACTTGGGGGTAGCTAAACATGTACTT TATCTGGCATCTGGTTCCT
CSB-E CSB-D DII
491 ACCTCAGGGCCATAAACTGCATAATCGCCCACTCGTTCCCCTTAAATAAGACATCACGATGGATTAGTTC
CSB-C (382-737bp)
561 CATTCTAGCCCGTGACCCAACATAACTGCACTGTCA’!GCC’[(;I;[‘IA;G%‘GGTTHATTTTTTGGGGGATGCAG
631 GGACTCACCATTGGCCGTCAGAGGCCTCGTTCCATTCAATTCAATTGTAGCTGGACTTATTAGTCAATAT
701 TCTCGCTTTGCATAGTTACTATCTGCCATAGTCGGGC! AATGC'[‘CCGé%AIGACAAAAAAAAAGTTAAAAC
771 AGAAATTCCATAGTAGACCCAAATGTAAAAAAATATTTAATCCAATTACCTTCATCTCTAAATCTAAATT
DI
841 AGTTCTTACCTGCTTTAAATTTTATTAACTTCTTTCTCAGTAGATTGAATTCATAAATAAATTTTGATTA
911 GATCCACTACATAATTATACTAATAATACTCAGATATAACTCTGTTTACCAAATCTTTATATAAGTACGC (738-997bp)
981 CTCTCCAAGACTCATAC

Figure 3. Organization of the Marmota himalayana control region. The control region consists of the extended
termination-associated sequence (TAS-A: in DI), and the central conserved (CSB-B, C, D, E, F: in DII) and
conserved sequence block (CSB1; in DIII) domains.

Phylogenetic relationships within Rodentia

Tree topologies obtained by ML and BI analyses were almost identical (Figure 4). The
phylogenetic tree supports Sciurognathi polyphyly and Hystricognathi monophyly. M. hima-
layana clustered with S. vulgaris representing Sciuridae with high statistical support (100%
BP under ML and 1.00 PP under Bayesian analysis) and then M. glis (BP = 100%, PP = 1.00)
formed a basal clade to the Sciurognathi in accordance with morphological and paleontologi-
cal surveys, providing evidence for the close relationship between Gliridae and Sciuridae. The
Hystricognathi taxa formed a highly supported monophyletic clade (100% BP and 1.00 PP),
and formed a sister group to the Anomaluridae/Castoridae clade, with lower support (92% BP
and 0.69 PP). In addition, both analyses strongly supported the monophyly of the Muroidea/
Dipodidae grouping (all with PP = 1.00), and Dipodidae was found at the base of the Muroidea
clade with 100% support and assumed to be basal in Muroidea. This observation was identical
to a previous finding based on amino acid analysis of the 12 PCGs located on the H-strand
(David et al., 2007). Our observations differed from those in some previous studies (Reyes et
al., 2004; Kjer and Honeycutt, 2007; David et al., 2007) in that the Hystricognathi with Anom-
aluridae/Castoridae group was identified as a sister clade to the Muroidea/Dipodidae group
with high statistical support (BP = 97%, PP = 0.99), but the Myoxidae/Sciuridae clade was at
the base of these two groups, not being a sister clade to the Muroidea/Dipodidae group. The
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M. himalayana sequence may have been responsible for this discrepancy, since its inclusion
tended to cluster the Myoxidae/Sciuridae clade with the outgroup. However, the statistical
support for the internal nodes of these clades was strong (92-100 BP and 0.69-1.00 PP) in both
ML tree and BI trees.

100/1.00 Octodon degus

1001.00 Spalacopus cyanus Octodontidae T
m”m'_'E Tympanoctomys barrerae K
100/1.00 Gtenomys leucod | ctenomyid §-
100/1,00 Proechimys longicaudatus | Echimyidae =
Cavia porcellus | caviidae 2
58 Thryonomys swinderianus | Thryonomyidae | =

Heterocephalus glaber | Bathyergidae

Castor canadensi: | castoridae
Anomalurus | Anomaluridae

100/1.00, Cricetulus griseus
100/1.00 Tscherskia triton
Mesocricetus auratus

97/0.99 1001 .00 97/1.00 Neodon irene
| .M‘—: Microtus kikuchii
100/1.00 1001100 Proedromys liangshanensis o
Eothenomys chi L Muroidea =
93/1.00 Mus musculus é
100/1.00 100/1.00 Apodemus chejuensis ]
=

Rattus norvegicus
100/1.00 yNannospalax ehrenbergi
100/1.00 ﬂ' | Spalax ehrenbergi
Eospalax baileyi
Jaculus | pipodidae

100/1.00 Sciurus vulgaris o
—| Marmota himalayana Sciuridae
10071.00 !
Myoxus glis | Gliridae

100/1.00 Lepus europaeus | e e
—'W‘— Oryctolagus cuniculus B Lagtt)morpha
Ochotona princeps (out group)

I Ochotonidae

0.1

Figure 4. Phylogenetic tree obtained by the maximum-likelihood (ML) method and Bayesian analyses based on
the nucleotide sequences of complete mitochondrial genome (without the control region). The first number at each
node is the bootstrap probability of ML analyses and the second number is Bayesian posterior probability.

DISCUSSION

Here, we have determined the complete mitochondrial sequence of the marmot M. hi-
malayana, and identified and characterized the sequences for the mitochondrial genes and the
control region. In particular, we also used the M. himalayana mt genome sequence to analyze
the phylogenetic relationships within Rodentia, including M. himalayana and 26 representative
species with the three typical Lagomorpha taxa used as outgroup. Our data supported polyphyly
of the Sciurognathi and monophyly of the Hystricognathi. As we expected, M. himalayana was
found to be most closely related to taxa in the same genus (for example, S. vulgaris), followed by
Gliridae (M. glis), regardless of the method used for phylogenetic reconstruction. The findings
obtained in this study offer useful information for additional studies to gain a better understand-
ing of the genetic content of the Rodentia and the commercially important marmota species.
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