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Abstract

Rat remains a major biomedical model system for common, complex diseases.  The rat 

continues to gain importance as a model system with the completion of its full genomic 

sequence.  While the genomic sequence has generated much interest, only 3 complete 

sequences of the rat mitochondria exist.  Therefore, to increase the knowledge of the rat 

genome, the entire mitochondrial genomes (16,307-16,315bp) from ten inbred rat strains (that 

are standard laboratory models around the world) and two wild rat strains were sequenced.  We 

observed a total of 195 polymorphisms, 32 of which created an amino acid change (non-

synonymous substitutions) in twelve of the thirteen protein coding genes within the 

mitochondrial genome.  There were eleven single nucleotide polymorphisms within the transfer 

RNA (tRNA) genes, six in the 12S ribosomal RNA (rRNA) and 12 in the 16S rRNA including 3 

insertions/deletions.  We found fourteen single nucleotide polymorphisms and two 

insertion/deletion polymorphisms in the D-loop.  The inbred rat strains cluster phylogenetically 

into three distinct groups.  The wild rat from Tokyo grouped closely with five inbred strains in the 

phylogeny, while the wild rat from Milwaukee was not closely related to any inbred strain.  

These data will enable investigators to rapidly assess the potential impact of the mitochondria in 

these rats on the physiology and the pathophysiology of phenotypes studied in these strains.  

Moreover, these data provide information that may be useful as new animal models, which 

result in novel combinations of nuclear and mitochondrial genomes, are developed.
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Introduction

Mitochondria are the only organelles (other than the nucleus) with their own DNA, which 

is maternally inherited (31, 36).  The mammalian mtDNA is a circular, double-stranded DNA that 

lacks introns and has only about 7% non-coding sequences (23) in contrast to the genomic 

DNA.  The mtDNA encodes 37 genes including 13 protein-coding genes that, in conjunction with 

subunits encoded by the nuclear genome, form the electron transport chain; the primary ATP 

producer for the cell. Also included within these 37 coding genes are 22 tRNA genes whose 

function is to transport amino acids to the ribosome and match them to the codons of the 

messenger RNAs (mRNAs) thus facilitating incorporation of amino acids into the growing 

polypeptideduring translation.  The final 2 genes are ribosomal RNA (rRNA) genes. The D-loop 

or control region, while non-coding, contains binding sites for two transcription factors, three 

conserved sequence blocks associated with initiation of replication and the loop strand 

termination associated sequences (9, 21, 23, 61), all of which play an important role in the 

replication of the mitochondrial genome.  Although mitochondria have a noted impact on cellular 

function, their genetic contribution to disease phenotypes is often not assessed. 

Mitochondrial DNA has a mutation rate of 10-20 times that of nuclear DNA, probably due to 

a failure of proof-reading by mtDNA polymerases and lack of an effective repair system (19, 26, 

41, 43).  Hundreds of mutations in the tRNA, rRNA, and protein coding genes as well as in D-

loop of the human mitochondrial genome are associated with disease ((8), see 

http://www.mitomap.org).  Interestingly, nearly fifty percent of known human diseases, related to 

mutations in the mitochondria are found within the tRNA genes (http://www.mitomap.org).  

Because of its extensive physiological characterization along with the ability to be genetically 

manipulated (2, 12, 13, 51, 71), the rat is a useful model for many different complex diseases.  

However, only three complete mtDNA genome sequences are available: the Wistar strain, a 

wild rat from Copenhagen, and a Brown Norway strain (22, 41, AC_000022). Updated 

compilation of available mtDNA sequences can be found at 
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http://megasun.bch.umontreal.ca/gobase/.  In this study we report the complete mtDNA 

sequence of 10 inbred strains and 2 wild rats. The 10 inbred rat strains in this study were 

selected based on known genetic diversity assessed using over 4,800 microsatellite markers in 

48 commonly used inbred strains (67) (ACP Strain Polymorphism Percentage Table, Rat 

Genome Database, Medical College of Wisconsin, Milwaukee, Wisconsin. World Wide Web 

(URL: http://rgd.mcw.edu/), April 2006).  The initial strain selection represented a relatively 

equally spaced cross section of strains previously characterized (67).  Moreover, they are 

commonly used as models of diabetes, hypertension, renal failure, and other complex traits. 

The two wild rat strains were incorporated into the study to examine their diversity compared to 

the inbred strains.  The goals of our study were to determine the complete mtDNA sequence of 

each of ten inbred strains and two wild rats, compare amounts and patterns of genetic diversity, 

and discover novel variants among strains; thereby, providing a resource for investigators using 

these strains of rats.

Methods

Strains studied

Twelve different rat strains were studied in this project:  August x Copenhagen Irish 

(ACI/Eur); Fawn-hooded Hypertensive (FHH/Eur); Fisher 344 (F344/NHsd); three substrains of 

Goto-Kakizaki: GK/Swe (from Sweden), GK/Far (from Florida), and T2DN/Mcwi (Type II 

Diabetic Nephropathy) (53); Genetically Hypertensive (GH/OmrMcwi); Wistar Kyoto 

(WKY/NCrl); Brown Norway (BN/NHsdMcwi); Dahl Salt-sensitive (SS/JrHsdMcwi); and two wild 

rats: one from Milwaukee, WI (Wild/Mcwi) and one from Tokyo (Wild/Tku).  Three previously 

published complete mtDNA genome sequences from a Wistar rat (29) (NC_001665), a BN rat  

(AC_000022; denoted BNBCM for this paper), and a wild rat from Copenhagen, Denmark (52)

(denoted WCOP for this paper; AJ428514) were also included in the analyses.  It should be noted 

that the publicly available BNBCM sequence (AC_000022) was obtained from a BN rat supplied 
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by the Medical College of Wisconsin and should yield the same sequence as the 

BN/NHsdMcwi.  Even though the wild rats are not “strains” in the same sense that the inbred 

rats are, we will use the term “strain” hereinafter to refer to all of these rats.  For more 

information on the origin and history of these rat strains see the Rat Genome Database 

(http://rgd.mcw.edu) or RatMap (http://ratmap.org).

All inbred “Mcwi” rats were housed in the Animal Resource Center (ARC) of the Medical 

College of Wisconsin, an AALAC-approved facility.  A local Animal Care and Use Committee set 

the husbandry and care guidelines used.  The animals were housed in climate-controlled rooms 

that are maintained on a 12-hour light/dark daily cycle.  All inbred animals were studied at six 

weeks of age.

DNA Extraction

Total genomic DNA was extracted from tissue obtained from a tail clip.  The tissue was 

incubated in a standard lysis buffer with 100 µg Proteinase K/mL at 55ºC overnight on a shaking 

platform (53).  DNA was isopropanol precipitated and pelleted using centrifugation (14,000 xg 

for 15 minutes at 40C).  The pellet was washed with 70% ethanol and was re-suspended in TE 

buffer, pH 7.6.  The concentration of the DNA was then determined using a spectrophotometer 

(Beckman model DU640) by determining the absorption at 260nm and 280nm.  

Primer Design

Primers used to amplify overlapping fragments of the mitochondrial genome were designed 

using Primer3 (60) (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi).  When this project 

ensued, the BNBCM sequence was not yet available.  Therefore, the published mtDNA sequence 

from the Wistar rat (29) (NC_001665) was used to design 23 overlapping primer pairs covering 

the complete rat mitochondrial genome.  BLAT (38) (http://genome.ucsc.edu/cgi-
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bin/hgBlat?command=start) was used to ensure that the primers designed did not amplify 

nuclear DNA.  

PCR amplification

The product sizes of the resulting overlapping PCR amplicons ranged from 949-999 bp.  

PCR was performed in a total volume of 25µl containing standard PCR buffer, 1.5mM MgCl2, 

18pmol each primer, 0.5U Taq DNA Polymerase (Promega, Madison, WI), 20µM each 

nucleotide, and 25ng of template DNA.  PCR cycling was performed on an MJ Research (MJ 

Research/BioRad, Hercules, CA) thermocyler for 1 min at 95ºC; followed by 45 cycles of 1 min 

at 95ºC, 1 min at 52ºC, and 90 sec at 72ºC; followed by a final extension of 7 min at 72ºC.  All 

PCR products were confirmed with 1% agarose gel electrophoresis.  Unpurified PCR products 

were diluted 1:3.5 with water, with 4µl of the dilution added to a 10µl sequencing reaction, 

containing 30pmol primer, BigDye Terminator (Applied Biosystems, Foster City, CA), and 5X 

sequencing buffer (Applied Biosystems, Foster City, CA).  The sequencing reaction was 

performed on a Perkin Elmer 9700 thermocycler for 25 cycles at 96ºC for 10 sec, 50ºC for 5 

sec, and 60ºC for 4 min.  Reactions were purified with the CleanSEQ dye-terminator removal 

system (Agencourt, Beverly, MA). DNA sequencing was performed using an ABI 3700 

automated sequencer (Applied Biosystems, Foster City, CA). All fragments were sequenced 

from both strands.

Sequence analysis

Sequencing trace files were exported to a UNIX system and analyzed with the 

Phred/Phrap/Consed package (22, 32).  All bases in all strains were called with a Phred quality 
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score of 20 or greater.  The resulting consensus sequences, along with the publicly available 

sequences, were aligned with Clustal W (68).  All single nucleotide substitutions and 

insertion/deletions were visually confirmed in the trace files using Consed.  Since the wild 

Copenhagen rat was not sequenced in our lab, we did not include it in our polymorphism 

analyses, although we did include it in the phylogenetic tree.  We observed a very large number 

of differences between the previously published complete mtDNA genome of a Wistar rat strain 

(29) (NC_001665) and all of the sequences we obtained.  As these differences may represent 

sequencing errors in this older sequence, which we were neither able to confirm nor deny, this 

sequence was not included in further analysis. A phylogenetic tree (neighbor-joining), and 

pairwise sequence divergence calculations  were done using MEGA v3.1 (40).  Sliding window 

plots of rat-mouse and rat-human divergence, and of rat SNP density were produced with in-

house perl scripts.  The novel sequences have been deposited to GenBank (accession numbers 

DQ673907-DQ673917). 

Results

The complete mitochondrial genome sequence was determined in 12 different rat strains.  

The sequence we obtained for the BN strain was identical to AC_000022.  The rat mtDNA 

genome varies between 16,307 and 16,315 bp in size.  The size variation is due to 

insertions/deletions in the replication origin, D-loop, 16S rRNA (Rnr2), and NADH 

dehydrogenase subunit 2 (ND2).  

We observed 195 polymorphic sites or about 11.9 polymorphisms per kilobase (Figure 1) 

among the 12 strains studied.  Of these, 43 (22%) were found only in a wild rat, either from 

Tokyo or Milwaukee.  The remaining 152 polymorphisms (78%) were found in at least one of the 

inbred strains. Neither the sequence divergence between species, nor the number of 

polymorphic sites within rats, was uniform across the mitochondrial genome (Figure 1). Peaks of 

divergence and diversity are seen in the D-loop and portions of ND2, ND5 and COII 
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(cytochrome c oxidase subunit II), while the ribosomal genes are the most conserved between 

species.  There was no evidence of heteroplasmy in the samples studied.  This may be due to 

the young age of the animals studied, or the tissues used.

About 70% of the mitochondrial genome codes for proteins of the electron transport chain 

(ETC).  Within the protein coding genes, 149 polymorphisms were found (76% of the total 

mutations discovered).  The polymorphisms were relatively uniformly distributed throughout this 

segment of the mitochondrial genome.  Of these 149 polymorphisms, 32 created an amino acid 

change (i.e. a missense substitution).  Sixteen of the 32 missense substitutions caused a 

change in charge of the amino acid structure affecting 12 of the 13 protein coding genes, the 

exception being cytochrome c oxidase subunit 3 (COIII ).  A 3bp insertion/deletion of a histidine 

residue occurred in NADH dehydrogenase subunit 2 (ND2) in six of the 12 strains sequenced.  

ND2 and NADH dehydrogenase subunit 4 (ND4) exhibited the most missense substitutions with 

seven each (Table 1A).  

The transfer RNA (tRNA) genes make up 9% of the entire mitochondrial genome and yet 

possess only 5% of the total polymorphisms.  The ten polymorphisms found resided in 6 of the 

22 tRNA genes (Table 1B); 3 in tRNA-cysteine (C), 2 each in tRNA-aspartic acid (D) and tRNA-

proline (P), and 1 each in tRNA-tyrosine (Y), tRNA-histidine (H), and tRNA-threonine (T). Their 

locations are shown on the inferred secondary structure of these tRNAs in Figure 2.  Four of 

these polymorphisms were found in the T-loop, 2 in the D-loop, 3 in the acceptor stem and the 

final one in the spacer between the anticodon stem and the T-stem of the tRNA. 

The two ribosomal RNA  genes account for 15.5% of the mitochondrial genome with 21 

polymorphic sites observed; 15 in the 16S rRNA (Rnr2) and six in the 12S rRNA (Rnr1).  These 

polymorphisms contributed 11% of the total polymorphisms identified.  The two rRNA genes 

show extensive sequence variations (Table 1C).  The 16S rRNA gene (Rnr2) had the highest 

level of nucleotide variation of any of the mtDNA genes and showed a high level of interspecies 

divergence.  Within the group we identified an interesting variation at position 1136 in a poly (C) 
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