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ABSTRACT



In Section I, I showed jl2 vivo mitochondrial interaction by 

creating mitochondrial disease model mice, mito-mice. The mito-mice were 

created by using zygotes of B6-mt*p" strain mice carrying mtDNA from Mus 

splietUs as recipients of exogenous mitochondria carrying wild-type and 

' mtDNA with large deletion (AnrtDNA) of M. 122 usculus domestjcus. In these 

experiments, mtDNAS from different mouse species were used for 

identification of exo- and endogenous wild-type mtDNAS in the mito-mice. 

Results showed transmission of exogenous AmtDNA, but not exogenous 

wild=type mtDNA of M m. domesticus to following generations through the 

female germ line. Complete elimination of exogenous wild-type mtDNA 

would be due to stochastic seglcegation, whereas transmission of exogenous 

AmtDNA would be due to its smaller size leading to a propagational 

advantage. Tlssues in mito-mice of the F3 generation carrying exogenous 

AmtDNA showed protection from respiration defects until AmtDNA 

accumulated predominantly. This protection from expression of 

mitochondrial dysfunction was attained by the help of endogenous wild-type 

mtDNA of M. spl~tus, since mito-mice did not possess exogenous wild-type 

mtDNA of M n2. domestjcus. These observations provide unambiguous 

evidence for the presence of interaction between exogenous mitochondria 

carrying AnrtDNA and endogenous mitochondria carrying M. spretUs 

wild-type mtDNA. 

The existence of mitochondrial interactions shown in Section I 

suggested exclusion of physical barrier against the exchange of mtDNA 

between mitochondria and following reconrbination. In Section II, I showed 
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the presence of rare mitochondrial recombination in mice tissues. To avoid 

misinterpretation of PCR jumping artifacts as reconrbinants, purified 

mtDNAS without PCR amplification were used for cloning and sequencing. 

I examined lk2 vitlv recombination in human hybrid cells carrying di~ferent 

pathogenic mtDNAS from patients with mitochondrial diseases, and also 

examined lia vivo recombination m a mrto mouse carrymg exogenous 

AmtDNA of M m. domestjcus and endogenous wild-type mtDNA of M 

splletus. While no mtDNA recombinants were observed in human hybrid 

cells, one of 163 clones of whole AmtDNA purified from mito-mouse tissues 

possessed two very small regions carrying identical sequences to M splletus 

mtDNA. Considering the high concentration of reactive oxygen species 

around the mtDNA and its frequent strand breakage, a clone carrying 

changed sequences would correspond to a gene conversion product created by 

repair of nucleotide mismatches, rather than to a classic recombination 

product for providing sequence divergence. 
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G・ENERAL　XNTRODUCTION



Mammalian cells possess hundreds of mitochondria, each 

containing several mtDNA molecules consisting of about 16 kbp double 

stranded closed circular DNA. Copy number of mtDNA is 103 to 104 in 

sonratic cells and 105 in mature oocytes (Michael et al. 1982; Piko and Taylor 

1987). Mammalian mtDNA encodes 2 rRNAS, 22 tRNAs, and 13 

polypeptides constituting p art of the five multisubunit enzyme complexes 

involved in oxidative phosphorylation (Anderson et aJ. 1981; Bibb et aJ. 198 1). 

Other components of oxidative phosphorylation complex and all enzymes 

involved in other mitochondrial functions are encoded in nuclear genome. 

Mitochon drial res piratory function , therefore , regulated by both 

mitochondrial and nuclear genomes. 

It has been reported that mutation rate of mtDNA is extremely 

higher than that of nuclear genome (Wallace et al. 1987; Richter et al 1988). 

One reason is that mtDNA is exposed to reactive oxygen species (ROS), such 

as superoxide radical or hydrogen peroxide, generated in mitochondria as 

by-product of oxidative phosphorylation. Another reason is that repair 

systems for mtDNA are poorer than that for nuclear genome. It has been 

shown that mitochondria possess base excision repair mechanism but not 

nucleotide excision repair mechanism (Clayton et al. 1974; LeDoux et al. 

1992; Kang and Hamasaki 2002). Moreover, mtDNA Iacks histon-like 

proteins, which bind tightly to mtDNA and protect DNA from various 

mutagens. Therefore, pathogenic mutations in mtDNA could accumulate 

predominantly and following energy deprivation causes mitochondrial 

diseases in many tissues, in particular in highly energy requiring ones, such 

6
 



recombination has been shown. However, it has been generally accepted 

that there is no mtDNA recombination in animal species. Recently, several 

population genetical studies have suggested that reconrbination occur in 

nnammals (Awadalla et al. 1999; Eyre-Walker et al. 1999; Hagelberg et al. 

1999), although these studies have been criticized on several grounds 

(Arctander 1999; Merriweather and Kaestle 1999; Kivisild et al. 2000). 

Thyagarajan et al. (1996) have demonstrated that human mitochondria 

contain enzymes necessary for homologous recombination. Ladoukakis et 

al. (2001) provided evidence for mtDNA reconrbination in sea mussels 

(shenfish) exhibiting unique inheritance of p arental mtDNA (doubly 

uniparental inheritance: maternal mtDNA is transmitted to male somatic 

cells, and female somatic cells and germ cells, but paternal mtDNA is 

transmitted to only male germ cells). Evidence of mtDNA recombination 

was provided in human mitochondrial disease patient exceptionally 

transmitted paternal pathogenic mtDNA (Kraytsberg et al. 2004). These 

studies in mussel and human used PCR method for detection of recombinant 

mtDNA, encompassing artifacts generation, although all of these 

observations are snggestive of the possibility of recombination in animal 

mtDNA. Therefore, it is still a controversial issue of whether mtDNA 

recombination exists or not. 

The presence or absence of mtDNA recombination has an 

important issue for biologists studying phylogeny and evolution. Currently, 

all major methods for phylogenetic reconstruction assume that mtDNA is 

transmitted only from mother and that no mtDNA recombination occur. 

8
 



Based on the evidence that many studies in molecular population and 

evolutionary biology are based on mtDNA (-70'/~ of phylogenetic studies 

have involved analyses of mtDNA) (Avise 2000), it is essential to elucidate 

whether the mtDNA recombination exists in mammalian species 

In Section I, I generated heteroplasmic mice possessing mtDNAS 

from different mouse species and carried out biochemical observations, and 

obtained a direct evidence for ia vivo mitochondrial interaction in 

mammalian cells. In Section II, I tried to detect recombinant mtDNA in 

human cultured cells and mice mentioned in Section I. 

9
 



SECTION I 

In vjvo interaction between mitochondria 

carrying mtDNAS from different mouse species 
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INTRODUCTION 

In yeast and plant cells, the idea of mitochondrial interaction has 

received support from the evidence for recombination between two mtDNA 

molecules derived from both parental germ cells (Dujon et al. 1974; Belliard 

et al. 1979). In mammalian species, however, the opportunity of coexistence 

of mtDNAS from both parents is likely inhibited by their strictly maternal 

inheritance (Kaneda et al 1995; Shitara et aJ. 1996; Shitara et al. 2000; 

Shitara et al. 2001). Since the mammalian mtDNA population is 

homoplasmic throughout individuals due to maternal inheritance, 

recombination between maternal mtDNA molecules with the same 

sequences would not be productive. Although cell fusion techniques can 

mix mtDNA molecules from diLferent mammalian individuals within single 

somatic cell hybrids, extensive mtDNA recombination as observed in yeast 

and plant cells (Dujon et al. 1974; Belliard et al. 1979) was not detectable 

even after their long-term cultivation (Hayashi et al. 1985). 

However, evidence for interactions between mammalian 

mitochondria is provided by translational complementation in cultured 

somatic cells (Hayashi et aJ. 1994; Takai et aJ. 1999; Ono et al. 2001). For 

example, fusion of two different types of respiration-deficient somatic cells 

caused by different pathogenic mutant mtDNAS from patients with 

mitochondrial diseases resulted in overall restoration of respiration defects 

in their somatic cell hybrids (Takai et a]. 1999; Ono et al. 2001). Moreover, 

evidence for rapid merging of normal mitochondria with wild-type mtDNA 
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and respiration-deficient mitochondria without mtDNA was obtained by 

introduction of normal mitochondria into mtDNA-less HeLa cells using cell 

fusion techniques (Hayashi et al 1994). 

Recently, the occurrence ofinteraction between mitochondria was 

extended from the in vitllo to the lh vivo level by the use of mito-mice (Inoue 

et aJ. 2000; Nakada et al. 2001). They were generated by introduction of 

respiration-deficient mitochondria carrying a predominant amount of 

mutated mtDNA with a large deletion (AmtDNA) and a residual amount of 

wild-type mtDNA from cultured mouse cells into mouse zygotes (Inoue et al. 

2000). In the mito-mice, expression of mitochondrial dysfunction was not 

observed in any mitochondria in any cells carrying as much as 600/0 AmtDNA, 

suggesting the presence of. interaction between exogenous 

respiration-deficient mitochondria with AmtDNA and endogenous 

mitochondria with wild-type mtDNA, and resultant restoration of 

respiratory function throughout the mitochondria (Nakada et al. 2001; 

Hayashi et al:. 2002). 

However, Attardi and co-workers (Attardi et a]. 2002) noted that 

the apparent rescue of mito-mice from expression of mitochondrial defects 

could be explained by assuming intra-, but not intermitochondrial 

mteraction. In this case, a proportion of residual wild-type mtDNA 

preexisting in exogenous mitochondria has to increase preferentially for 

restoration of respiratory function, followed by ehmination of endogenous 

mitochondria carrying wild-type mtDNA from mito-mice. Although it is not 

obvious to assume such an exclusive increase of exogenous wild-type mtDNA 
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to be predominant over endogenous wild-type mtDNA, this possibility could 

not be excluded completely. Therefore, experiments that could distinguish 

exo- and endogenous wild-type mtDNAS had to be carried out for generation 

of mito-mice before concluding the presence of an il2 vivo interaction of 

mammalian mitochondria. 

In this study, I created mito-mice using zygotes carrying mtDNA 

of different mouse species, M. splietus, so that both endo- and exogenous 

wild-type mtDNAS in the mito-mice could be distinguished. The results 

provided unambiguous evidence for the presence of the jl2 vivo 

intermitochondrial interaction . 
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MA:TERIALS AND METHODS 

Cells and cell culture 

Cy4696 cybrids (Inoue et al. 2000) carrying 89.4 :~: 2.3010 

AmtDNA of M m. domestjcus were cultivated in RPMI 1640 (Nissui Seiyaku, 

Tokyo, Japan) containing 100/0 fetal calf serum, 50 ug/ml uridine and 0.1 

mg/nil pyruvate. Uridine and pyruvate were supplemented, so that 

respiration-deficient Cy4696 cybrids caused by a predominant amount of 

AmtDNAcould grow (King andAttardi 1989; Inoue et al. 1997). 

Generation of mito-mice carrying wild-type mtDNA of M. spretzls and 

AmtDNA of M n2. do~es~~'cus 

Zygotes of B6-mt･p*, which possess the nuclear genome of M n2. 

domestjcus and mitochondrial genome of M spretus, were used as AmtDNA 

recipients. Cytoplasts of the Cy4696 cybrids carrying 89.4 :!: 2.3010 

AmtDNA were used as mtDNA donors for generating mito-mice. 

Introduction of AmtDNA into B6-mt*p* zygotes was carried out as described 

previously (Inoue et al. 2000) with slight mo(~ications. Briefly, pronuclear 

stage zygotes were collected from oviducts of superovulated B6-mt･p･ females 

at the age of 8=10 weeks after birth, and about ten Cy4696 cytoplasts were 

inserted into the periviteLLine space of the zygotes with a piezo-driven 

micromanipulator. The cytoplasts were fused with the embryos by applying 

an electric pulse (3,000 or 3,750 V/cm, 10 ms) with a pre- and post-pulse AC 

current (100 V/cm, 2 MHz, 30 sec each). After 24 h cultivation, 2-cell stage 
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ennbryos were transferlced to the oviducts of pseudopregnant ICR females. 

Southern blot analysis 

Total DNA was extracted from cultured cells and tissues using a 

Pure Gene Tissue Kit (Gentra, Minneapolis, USA). DNA (1 ug) was 

digested with the restriction enzyme BgJn , and the resultant restriction 

fragments were separated in 0.6~/o agarose gel, tlcansferred to a nylon 

membrane and hybridized with alkaline phosphatase-labeled mouse mtDNA 

probes, which include nucleotide positions 1,895-2,762. This region was 

selected as a probe because of its high sequence similarity in M m. 

domestjcas and M splletus mtDNAS. Probe labeling and signal detection 

were carried out as described in the protocols of the AlkPhos Direct 

(Amersham Pharmacia Biotech, Bucktnghamshire, UK). For quantitation of 

wild-type mtDNA of M spl~tzls and AmtDNA of M m. don2estjcus, 10 

replicate lanes were separately scanned and calculated by NIH image 

program (developed at the U.S. National Institutes of Health and available 

on the Internet at http://rsb.info.nih.gov/nih-image/) together with control 

lanes with known amounts of mtDNAs. 

PCR analysis 

Total DNA (300 ng) was used for PCR amplificatlon Three 

primer sets (11,927-11,946 and 12,388-12,365; 7,587-7,611 and 

12,679-12,654; 7,442-7,469 and 7,726-7,696) were used for specific 

amplification of wild-type and AmtDNA of M m. domesticus, and wild･type 
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mtDNA of M splletus, respectively. Wild-type and AmtDNA of M m. 

domestjcus, and wild-type mtDNA of M splletus gave 462 bp, 397 bp and 285 

bp fragments, respectively. The cycle times were 30 sec of denaturation at 

95"C, 30 sec of annealing at 55"C, and 60 sec of extension at 72"C, for 50 

cycl es. 

Analyses of cyiochrome c oxidase (COX) acti'vity 

Estimation of COX activity was carried out by examining the rate 

of cyanide-sensitive oxidation of reduced cytochronre c (Selignran et aJ. 1968). 

In histochemical analyses, hearts were excised from mito-mice, and their 10 

um cryosections were stained for COX activity. COX electron micrographs 

were carried out as described (Nakada et al. 2001) with slight modifications. 

Briefly, 25 um cryosections were fixed in 20/0 glutaraldehyde in PBS for 10 

min at O"C. Ultrathin sections, which were not stained with uranyl acetate 

and lead nitrate, were viewed directly with an H-7000 electron microscope 

(Hitachi, Tokyo, Jap an) . 

Single-cell quantitative PCR 

Three serial cryosections (10 um) of heart from mito-mice 

possessing 85.2 :~: 3.00/0 AmtDNAwere used for single-cell quantitative PCR. 

The first and third sections were stained with dimethylaminoazobenzene for 

COX activity, and COX positive and negative fibers in both sections were 

used for quantitative PCR analysis. Each cell in the second sections was 

dissected with a PR0-300 Laser Scissors (Cell Robotics, New Mexico, USA). 
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Quantification of M m. domestjcus AmtDNA and M splletus wild-type 

mtDNA were carried out using a TaqMan PCR reagent kit and an ABI 

PRISM 7900HT Sequence Detection System (Applied Biosystems, California, 

USA) under the conditions recornmended by the manufacturer. The primer 

set specific for M. m. domestjcus AmtDNA was nucleotide positions 

7,697-7,725 and 12,528- 12,508. The reporter dye FAM: Iabeled TaqMan MGB 

probe (Applied Biosystems, Calif;ornia, USA) specific for M 122. domestjcus 

AmtDNA was nucleotide positions 7,750-7,758 and 12,455-12,464. The 

primer set specific for M splletzls wild-type mtDNA was nucleotide positions 

7,442-7,469 and 7,726-7,697. The reporter dye FAM: and the quencher dye 

TAMRA Iabeled probe was nucleotide positions 7,490-7,5 13. 
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RESULTS 

Generation of mito-mice by introduction of AmtDNA into zygotes with M 

spretus IntDNA 

Cy4696 cybrids carrying 89.4 :b 2.3"/o AmtDNA of M m 

domestjcas were enucleated and resultant cytoplasts were used as mtDNA 

donors for generating mito-mice expressing mitochondrial defects. Zygotes 

of the mouse B6-mt*p" strain possessing only M spfetus mtDNA were used as 

recipients, so that endo- and exogenous wild-type mtDNAS could be 

identified (Fig. 1-1). The cytoplasts were fused with zygotes by 

electrofusion and resultant 2-cell stage embryos were transferred to the 

oviducts of pseudopregnant ICR females for obtaining Fo mice. 

Total DNA was prepared from tail biopsy samples ofFo mice. Of 

32 DNA samples, 20 showed PCR signals for the presence of both exogenous 

wild-type and AmtDNA of M m. domestjcUs introduced from Cy4696, 

whereas the remaining 12 Fo mice did not possess exogenous mtDNAS (Table 

1-1). Then, eight Fo females with PCR signals for the presence of exogenous 

mtDNAS in their tails were selected as mothers for obtaining the F1 

generation. I subsequently examined whether exogenous wild-type and 

AmtDNA of M 122. domestjcus can be transmitted through the female germ 

line to the F1 generation. Of 130 F1 mice, 4 showed signals for AmtDNA by 

both Southern-blot and PCR analyses, whereas no mice gave signals for 

exogenous wild-type mtDNA of M m. domestjcus even by PCR analysis. 

These observations suggest that transmission of exogenous mtDNAS from 
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the　Fo　to　the　F1ge鵬ration　wa－s1i㎜i吃ea　to△m－tDNA（Ta－b1e1・1）．

　　　　　　　　Then，I　se1ectea　a皿F2fe㎜a1e　c凄r町ing37．1±3．O％△mtDNAi双

itsta皿鍋a㎜othe亙，拠aobt出皿e“o秘xF3㎜ice，o鵬fe㎜a1eanath蝸e㎜証es．

Au　DNA　sa一㎜p1es　p鵬pa蝸d一血o㎜ta皿s　of　F3醐ice　gave　PCR　si騨鉦s　fox比e

p鵬sence　of△㎜tDNA，whi1e　no　signaユs　for　exoge皿o鵬wid一・type㎜。tDNAwe蛇

obsewea，鋤ggesting　exc1鵬ive　txa皿s㎜ission　of　exogemus△㎜tDNA，b砒皿ot

exogeno巫s　w胴一・type㎜。tDNA　to　fouow虹g　genera－tions（丁盆b1e　L1）．　For

q双a－n砒a虹o皿ofthe　amo皿nt　of△㎜。花DNA，I　c蹴ried－o耐So砒her皿b1o充a孤証ysis，

a－n唖fou皿a　tha－t　the　ta－is　of　fo被x　F3㎜、ice　containea1O．5　±　4．4，45．1　±　2．2，

45．2±2．5，昼皿a65．3±2．7％△㎜tDNA．

E醐㎡醐tio皿of批艶㎡t㏄h⑭阻d血鉦虹te醐c虹on鵡虹g㎜itぴ㎞ce曲肱

△㎜一tDNA

　　　　　　　　He趾ts　excisea　fxom　th鵬e　F3㎜aユe㎜．ice　c舶r虹ng45．1±2．2，

45．2　±　2．5，a一皿d－65．3　±　2．7％△mtDNA虹theix　t拙s　we蛇鵬ed－fox

e蝸mination　of　their醐tDNA　co㎜position　by　So前hern　b1o吃舶aユysis（Fig．

1・2a一）．　The蛇s刮ts　showed－tha－t　they　possessed－57．5±2．4，60．6±3．4，

醐d－85．2±3．O％△耐DNA，respective1y　M1㎝eover，comp1ete盈bsence　of

exoge皿o鵬wi1d一吋ype㎜tDNA　fでo㎜the　F3he班ts　wa－s　obse岬ed－in　Southex皿

b1ot（Fig．L2a1）a皿a　PCR＆皿aユyses（Fig．1－2b）．

　　　　　　　　I　se1ec充ea　two　F3he趾ts　c蹴Wing60．6±3．4a皿a85．2±3．O％

△mtDNA　for釦rther　exa－mi蝸tion　of　COX　a－c杜vity　by　COX　his充㏄he㎜一is位y

（Fig．1－3）独d－COX　e1ec位on㎜ic亙o駅鼠phs（Fig．1・4）．Hist㏄hemicaユ盈n副ysis

of　COX　a－ctivity　in　hea一批s　c＆蛆ying－60．6±3．4％△㎜tDNA　showed－tha尤盈u
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cardiac cells possessed COX activity: no COX negative cells were observed 

(Fig. 1-3). Moreover, COX electronmicrogl:aphs, that can identify COX 

activity at the individual mitochondrial level, clearly showed that no 

mitochondria lost COX activity, even though the heart possessed 60.6 :b 

3.40/0 AmtDNA (Fig. 1-4). Considering that exogenous wild-type mtDNA 

was not present in hearts carrylng 60.6 :!: 3.40/0 exogenous AmtDNA, at 

least 600/0 mitochondria should be COX-negative in the absence of interaction 

between COX-negative exogenous mitochondria and normal endogenous 

mitochondria. Therefore, the observations in Figure 1-4 could not be 

obtained in the absence of mitochondrial interaction. 

On the other hand, examination of a heart carrying 85.2 ~ 3.0010 

AmtDNA gave apparently different features of COX histochemistry and COX 

electronmicrographs, but the results again supported the presence of 

interaction between mitochondria. The heart consisted of COX positive and 

COX negative cardiac cells (Fig. 1-3). Single-cell quantitative PCR analysis 

of the serial cross sections showed that COX positive and negative cells 

possessed 67.6 ~ 12.90/0 (n=22) and 92.2 :~: 3.70/0 (n=18) AmtDNA, 

respectively (Fig. 1-5). COX electronmicrographs showed a uniform 

distribution of either COX-positive or COX=negative mitochondria within 

single cardiac cells (Fig. 1-4). In the absence of mitochondrial interaction, 

850/0 of the mitochondria would be COX negative in hearts carlcying 85.2 ~ 

3.00/0 AmtDNA. However, COX electronmicrographs showedahomogeneous 

distribution of COX activity throughout mitochondria, and no mosaic 

distribution of COX positive and negative mitochondria within any single 
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cardiac cell was observed (Fig. 1-4). 

I suggest that cardiac cells carrying less than 85*/* AmtDNA 

retained normal mitochondrial translation and normal COX activity by 

complementing tRNAs transcribed from tRNA genes missing in AmtDNA. 

On the other hand, cardiac cells carrying more than 850/0 AmtDNA 

progressively lost COX activity due to an insuflicient amount of the tRNAs 

required for normal mitochondrial translation. Therefore, the translation 

phase may be shifted from complementation to competition of the tRNAs in 

cells with more than 850/0 AmtDNA, resulting in progressive inhibition of 

overall mitochondrial translation and resultant reduction of COX activity. 

These observations consistently suggest the presence of extensive 

in rivo interaction between exogenous mitochondria carrying AmtDNA and 

endogenous nrltochondria carrying wild=type mtDNA in the mito-nilce. 
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DISCUSSION 

Recent study of my colleagues (Nakada et al. 2001) provided 

evidence for the presence of intermitochondrial interaction using mito-mice 

(Inoue et al. 2000), which were generated by the introduction of 

COX-negative mitochondria carrying 880/0 AmtDNA and residual 12010 

wild-type mtDNA into zygotes carrying 1000/0 wild-type mtDNA. All 

mitochondria in tissues with AmtDNA showed normal COX activity until it 

accumulated to 800/0. Moreover, no coexistence of COX-positive and 

-negative mitochondria within single cells was observed (Nakada et,al. 200 1). 

These observations could be explained by the occurrence of in vivo 

inter-mitochondrial complementation by the extensive and continuous 

interchange of genetic materials between exogenous mitochondria carrying 

AmtDNA and host mitochondria carrying wild-type mtDNA. 

However, Attardi et al. (Attardi et aJ. 2002) noted that 

observations of Nakada et al. (Nakada et al. 2001) could be explained in the 

absence of interaction between mitochondria by assuming simultaneous 

occurrence of the followingtwo events. First, clonal expansion of exogenous 

COX-negative mitochondria carrying AmtDNA and the resultant elimination 

of most endogenous mitochondria. Second, an increase in the amount of 

wild-type mtDNA preexisting in exogenous mitochondria with the resultant 

recovery of COX activity in the overall mitochondria of mito-mice. In these 

cases, protection of mito-mice from mitochondrial defects was due to the 

interaction within exogenous mitochondria, but not interaction between exo-
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and endogenous mitochondria. Although the occurrence of these 

phenomena seems unlikely, experiments that can identify ex0= and 

endogenous wild-type mtDNA are required to exclude the possibility of clonal 

exp ansion of exogenous mitochondria, and to draw a general conclusion with 

respect to the lia rivo interaction between mitochondria. 

In this study, I generated mito-mice using zygotes of the mouse 

B6-mt･p" strain carrying mtDNA from a different mouse species, M splletus, 

so that endogenous wild-type mtDNA could be distinguished from exogenous 

wild-type mtDNA by a restriction endonuclease. I obtained mit0=mice 

exclusively carrying endogenous M spfetus wild-type mtDNA and exogenous 

AmtDNA, but not exogenous wild-type mtDNA of M m. domesticus, 

suggesting the absence of clonal expansion of exogenous mitochondria with 

increased amount of exogenous wild-type mtDNA (Table 1-1). Moreover, 

none of the individual mitochondria in the mit0=mice expressed respiration 

defects until exogenous AmtDNA accumulated predominantly, providing 

unequivocal evidence for the l~ vivo interaction between endogenous 

mitochondria with M spretus mtDNA and exogenous COX negative 

mitochondria with AmtDNA. 

In these expenments transnussion of exogenous AmtDNA to 

following generations was observed in Fo~F3 generations, whereas exogenous 

wild-type mtDNA was not. The rapid eburination of exogenous wild-type 

mtDNA of M. m. domestjcus from female germ cells in Fo mice could be 

caused by stochastic segregation, since a very small amount of exogenous 

mtDNAS could be introduced into zygotes by electrofusion techniques. 
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Similar elimination of a small amount of exogenous mtDNA was observed 

when the transmission profile of paternal mtDNA in sperm introduced into 

zygotes on fertilization was examined (Kaneda et al. 1995; Shitara et al. 

1998). In intraspecies crossing, paternal mtDNA was completely 

eliminated from zygotes within 24hafter fertilization. On the other hand, 

its leakage was exclusively observed in interspecies crossing (Kaneda et al. 

1995). However, transmission of the leaked paternal mtDNA from 

interspecies hybrid mice to next generations through female germ cells was a 

rare phenomenon, if it occurred (Shitara et al. 1998). Probably, the 

proportion of sperm-derived mtDNA was extremely small (less than O. Iolo), so 

that the leaked paternal mtDNA disappeared very rapidly by stochastic 

segregation. Rapid and random mtDNA segregation was also reported in 

mice carrying heteroplasmic mtDNAS with neutral polymorphic mutations 

(Jenuth et al 1996). 

On the other hand, transmission of exogenous AmtDNA through 

female germ cells to the following generations was observed (Fig. 1-1). The 

escape of exogenous AmtDNA from elimination may be due, at least in part, 

to its smaller size, which could give replication and propagational 

advantages over endo- and exogenous wild-type mtDNAs. Therefore, even 

when the amount of AmtDNAintroduced into zygotes was extremely small, it 

could be transmitted and accumulate in tissues of F3 progenies (Table 1- 1). 

The presence of intermitochondrial interaction was supported by 

previous reports of my colleagues (Hayashi et aJ. 1994; Takai et a]. 1999; Ono 

et al 2001), which provided evidence for the I~2 vitlv interaction between 
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mitochondria by the fusion of cultured cells. Therefore, it can be 

generalized that extensive and continuous interchange of genetic materials 

occurs between mitochondria in cells both ia rivo and il2 vitro, resulting in 

metabolic connplementation of mitochondria to avoid direct expression of 

mtDNA mutations as respiration defects. 

Therefore, these observations do not support the conventional 

"mitochondrial theory of aging" (Linnane et al. 1989; Wallace 1992; 

Shigenaga et al. 1994; Nagley and Wei 1998), which proposes that 

age-associated mitochondrial dysfunction appears as the consequence of 

age-associated accumulation of somatic mutations in the mtDNA population. 

This hypothesis was supported by the evidence that various pathogenic 

mtDNA mutations accumulated with age in mitotic (Michikawa et al. 1999) 

and postmitotic tissues (Soong et al. 1992; Corral-Debrinski et al 1992). 

However, previous reports of my colleagues provided direct evidence for the 

functional integrity of mtDNAS from mitotic (Isobe et al. 1998) and 

postmitotic tissues (Ito et al. 1999) of aged subjects using mtDNA transfer 

techniques. For example, nuclear transfer experiments from mtDNA-less 

HeLa cells to human skin fibroblasts showed that nuclear-recessive 

mutations, but not mtDNA mutations are responsible for the age-associated 

mitochondrial dysfimction observed in the fibroblasts (Isobe et al. 1998). 

Moreover, introduction of mtDNA of autopsied brain tissues from aged 

human subjects into nrtDNA-1ess HeLa cells resulted in complete restoration 

of mitochondrial respiratory function in mtDNA repopulated HeLa cells 

(cybrids), although brain donors possessed mtDNAS with various pathogenic 
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mutations, which were transferred to the cybrids (Ito et al. 1999). These 

observations could be explained by intermitochondrial complementation, 

which rescues aged tissues from direct expression of mtDNA mutations as 

age- associated mitochondrial dysfunction . 
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Figure 1-1 Identification of M splietus wild-type mtDNA, M I~_ do~es~'cas 

wild-type and AmtDNA. 

a, Southern blot analysis of Bglll fragments. Wild-type mtDNA of M 

spretus gave three Bg:lll fragnrents (8.3, 5.1, and 2.9 kbp), and only one 

fragnlent with 5.1 kbp was detectable by the probe (nucleotide positions 

1,895-2,762) used in this experiment. Wild-type mtDNA and AmtDNA ofM 

m. domestjcus gave 16.3 and 11.6 kbp fragments, respectively. 

b, Specific detection of wild-type mtDNA of M spretus, wild-type and 

AmtDNA of M 122. domestjcus by PCR analysis. Due to high sensitivity of 

PCR amplification, small amount of wild-type mtDNA of M. m. domestl~lls 

observed by PCR analysis (b) was not detected by Southern blot analysis (a). 

spretus, wild-type mtDNA of M splletus; domesticus, wild-type mtDNA of M 

m. domestjcus; A, AmtDNA of M m. domestjcus. Lanes spr, dom, A, and mix 

represent DNA samples prepared from tails of B6mtspr strain mice, B6 

strain mice, Cy4696 cybrids with 89.4 :~: 2.3"/o AmtDNA, and their mixtures, 

respectively. Lanes Fo, F1, F2, and F3 represent mtDNAprepared from tails 

of Fo, F1, F2, and F3 progenies, respectively. 
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甜駅蝿1・3　COX　his施che醐is倣y　of且o盟豪施ぷ皿証sec虹ons　of血e雛ts　c釦浬虹皿g

O％（1e筑），60．6±3．4％（醐id一棚e）鋤a85．2±3．O％（虹幽危）△㎜tDNA。

Hea鵡co鵬istof㎜、㎝o㎜c1e班・趾砒c㎜鵬c1e鋤e鵬（c雛di泓cceus）joinea

ena’to凹鋤a　by虹tercaユa尤ed．伍scs（蹴rowhead－s）．A11c蹴伍盆c　ce11s　we鵬COX

positive虹hea－rt　c蛆rying60．6±3．4％△mtDNA，wh甑ea－s　hea抗w批h85．2

±3．O％△mtDNAco鵬isted．of　COX　positive弧a　negative丘be蝸．Scaユe　b紐，

30μ㎜．
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Figure I -4 COX electronmicrogTaphs of longitudinal sections of hearts 

carrying O"/* aeft), 60.6 :~ 3.4"/* (middle) and 85.2 :~ 3.00/0 AmtDNA (right). 

Arrowheads indicate intercalated discs. Hearts carrying 60.6 ~: 3.4010 

AmtDNA consist of all COX positive cells, and all individual mitochondria in 

each cell were COX positive. On the other hand, hearts carrying 85.2 :!: 

3.00/0 AmtDNA consist of cells with only COX positive mitochondria or cells 

with only COX negative mitochondria. No mosaic distribution of COX 

positive and negative mitochondria within single cardiac cells was observed, 

irrespective of whether hearts contained 60.6 :t 3.40/0 or 85.2 :~: 3.0010 

AmtDNA. Scale bar, I um. 

34 



Figure 1=4 

％⑭8％叩6％0

53



Figure 1-5 Single-cell quantitative PCR analysis of heart carrylng 85.2 ~: 

3.00/0 AnrtDNA. 

COX histochemistry of heart carrying 85.2 :~: 3.00/* AmtDNA and AmtDNA 

ratios in COX positive and negative cells are shown. Three serial 

cryosections (10 um) of were used for single-cell quantitative PCR. The first 

and third of three serial cryosections were stained with 

dinrethylaminoazobenzene for COX activity, and COX positive and negative 

cells in both sections were dissected and used for quantitative PCR. COX 

positive cells and negative cells possessed 67.6 :!: 12.9"/o (n=22) and 92.2 :!: 

3.7"/o (n=18) AmtDNA, respectively. 
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Figure I -5 
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SECTION II 

Rare creation of recombinant mtDNA haplotypes 

in mammalian sornatic tissues 
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INTRODUCTION 

Extensive recombination between mtDNAS from both parental 

cells has been proved in yeast (Dujon et al. 1974) and plant cells (Belliard et 

al 1979; Boeshore et aJ. 1983). Moreover, the presence of recombinant 

mtDNA haplotypes was reported in mussel species (Ladoukakis and Zouros 

2001). In mammalian species, however, there is as yet no direct evidence 

for mtDNA recombination, although some reports provide indirect evidence 

for their creation (Hayashi et al. 1985; Thyagarajan et al. 1996; Awadalla et 

al 1999). It has been a controversial issue for many years of whether 

recombinant mtDNAS are created in mammalian cells (Rokas et al. 2003). 

Previous studies of my colleagues showed extensive exchanges of mtDNAS 

between mitochondria in human hybrid cells (Takai et al. 1997; Ono et al. 

2001), and in mouse tissues (Inoue et al. 2000; Nakada et al. 2001). These 

findings suggested exclusion of physical barriers against recombination 

between heteroplasmic mtDNAS derived from different individuals or even 

from diefelcent species. Therefore, this issue could be resolved by precise 

sequence analysis of the heteroplasmic mtDNAS, which difE;er in many 

informative sequence positions. Recently, sequence analysis of PCR 

products of human mtDNA proved the presence of recombination between 

maternal and exceptionally leaked paternal mtDNAS in skeletal muscles 

from a patient with mitochondrial disease (Kraytsberg et a]. 2004). 

However, studies using PCR for identification of recombinant mtDNA 

haplotypes could not completely exclude the possibility that apparent 
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recombinants corresponded to artifacts due to PCR jumping. 

To obtain evidence for creation of recombmant mtDNA 

haplotypes in mammalian cells, I used two different procedures for mtDNA 

cloning. One was cloning of PCR products of mtDNAs, and the other was 

cloning of mtDNA purified by EtBr-CsCl centrifugation. For examination of 

jn vitTo mtDNA recombination, I used somatic hybrid cells within which two 

human mtDNAS possessing many different mutation sites coexist. On the 

other hand, for examination of in vivo mtDNA recombination, I carried out 

introduction of mitochondria into mouse zygotes to obtain mice carrying two 

mouse mtDNAS from different species. 
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M~TERIALS AND METHODS 

Cells and cell culture 

All the cell lines and hybrid cells used in this study were grown in 

normal RPM11640 medium with 0.1 mg/ml pyruvate, 50 Irg/ml uridine and 

10"/* fetal bovine serum. 

Analysis of mtDNA genotypes in human hybrid cells 

Total DNA extracted from 2 x 105 human cultured cells was used 

for analysis of their mtDNA genotypes. A4269G mtDNA was identiiied by 

the PCR method using a specific primer set (np 4,116-4,135 and np 

4,299-4,269). The cycle times were 30 sec denaturation at 95"C, 30 sec 

annealing at 50"C, and 30 sec extension at 72"C for 30 cycles. The products 

digested with Ssp I were separated by 40/~ agarose X (Wako, Japan) gel 

electrophoresis in the presence of ethidium bromide (0.5 mg/mD. The 

A3243G mtDNA was identified by the PCR method using a specific primer 

set (np 3,153-3,174 and np 3,551-3,528). The cycle times were 30 sec for 

denaturation at 95*C, 30 sec for annealing at 45~C, and 30 sec for extension 

at 72~C for 30 cycles. The products digested with Apal were separated by 

3*/o agarose S (Wako, Japan) gel electrophoresis in the presence of EtBr (0.5 

m g/mD . 

Generation of mito-mice 

Mice with exogenous AmtDNA, named mito-mice, were generated 
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as described previously (Sato et al. 2004). Briefly, cytoplasts containing 

AmtDNA were introduced into the perivitelline space of the B6-mt*p･ embryos 

with a piezo-driven micromanipulator. The cytoplasts were fused with the 

enrbryos by applying an electric pulse. Fused embryos were transferred to 

the oviducts of pseudopregnant foster mothers. One Fo female mated with 

C57BL/6J showed germline transmission of AmtDNA. An F3 mito-mouse 

possessing 30.00/0 M m. domestjcasAmtDNA and 70.00/0 M splletuswild-type 

mtDNA in the tail was used for examination of recombinant mtDNAS. For 

quantijication of M 122. domestjcus AmtDNA and M splletus wild-type 

mtDNA, BgJHfragments of total DNA extracted from brain and skeletal 

muscle were transferred to a nylon membrane and hybridized with alkaline 

phosphate-labeled mouse probe (np 1,895-2,762). Probe labeling and signal 

detection were carried out as described in the protocols of the AlkPhos Direct 

(Amersham Pharmacia Biotech, UK). 

PCR amplification of mtDNA in human hybrid cells for cloning and 

sequencing 

Total DNA extracted from 2 x 105 human hybrid cells was used 

for amplification of mtDNA fragments including pathogenic mutation sites 

and the D-Ioop region using a primer set of hunnan mtDNA (np 15,994- 16,024 

and np 4,300=4,271). The cycle times were I min for denaturation at 94"C, 1 

min for annealing at 54.5"C, and 6 min for extension at 72"C for 30 cycles. 

The 4,878 bp PCR products were ligated with pUC118 (TaKaRa, Tokyo, 

Japan), and then introduced into DH50c (TaKaRa, Tokyo, Japan). 
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PCR amphfication of mtDNAS in mito-mice tissues for cloning and 

sequencing 

Total DNA was extracted from skeletal muscles of mito-mice, and 

mtDNA including the D-loop region was amplified with a primer set common 

to both M splletus and M m. domestjcus mtDNAS (np 15,278-15,311 and np 

489-468). The cycle times were 30 sec for denaturation at 95 "C, 30 sec for 

annealing at 55 "C and 2 min for extension at 72 "C for 30 cycles. The PCR 

products were ligated with pUC118 (TaKaRa, Tokyo, Japan), and then 

introduced into DH50c (TaKaRa, Tokyo, Japan). 

Purification of mtDNA 

Mitochondiria and crude mtDNA were prepared from cultured 

human hybrid cells and mouse tissues as described (Yonekawa et al. 1978), 

with a modification of additional treating mitochondria with DNasel to 

eliminate nuclear contaminants. The mtDNAS Were purified by EtBr-CsCl 

density~gradient centnfugation at 36,000 rpm for 40 hr (SW55Ti rotor, 

Beckman, California, USA). 

Cloning of purified human and mouse mtDNAS 

Hunran IntDNA purified from hybrid cells was digested with Sacl, 

EcoEl, and ECOB V . After agarose gel electrophoresis, three mtDNA 

fragments. Fragnents A (4,083 bp; np 41-4,123), Fragment B, (3,556 bp; np 

3,183-6,738) and Fragment C (2,994 bp; np 9,649-12,642) possessing Sacl 
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馳＆扱o蛆sites，亙oo児V　sites，a皿a幽a独a助o亙sites，蛇spective蚊we鵬

ext蝸ctea血o㎜the　ge1s，a皿a　hga－tea　with　pB1u．escript　II　SKl　a皿d－PUC118

（Ta－K昼R肢，㎜okyo，J筏pa皿）．The1iga－tea　vecto蝸we蛇虹旋oaucea　into　DH5α

a一皿a　DH1OB（丁昼K駁R盈，Tokyo，J理舶）

　　　　　　　Mo鵬e㎜tDNA　p被で：脆ea血o㎜ske1etaユ㎜．鵬c1es　a皿a　b皿a一㎞was

digested－with〃αI．班遡．αo㎜鎚虹蝸皿tDNA　wa－s　digestea　at皿p1，772，

b前班砂狛施8㎜tDNAwa－s　not　d－ue　to　the1ack　of〃αI　sites．A銑e皿a－gaxose

ge1e1ec披哩ho鵬sis，a皿11．6kbp血ag㎜一en－t　co蛆esponding　to　who1e△m－tDNA

was　ex枕actea　fm㎜　the　ge五，盈孤a1igate成　with　pCR・XL－TOPO　vector

（hvi枇ogen，　Ca1雌orni盈，　USA），　Possessing　a一巫　87　bp　虹seでtion

（TAAGTTAGAGACCTTAAAATCTCCATACACCATGATGCCACAACTAGAT

ACATAACATGATTTATCACA）a－t　the　TA　c1oni皿g　site，a皿a砒e皿int皿od一皿cea

into　JM109（丁虹Ka－R盆，Tokyo，J泓p星n）．

Nuc1eo虹d－e　s閑uence　a皿証ysis

　　　　　　　Seq皿髄ce　te㎜一p1a－tes　we蝸p蛇pa一蛇a　with　a－TemphPhi　DNA

Se岬encing　Tem－p1a－te　A㎜p1雌一ca－tio皿　Kit（Amersha㎜　Bioscie皿ces，UK）

fo11owing　the　man㎡凱ctn蛇r’s　prot㏄o1．Sequence　re凱ctio鵬we蝸perfor㎜ea

by　Dye㎜既㎜一i蝸tioポMetho由（TaKa－R＆PCR　Therm我1Cyc1eでGP；TaKa－Ra一，

Ja一脾n）．　Sa一㎜一二P1es　we鵬the皿sequencea　on　lMlega－BACE1OOO（Am－e蝸ha㎜一

Biosciences，UK）．

A㎜皿h逓一c激虹o皿of蝸co阻嚇皿a皿愈醐。o1ec冊es　us5皿g　PCR

　　　　　　　Pximexs　speci畳c　fox皿ερ五θ施8（n＝p4，141・4，166，CAATTAT蛆AC
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AATTAGGAACATGGG）　a皿d．fox　班　遡、　威o㎜鎚血o蝸　（np　4，311・4，282，

CATGTAAGAAGAATAAGTCCTATGTGCAGT）　we蝸　鵬ed－fox　se1ective

a㎜p咄五c就ion　of蛇co㎜bi鵬砒㎜o1ecn1es　i孤皿tDNA　s＆mp1e　p蛇p砒ea　f醐㎜

ske1et証musc1es　of馳F3㎜ito一㎜一〇鵬e．　The　cyc1e杜㎜。es　we舵20sec　fox

aen盈t皿ra－tion　a－t95oC，30sec　for　a皿neε出皿g　a皿d－extensio皿a－t62・C　fox30

CyC1eS．

⑭孤勧皿杜施せve　si皿g1e　ce皿PCR　a皿a皿ysis

　　　　　　　Se虹aユcryosec虹ons（10μn叉thick皿ess）of　caxdia－c㎜一亙sc1e　tiss秘e

ca蛆yi皿g87．3％△㎜tDNA　excisea血o㎜a皿F3㎜ito・㎜。ouse　we鵬鵬ed－fox

q皿a批ita一虹ve　si皿g1e℃eu　PCR．　The　趾st　section　w鴉　st虹ned－with

伍狐ethy1a一㎜。虹oa－zobe皿zene　fox　COX　＆ctivi軌　　a－na　COX－positive　a皿a

COX・鵬ga．tive　ceus　we蛇se1ecte＆．Ea－ch　ce11in．the鵬xt　c町osectio孤wa．s

伍ssectea　wi砒PRO－300La－ser　Scisso蝸（Ceu　Robo虹cs，New　Mlexico，USA）．

Q双a皿t逝ca－tion　of〃1捌．do醐鎚血o蝸△蛆tDNA＆na〃1靱雌施3w皿a一蚊pe

㎜tDNAw鍋ca－niea　o砒us虹g凱丁悶M1鋤一PCR蛇凱g艶t虹t　a一孤a　anABI　PRISlM［

7900HT　Sequence　Detectio皿Syste㎜（App1ie＆Biosyste㎜s，C砒o叉皿i＆，USA）

und－ex　the　conditionsでeco皿皿鴫naed－by　the皿㌧anufa－ct皿亙e皿　　The　pxin1e皿set

spec遣c　fox〃1捌．由㎜θ8血o蝸△㎜tDNAwa－s　np7，697－7，725a皿d－12，528・12，508．

The蛇poxte皿aye　EAM1hbe1ed－TaqlMla皿1MlGB　pxobe（ApP1ied－Biosystem－s，

Cま雌ox皿i駐，USA）speci丘c　for〃1㎜．由醐鍋血o鵬△㎜tDNA　wa－s皿p7，750－7，758

a皿a12，455｛2，464．The　ph㎜。er　set　spec過c　fox〃1砂■切蝸wi1d一・type　mtDNA

wa－s叩7，442血7，469弧a7，726・7，697．　The蝸porte疋aye　FAlMl　ana　the

岬enche皿d－ye　TAMlRA1a－be1ea岬obe　wa－s叩7，490・7，趾3．
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RESULTS 

First, I examined mtDNAS in human hybrid cells, which my 

colleagues previously isolated by fusion of two types of respiration'deficient 

parental cells caused by different pathogenic mutations, A3243G in the 

tBNAL'~(UL~:~ gene and A4269G in the tBNAll. gene of mtDNA, derived from 

patients with MELAS and cardiomyopathy, respectively (Ono et al. 2001). 

To allow sufficient time for recombination of parental mtDNAS in the hybrid 

cells, I cultivated the hybrid cells for 9 months after fusion (Fig. 2-1a). The 

hybrid cells I examined possessed 360/0 A3243G mtDNA and 640/~ A4269G 

mtDNA (Fig. 2-1a), and their coexistence restored respiratory enzyme 

activity to the normal level (Fig. 2-1b, c), suggesting the presence of 

mitochondrial complementation by extensive exchange of mtDNAS between 

the two parental mitochondria in the hybrid cells. This complementation 

indicated the coexistence of both parental A3243G and A4269G mtDNAS 

within the same mitochondria. Therefore, physical barriers for 

recombination between mtDNAS derived from different patients were 

excluded in the hybrid cells. Southern blot analysis of subclones isolated 

from the hybrid cells showed that heteroplasmy of both parental mtDNAS 

was maintained in all the subclones during 9 months cultivation after the 

fusion (data not shown). 

Since many different mutation sites in parental mtDNAS were 

required to demonstrate the presence of their recombinants, I used 4,878bp 

PCR products ranging from nucleotide position (np) 15,994 to 4>300. The 
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products included both the pathogenic mutation sites and the D-loop region, 

in which many polymorphic mutations were expected to exist (Fig. 2-2a). 

Sequence analyses of each parental A3243G and A4269G mtDNAS and 

comparison of their sequences with Cambridge reference sequences (CRS) 

(Andrew et al. 1999) showed that 7 sites were specific to A3243G mtDNA, 

and 11 sites were specific to A4269G mtDNA (Fig. 2-2a). Then, I carried out 

cloning and sequence analysis of the 4,878bp PCR products of mtDNAS in 

the hybrid cells. Of the 100 clones I sequenced, 64 clones (clones 16-79) 

possessed mutations sites specific to both A3243G mtDNA and to A4269G 

mtDNA (Fig. 2-2b), suggesting that they apparently corresponded to 

recombinant mtDNA haplotypes. 

For exammation of In vlvo lceconrbmation mrce wrth 

heteroplasmic mtDNAS carrying different sequences have to be generated. 

However, most laboratory mouse strains are derived from a single female 

mouse of M In. domestjcus, and their mtDNA sequences are almost identical 

(Ferris etal. 1982; Yonekawa etal. 1982). Another problem was how I could 

obtain clear evidence for the coexistence of both parental mtDNAS Within the 

same mitochondria, since recombinant haplotypes could not be created 

unless the parental mtDNAS coexist within the same mitochondria. To 

overcome these problems, I used previously generated mito-mice (Sato et al. 

2004). The mice were generated by introducing AmtDNA of M. m. 

domestjcus (Fig. 2-3a, right) into zygotes of congenic B6-mt･p･ strain mice 

carrying wild=type mtDNA of M spl~tus (Fig. 2-3a, Ieft), which belongs to the 

genus Mu5, and so is a different species from M m. domestjcus. 
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After three generations, I obtained an F3 mito-mouse (6 months 

old) carrying 60.00/0 AmtDNA of M m. don2estjcas and 40.00/0 wild-type 

mtDNA of M spl~tus in its tail. Since the exo- and endogenous mtDNAS 

were derived from different mouse species, they possessed many different 

mutation sites. Cytochrome c oxidase (COX) electronmicrographs, which 

can identify COX activity at the individual mitochondrial level, showed that 

all mitochondria from skeletal muscles with 58.50/0 AmtDNA possessed COX 

activity (data not shown). If exogenous COX-negative mitochondria with 

AmtDNA and endogenous COX-positive mitochondria with wild-type mtDNA 

do not fuse with each other, 58.50/0 mitochondria should be COX negative, but 

this was not the case. The presence of COX activity in all mitochondria 

suggested the coexistence of exogenous AnrtDNA of M m. domestjcus and 

endogenous wild-type mtDNA of M. splletus within the same mitochondria in 

mito-mice tissues. 

Since the exo- and endogenous mtDNAS were derived from 

different mouse species, they were expected to possess nrany different 

mutations. Sequence analysis of 1.5 kbp PCR products including the D-loop 

lcegion showed differences due to 89 base substitutions or deletions in the 

mtDNAS Of M In. domesticas and M. spliet~ls, and thus their lcecombinants 

present in tissues of the mito-mice could easily be identified. Cloning and 

sequence analyses were carried out using 1.5 kbp PCR products of the 

skeletal muscles carrying 58.50/0 AmtDNA from an F3 mito-mouse (Fig. 2･3). 

Of 21 clones sequenced, 11 clones (clone 1-11) and six clones (clone 16-21) 

possessed exactly the same sequences as those of parental mtDNAS of M. m. 
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domestjcas and M spfetus, respectively (Fig. 2-3b). On the other hand, the 

other four clones (clone 12-15) all possessed mutations specific to both M m. 

domestjcas and M splletlls mtDNAs. 

For confirmation of such an extensive creation of mtDNA 

recombinants, I carried out cloning of purified mtDNA without using PCR 

amplification in the hybrid cells. The mtDNA prepared from the hybrid 

cells was puufied by EtBr-CsCl centriiitlgation, and the purified mtDNA was 

digested with restriction enzymes (Fig. 2-4a). After agarose gel 

electrophoresis, three fragments, Fragnrents A, B, and C, consisting of 4,083 

bp, 3,556 bp, and 2,994 bp fragments, respectively, were extracted from the 

gels for their cloning. 

Fragnrent A included ll CRS srtes that are speciiic to erther 

A4269G or A3243G mtDNA (Fig. 2-4b). Of 85 clones of Fragment A, 30 

clones (clones 1-30) and 55 clones (clones 31-85) possessed sequences 

identical to those of parental A3243G and A4269G mtDNAs, respectively, 

although single sonratic mutations were observed in 9 clones (clones 25=33) 

(Fig. 2-4b). Fragment B included 10 CRS sites that are specific to either 

A4269G or A3243G mtDNA. Of 101 clones of Fragment B, 44 clones (clones 

1-44) and 57 clones (clones 45-101) possessed sequences identical to those of 

parental A3243G and A4269G mtDNA, Icespectively, although single somatic 

mutations were observed in 16 clones (clones 41-56) (Fig. 2-4b). Fragment 

C included 7 CRS sites that are specific to either parental A4269G or 

A3243G. Of 85 clones of Fragment C, 35 clones (clones 1-35) and 50 clones 

(clones 36-85) possessed sequences identical to those of parental A3243G and 
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A4269G mtDNAs, respectively (Fig. 2-4b). These observations suggested 

that there were no recombinant mtDNAS in any of the clones I examined. I 

sequenced more than 85 clones, which covered 600/0 of the whole 

mitochondrial genome (Fig. 2-4). Thus, even if recombinant mtDNA 

haplotypes were present in the hybrid cells, their frequency would be less 

than 20/0. These observations suggested that most apparent recombinants 

observed in PCR products (Fig. 2-2b) corresponded to jumping artifacts 

rather than to real recombinants. 

In these experiments, I used human hybrid cells isolated by the 

fusion of somatic cells. Therefore, it is still possible that mtDNA 

recombination is an event that frequently occurs in tissues or in female germ 

line cells, but not in cultivated somatic cells. 

This time, to avoid PCR jumping artifacts, I used mouse mtDNA 

purified by EtBr-CsCl centrifugation for cloning and sequencing. From an 

F3 mito-mice carrying 30.00/0 AmtDNA in its tail, skeletal muscles and brain 

were excised. Southern blot analysis of Bgl~ digests showed that mtDNA 

samples purified from mito-mouse skeletal muscles and brain contained 

30.70/0 and 34.20/0 AmtDNA of M m. domestjcus, respectively (Fig. 2-5b). To 

exclude the possibility of recombination between two plasmids carrying 

AmtDNA and M splletus mtDNA after cloning in E. coli cytoplasm, I carried 

out exclusive cloning of AmtDNA by digestion of purified mouse mtDNA with 

restriction enzyme Mu r , so that M splletus mtDNA could not be cloned due 

to the absence of the Mu I site (Fig. 2-5a). 

After agarose gel electrophoresis, an 11.6 kbp fragment 
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corresponding to whole linear AmtDNA was extracted from the gels for its 

cloning. Sequencing of 107 and 56 clones of whole AmtDNA purified from 

skeletal muscles and brain, respectively, showed that only one clone (clone 

10) of muscle AmtDNA contained 37-65 bp and 121-135 bp regions in which 

the sequences were identical to those of M splvtus mtDNA (Fig. 2-5c, d). 

The remaining 162 AmtDNA clones did not contain sequences identical to 

that in M splletUs mtDNA. These observations suggested that the 

frequency of recombinant mtDNA haplotypes in mito-mice tissues was less 

than lo/o. On the other hand, while 11 clones (9 in skeletal muscles and 2 in 

brain) of 162 clones possessed somatic mutations (Fig. 2-5c), no clones shared 

the same somatic mutations, suggesting that clonal expansion of AmtDNA 

haplotypes carrying specific somatic mutations did not occur in mouse 

tissues. 

Then, for obtaining the evidence for the presence of the 

recombinant molecules in the mtDNA samples before cloning, I carried out 

their selective amplification using a mismatch primer set containing 

sequences specific to M splietu~ and M. m. domestjcus, respectively (Fig. 

2-6a). In 30 cycles of the PCR, an expected 17lbp fragment was exclusively 

amplified from the mito-mouse mtDNA sample, but not from both parental 

mtDNAS and from their mixture (Fig. 2-6b). However, 50 cycles of the PCR 

produced the 171 bp fragment from the mixture (Fig. 2-6b), suggesting that 

all the 17lbp fragnrents corresponded to PCR jumping products. For 

excluding this possibility, I carried out cloning and sequencing of the 171 bp 

fragments amplified from the mito-mouse mtDNA and from mixture of 
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parental mtDNAS, respectively. The results showed that all clones from the 

mito'mouse mtDNA showed identical sequence to that of the recombmant 

clone 10, whereas all clones from the mixture mtDNAS possessed different 

sequences from that of the recombinant clone 10 (Fig. 2=6c). Therefore, 

former clones corresponded to real recombinants, whereas latter clones 

corresponded to PCR jumping artifacts. These observations provided 

unambiguous evidence for rare creation of the recombinant molecules 

identical to clone 10 in skeletal muscles of the mito-mouse (Fig. 2-5d). 
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DISCUSSION 

I observed very rare mtDNA recombination only in skeletal 

muscles from mito-mice. Then, a question is what is the biological 

significance of sequence changes in mammalian mtDNA. One explanation 

for creating such products is complementation of mitochondrial dysfunction 

caused by pathogenic mutations in mtDNA. In this case, the restoration of 

respiratory function in the hybrid cells (Fig. 2-1c) could be attained by 

production of new mtDNA haplotypes with neither A3243G nor A4269G 

mutations by recombination, because the accumulation of more than 5010 

recombinant haplotypes without both mutations may restore respiratory 

function in the hybrid cells (Chomyn et al. 1992). However, this study 

unambiguously showed that no such forms were present in 101 clones of 

Fragment B (Fig. 2-4b), although the hybrid cells showed restoration from 

respiration deficiency (Fig. 2･1c). Such a low frequency of recombination, 

even if it occurred, between heteroplasmic mtDNA would not complement 

respiration defects caused by various mutations in mtDNA. Thus, the 

observed restoration in human hybrid cells was entirely due to exchange of 

mtDNAS or their products between mitochondria, not to recombination 

between mtDNAs. 

Another explanation for creating such products is generation of 

sequence divergence in the mammalian mtDNA population. Creation of 

recombinant mtDNA haplotypes was reported in species that show 

biparental mtDNA inheritance (Dujon et aJ. 1974) or leakage of paternal 
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mtDNA (Ladoukakis et aJ. 2001). In these cases, recombination occurred 

between maternal and paternal mtDNAS, and its biological meaning should 

be to provide extensive variations of mtDNA haplotypes in the species. In 

mamnralian species, however, rapid and complete elimination of paternal 

mtDNA from zygotes (Kaneda et al 1995; Shitara et aJ. 1998) prevents the 

coexistence of mtDNAS from both parents within individuals, resulting in 

the homoplasmic nature of the maternal mtDNA population in each 

individual. Thus, reconrbination of homoplasmic mtDNAS to create 

homoplasmic mtDNAS does not seem to have any biological significance in 

such an asexual genetic system. 

While the transmission of paternal mtDNA was reported in a 

patient with mitochondrial disease (Shwartz and Vlssing 2002), and in 

mouse interspecies F1 hybrids (Shitara et al 1998), subsequent studies 

showed no paternal mtDNA Ieakage in patients with mitochondrial diseases 

(Taylor et al. 2003; Filosto et aJ. 2003), and no transmission of the leaked 

paternal mtDNA to following generations (Shitara et al. 1998). Therefore, 

paternal mtDNA Ieakage is rare and its transmission is even rarer in 

mammalian species. Moreover, this study shows that the frequency of 

creation of new haplotypes with sequence changes between heteroplasmic 

mtDNAS is very low in mammalian species (Figs. 2-4b and 2-5c). All these 

observations suggest that transmission of recombinant mtDNA haplotypes 

through female germ lines to the following generation is an extremely rare 

event, even when paternal mtDNA Ieaks by some defect of the machinery 

required to ensure complete elimination of sperm mtDNA from zygotes. 
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Therefore, the biological significance of sequence changes in 

mammalian mtDNA seems to be neither the generation of sequence 

vanations in the mammalian mtDNA population, nor complementing 

respiration defects caused by deleterious sonratic mutations in mtDNA (Fig. 

2 - Ic) . 

On the other hand, it is highly likely that the clone with sequence 

changes simply reflect a product resulting from the mtDNA repair reaction 

upon strand breakage. Due to the high concentration of reactive oxygen 

species (ROS) in mitochondria, there should be frequent creation of single 

strand breakage in mtDNA, resulting in some strand invasion and 

displacement between homologous or heterologous mtDNA molecules in 

heteroplasmic cells. In the case of strand invasion between heterologous 

mtDNA molecules, nucleotide mismatches in the heteroduplex should be 

subsequently repaired by the mismatch repair activity in mitochondria 

(Mason et al. 2003). If invaded strands are repaired, there should be no 

sequence changes, but in the case of repair of recipient strands, the repair 

process should create sequences identical to those of the invaded mtDNA 

molecules. In fact, the sequence changes I observed were restricted to very 

small regions (Fig. 2=5c). Thus, the observed recombinant mtDNA 

haplotype would simply reflect the gene conversion products in the repair of 

damaged mtDNA molecules, rather than the classic reconrbination for 

creating sequence divergence in the mtDNA population. 

This study also resolves a controversial issue of whether clonal 

expansion of mtDNA and resultant expression of respiration defects occurs 
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m mouse tissues. There have been many reports suggesting age-associated 

clonal expansion of some mtDNA haplotypes carrying somatic mutations in 

human tissues (Michikawa et al. 1999; Chinnery et al 2002; Trifimovie et aJ. 

2004). Recently, Tufunovic et al. (2004) reported generation of 

ageing-model mice expressing proof=reading-deficient mtDNA polymerase, in 

which increased levels of somatic mutations in mtDNA appear to be 

associated with respiration defects, reduced life span, and premature onset 

of ageing-related phenotypes. They assumed that clonal expansion of 

mtDNA haplotypes with various somatic mutations should be one of factors 

responsible for respiration defects and resultant expression of ageing 

phenotypes. However, sequence studies of AmtDNA in mit0=mice showed 

that 11 of 163 clones possessed somatic mutations, but no clones shared the 

same somatic mutations (Fig. 2-5c), suggesting no clonal expansion of the 

specific mtDNA haplotypes carrying somatic mutations in mouse tissues. 

For precise examination of clonal expansion, COX histochemistry (Fig. 2-7a) 

and quantitative analysis of AmtDNA were carried out using serial sections 

of the same cardiac cells (Fig. 2-7b), since they could provide ideal system for 

showing both respiratory function and the plcoportion of mutated mtDNA 

within the same cells. I used the heart of an F3 mito-mouse containing 

87.30/0 AmtDNA, and the results showed that COX-positive and -negative 

fibers (cardiac cells) possessed 73.0~5.00/~ and 92.5il3.20/0 AmtDNA, 

respectively, suggesting the absence of clonal expansion of AmtDNA in 

cardiac cells. The results in Fig. 2-5c and Fig. 2-7 provided direct evidence 

that no clonal expansion of specific mtDNA haplotypes carrying some 
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mutations occurred in cells of the 6 months old mito-mice. Thus, clonal 

expansion of mtDNA may occur in aged human tissues, but not in aged 

mouse tissues. Probably, Ionger time is required to attain clonal expansion 

of mtDNA in mouse tissues as well as in human tissues. 

This study resolves another controversial issue of whether 

mammalian mitochondria interact with each other and exchange their 

genetic products (Attardi et al. 2002). Previous reports of my colleagues 

provided evidence for interactions between mitochondria based on the 

observation that expression of respiration defects induced by exogenous 

AmtDNA was prevented by endogenous wild-type mtDNA of the same mouse 

species in mito-mice (Nakada et al. 2001). Although this could be explained 

by assuming clonal expansion of wild-type mtDNA preexisting in exogenous 

mitochondria (Attardi et al. 2002), this possibility was completely excluded 

by the findings that the exo- and endogenous mtDNA genotypes come into 

close proximity to convert their sequences (Fig. 2-5c), and that clonal 

expansion of specific mtDNA haplotypes did not occur in mouse tissues (Figs 

2-5c and 2-7). Therefore, mammalian mitochondria have the abilities not 

only to exchange genetic contents, but also to interact mtDNA molecules and 

create gene conversion products (Fig. 2-5c). These observations support 

"interaction theory of mitochondria" (Hayashi et al. 1994; Nakada et al. 

200la, b; Ono et aJ. 2001), which proposes that free mixing of mitochondrial 

matrix components throughout the mitochondrial network would protect 

nrammalian mitochondria from direct expression of respiration defects 

caused by accumulated somatic mutations in mtDNAS, or by ROS-induced 
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mtDNA strand breakage. 
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醐駅鵬2・1　Coe虹s愈脳ce　of　lP鉱e武鉦脾thoge㎡c㎜就就ea醐tDNAs　w此肚皿

hyb鋤鵬皿S鋤a批Se艶硫O盟ph艶0椀iCe理蝸SSiO皿Of虹t㏄h0皿湿証

蛇S凶就O町施皿CtiOn。

ρ十143B，143BTK’ceus；ρ十HeL＆，HeLa　ceus；ρo143B，㎜一tDNA・五ess143BTK’

ceus；ρo　HeLa．，㎜一tDNA・1ess　HeLa－ceus；榊‘HeL＆a皿d一榊I143B　a一蛇

respi蝸tionせe丘cie批HeLa－ceus　a皿d－143BTK’ceus　a泌e　to　A4269G　a皿a

A3243G　pathog－enic㎜軌就ions　i双the鮒刀θgene盈皿＆燃ψθα㎜ge皿e，

鵬spective蚊　The榊‘ceus　we蛇u．sed一鵬pare批aユceus　foでiso1就io巫ofthe虹

hybrid－ce11s（卵．143B　x巧棚‘HeL凱）．9m一鵬p蛇sents　the　c棚tiva－tio皿ti醐e

（王m－onths）of　the　hybria　ceus　after　f血sio双．

駁，An証yses　of醐tDNA　genotypes　of　p雛e砒証ce11s　a皿d－their　hybxi泓ceus．

For　id－ent遣c就io皿of　the㎜ut盆tea　A3243G㎜一tDNA（3243＋）＆na　A4269G

㎜一tDNA（4269斗），I　caヱ虹ea　o耐蝸striction　en町㎜一e脚班yses　of尤he　PCR

pro泓ucts．　As　the蝸醐1t　ofg出皿ofa皿4脾I　site　by　an　A3243G帥bs砒ution，

the　PCR胆od一皿cts　of　A3243G皿tDNA（3243＋）pxod一皿ce　a－309b皿血ag肌帥t，

whe蝸a－s　those　of　A4269G　a．nd－wi朴type㎜tDNAs　witho砒the㎜一ut盆tion

（3243’）pmd－uce＆399bp血ag㎜e砒．O皿the　othex　ha二服d一，A4269G㎜tDNA

（4269令）P・・au・e・我184bp舳9皿entb・・狐…fth・1・…fa皿鋤I・it・by独

A4269G　s曲s砒ution，whe蝸蝸A3243G組na　wi1士t㎜e㎜tDNAs　without　the

㎜uta－tion（4269’）prod－uce　a－153bp　f蝸一g㎜e批．　Hyb虹a　ceus　show　the

coe虹stence　ofp蹴甑t証A3243G㎜．tDNA（3243寺）a皿d－A4269G㎜、tDNA（4269＋）．

b，虹aユysis　of　phe皿otype　of　n夏itochondヱiaユtでa－ns1a－tio皿a－ctiv批y　　Afte亙speci丘c

［3δS］・蔓皿ethio皿ine　　1＆beh皿g　　of　　虹辻itochondヱi鉦　　枇ans1atio皿　　pxoancts亨
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㎜。itochon血i証1Protei鵬we鵬sep砒a－ted－by　SDS・pAGE．　ND5，COI，ND4，

Cy危b，ND2，ND1，COII，COIu，ATP6ヨND6，ND3，ND3一，ATP8，a皿a　ND4L姐e

po1ypep虹d－es　encod－ed－by㎜一tDNA　ge鵬s（c£Eig．2盈）．　No　a－ctivities鮒e

observed－i皿ρ0HeLa一独aρ0143B砒e　to　the虹mtDNA　aep1e虹on，盟nd．i皿榊’

HeLa－a皿d一榊I143B　d一鵬to　p就hogenic㎜砒a一虹ons　in　tRNA　g髄es．Hybria

ceus　show蛇sto蛇a㎜itocho皿血iaユt蝸一鵬1＆tion　a－ctivities．

c，A皿aユysis　of　phenotype　of　xespix＆tory　enzyn1e　activity　　E汲a㎜j皿atio皿　of

enzy㎜e　a－ctivity　of　co㎜p1ex醐「（cytoch叉o㎜、e　o　oxid一鵬e；COX），o亙e　of　the

蛇spi蝸tory　enzy㎜e　co㎜、p1exes．No　ce11s　witho枇㎜．itochon砒aユtxa皿s1我tion

ac虹㎡ties　show　COX駁ctivi軌whi1e　hyb虹d－ce11s　show蝸sto醐一tion　of　the

鵬au－ced－COX　a－c虹vity　in　their　pa－r鋤t証sy耐ceus．
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Figure 2- 1 
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Figure 2 -2 Sequence analysis of cloned PCR fragments from hybrid cells 

carrying parental A3243G and A4269G mtDNAs. 

a, Gene maps of human mtDNAs. Closed and open green arrowheads on 

the maps represent forward primer (F) and reverse primer (R), respectively, 

used for amplification of 4,878 bp products (arcs). The cloned regions of 

4,878bp PCR products include the D-loop and the pathogenic mutation sites 

of both parental A3243G and A4269G nrtDNAs, and are shown in pink and 

blue regions, respectively, on the gene maps. The corresponding region of 

the Cambridge reference sequence (CRS) (Bibb et al. 1981) is shown in yellow. 

CRS shown in the yellow lane was used as a human mtDNA standard for 

comparison with the two parental mtDNA sequences. A3243G 1-10, 

sequence of 10 clones of the PCR products amplified from A3243G mtDNA is 

shown in the pink lane. A4269G 1=10, sequence of 10 clones of the PCR 

products amplified from A4269G mtDNA is shown in the blue lane. The 

results on the sequences of the cloned 4,878 bp PCR products show that 20 

sites in 4,878 bp sequences are different from that of CRS. The nucleotide 

positions of these 20 sites in CRS are shown in the yellow lane. Of 20 sites, 

2 are common to A4269G and A3243G mtDNAs, and the other 18 sites are 

specific to either A4269G or A3243G mtDNA. Of 18 sites, six polymorphic 

mutations and one pathogenic mutation are specific to A3243G mtDNA, 

while 10 polymorphic and one pathogenic mutation are specific to A4269G 

mtDNA. Polymorphic mutation sites common to both A4269G and A3243G 

are shown by black letters. Polymorphic nnutation sites specific to A3243G 
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㎜、tDNA　or　A4269G　㎜一tDNA　a一舵　shown　by　b1a－ck　1ines　a皿a　1e杭e蝸．

P就hoge皿ic㎜一前就ion　sites，A4269G鋤a　A3243Gラ班e　shown　by蛇d－b皿es盆na

1ette皿s．

bラSeq鵬双ces　of　the　c1o鵬d－4，878bp　PCR　proぬcts　of岨tDNAs血o㎜the

hyb虹d－ceus　c班町ing　p蛆e就aユA3243G触a　A4269G㎜、tDNAs．　As　a

蛇feで髄ce，18sites　of　CRS　th就砒e　spec過c　to　eithex　A4269G　or　A3243G

m－tDNA　a一蝸shown虹the　yeuow1a皿e．Mutation　sites　spec描c　to　A3243G

㎜tDNA蹴e　shown　in　p虹k，a－na　those　spec遣c　to　A4269G蛆tDNA　a一蝸show双

in　b1ue．　Of1OO　c1o双es　I　seque巫cea，15c1o皿es（c1ones1・15）a皿d－21c1ones

（c1ones80・100）possessed－seq皿ences　co㎜一p1ete1y　iaenticaユto　those　of　p我renta1

A3243G鋤a　A4269G　mtDNAs，鵬spec虹ve蚊　Howeveで，the　othex64c1ones

（c1ones16－79）we蛇a－PPa一蛇nt蝸co㎜bin独ts泓ue　to㎜uta．虹ons　ae虹vea血o㎜

肚箇e鵬砒pa鵬砒証㎜充DNAs．For　exa－m－1P1e，c1o鵬s16・43possess　the　A3243G

㎜就組虹on，b砒possess　so㎜e　po1ymo叩hic㎜砒盆tions　aeでived血olm　A4269G

㎜一tDNA．　C1o鵬s44唱1possess　both　A3243G　a皿a　A4269G　m。耐a一虹o鵬．

C1o鵬s5沙71possess　the　A4269G㎜一耐a克ion，b耐証so　so㎜e　po1y㎜一〇哩hic

㎜耐a虹ons　d－erivea血om－A3243G皿tDNA．　C1o鵬s72－79d－o　not　possess

eithex　pathogenic㎜一孤ta－tion．　I　observea35　so玉m－a－tic㎜uta－tions　spec土ac　to

e凄chc1o鵬（由t舳otshown）．

63



・

、一69ぴく　O

㌧∠80ウO←

㌧μ6εO←
「
O
Z

肺zε〈o

z」㏄oく

柵£しくo

帆9く

飢90

6ウ←O

〈
Z
“
－
2
F

6帆く

帥O←

99◎〈〉

榊O←
ε9←o

〈
Z
“
』
ω
N
F

ウ9ε肌←o

90£9」←O

ε況肌O←

セμ肌←O

セ叫肌くo

L
　
　
　
　
　
ま
◎
一
・
o

εし9L0く
O
「
．
「
川
）
①
O
N
寸
く

O
F
．
，
…
U
O
O
寸
N
O
、
く

　
　
　
　
　
　
ω
匝
O

　
　
ω
一
』
◎
…
ω
◎
α

　
Φ
で
筥
◎
Φ
■
0
5
Z

　
　
工

T
o
◎
・
卜
◎
・
、
苛

工
旨
　
　
＝
O
O

ω

■晦

と

　
　
匠

寸
〔
一
Z

o　
　
≡
◎
o

　
　
㈹
o
z

　
寸
O
Z

。
o
阯
↑
＜
　
　
　
　
一
〇
〇

　
　
　
　
　
　
　
　
　
　
　
　
　
　
＞

　
　
　
　
　
　
　
　
　
　
　
　
　
N
〔
一
Z

　
　
　
　
包
力
ぶ
巾
．
④
F
　
O
⑦
㊤
州
寸
く

　
　
　
　
　
　
　
　
　
　
　
　
　
　
　
　
r

　
　
＜
z
Q
｝
∈
o
⑦
⑫
N
寸
く

　
　
　
　
　
　
　
　
　
　
　
　
　
　
　
　
　
Z
匝
』

　
　
　
　
　
　
　
　
　
　
　
　
　
　
　
　
　
ω
④

。
、
、
。
9
吾
嚢
、
＞

　
　
　
↑
」
　
　
　
吐

　
　
　
　
　
一
ヴ

　
　
　
　
　
　
ー
＾

2

侮
　
　
　
　
O
　
　
　
　
」
↑
く
　
　
＝
O
O

　
　
　
　
　
　
…
◎
o

　
　
匝

　
　
　
　
　
　
　
　
　
　
　
　
o
o
ユ
旨

　
　
　
　
　
　
n
O
Z

　
　
　
　
　
寸
O
Z

寸
O
Z

岬
O
Z

2一
　
　
　
　
　
　
竃
Z

2　　　
　
　
　
　
　
　
　
　
山

erug・1F

一
〇
〇

　
　
　
　
＞

　
　
　
　
N
O
Z

　
　
　
　
o

　
　
　
　
　
　
…
O
O

　
　
“

　
　
　
　
　
　
　
o
o
z

　
　
　
　
　
一
寸
0
Z

寸
〔
…

当　
　
　
　
0

岸
（
　
＝
O
O

ω

2

…
ヲ

　
1
、

＼

叩
O
Z

⑩
∩
…

山

◎

　
　
　
．
．
■

「
呈
　
唄

　
　
一
㌔

　
　
　
　
へ

　
　
　
㌧

　
　
＼

　
　
㌔

一虹

o
o
∩
一
↑
く

…
δ

　
　
　
＼

o
㈹
寸
N
m
く

ω2
④　“τ』

　
　
匡
皇
①
．
睾

　
　
　
一
ω
匡
O
）

く
Z
〔
一
君
一
』
o
∈
一
一
工

一
〇
〇

　
　
　
　
　
＞

　
　
　
　
N
口
Z

妻

岨
O
Z

ω
〔
…

山

£
＞
O

く
Z
叱
』

ω
N
卜

Z
匝
』

ω
Φ

「
O
Z

七

ト
エ

o
〇
一
・
O

」

」

〉

46



b

A

a p parent 

recombinants 
double 
m utant 

double 
wild-ty pe 

parental 

4269mtDNA 

66　　　　1●4　　　240

　　　　　　C

柵1 1384　　3012　　o’一J 3071　406n1　o日“ion　　16131　16164　16174　16223　16306 16364　　63 64

C
o1on’1 T C T C C ＾ い

OlO11包2 C T C C ＾

oI01，o3 C T C C ＾ μ

o■oo●4 C T C C ＾

oo■●

oo皿o6
oono
oIoI，o C T C C ＾

ClOnO C T C c ＾ し

Cl00e o C T C C ＾

olooo 1 C T C C ＾ uolono 2 ‘

oono 3
00n6 r
olono 5 C T C C ＾ ，，

o1ooo16 C 1 C C ＾

oloo但17 C C ＾

o．ooe18 C T C ＾

o1ooolO C C 、

clooo20 C C C
oono21 ，「

oono r

oIoI，o23 C ＾

olon524 C C T ＾ C C ＾

Cooo25
oloo日26 ＾ o C C T C C ＾

oooo ＾

oono
COI168 n
oIono30 ＾ c C c C T ＾ C ＾

OIOn031 ＾ c C C c T ＾ C ＾ ピ

喧1ooo32 ＾ G C C C T ＾ ＾

oloo筥33 ＾ o C C c T ＾ ＾
一
一

o■ooo34 ＾ o C C C T ＾ ＾

o1oo■35 ＾ 6 C C c T ＾ ＾

olon自6 ＾ し

con■
olo08
o．ooo30 ＾ G C C c T ＾ C ■

o．ooo40 ＾ C C C C T ＾ C ＾ L
1’ T

61ooo“ ＾ o C C c T ＾ 一 C ＾

olooo42 ＾ 6 C C C T ＾ C ＾ u
oooo
oono ．

cIo11■45 ＾ c C C C 1 ＾ T C ＾ ll

oIol，o’6 1 C T C ＾ I
O．OI1包47 T C T C し。 T U
clooe48 1一 C T C ＾ r
olo■1040 T C T C C ＾ 、1

し。

oooeo ユ

oon61 1．，

o1On●52 I C T C C ‘

olo■o53
1’ C T C C τ h

oIono明 C T C C ユ

o．ono85 C T C C 1．・

olooo5ε C T C C I
olooo57 C T C C o
cooo58 ‘

oone58
OlO11860 C T C ‘

olono61 C T C 1■

o01106
oo1103 し■

60110帥 し

cooe65
cono66
olono67 ＾ c C C C 1 い

c1on86日 ＾ c C c C I ＾ 〔 T 1
clooo60 ＾ G C C C T ＾ C T T い

olono70 ＾ G C C C T ＾ C T T
olo11筥71 ＾ c C C C 1’

＾ ＾ 1’ T い

oIo皿o72 ＾ G C C C 1’

＾ C ＾ T 丁

clono3
oIone〃 C ＾ ＾

oloo075 c
clono76 T c T C C T
ol01，o77 T C 丁

clon●78 丁 C C T ＾

olon870 ＾ G C C C T ＾

OOI1信6

oono81 G
olol，o日2 ＾ 6 C C C T ＾ 1 ■

oIono日3 ＾ c C c C 一 ＾ 1 1 一，

oIone閑 ＾ G C C C T ＾ τ T
olonO回5 ＾ c C C c T ＾ T T い

olono86 ＾ 6 C C c T ＾ T τ ，

olon6日7 ＾ c C C C T ＾ T T
cone
olono日9 ＾ o C C C τ ＾ 一 ■

【
ll

olono日o ＾ c c C C T ＾ I 1
olono01 ＾ G C C C T ＾ T □．

olone62 ＾ G C C C T ＾ 丁 I

olon伺63 ＾ G C C C T ＾ τ 1。

oIono9一 ＾ G C C C T ＾ T
COne－5
con目86 ＾ C ＾

olon297 ＾ o C C C 1 ＾ T
olono9日 ＾ c C C C I ＾ τ
olono帥olonolOO■皿一L■■■■

＾
＾ G

G

C C C T ＾
＾

τ I■

6



Figure 2-3 Sequence analysis of cloned PCR fragnents from mito-mice. 

a, Gene maps of wild-type mtDNA of M spl~tus (green circle) and AmtDNA 

of M m. domesticus (smaller red circle). The open arc in the AmtDNA map 

corresponds to the deleted region expanded from tBNALy' to ND5 genes (np 

7,759-12,454). Closed and open arrowheads on the maps represent forward 

primer and reverse primer, respectively, used for amplification of PCR 

products (arcs). 

b, Sequences of the cloned PCR products of mito-mice carrylng 58.50/0 

AmtDNA in its skeletal muscles. Polymorphic sites specific to M 122. 

domestjcus are shown in red lanes, and those specific to M splletus are 

shown in green lanes. Of 85 polymorphic sites between M n2. domesticas 

and M. splletus, 25 are shown. Of 2 1 clones I sequenced, 11 clones (clones 

1- 11) and 5 clones (clones 16-2 1) possessed sequences completely identical to 

those of parental M. m. domestjcus and M. splietus nrtDNAs, respectively. 

However, the other 4 clones (clones 11-15) were apparent recombinants due 

to mutations derived from different p arental mtDNAS. 
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醐即鵬2・4　Se鯉鋤ce鋤鉦ysis　of脾虹駐ed一㎜tDNA缶o鵬hyb虹a　ce皿s　c駆x虹ng

p紐e砒証A3243G独沮A4269G皿tDNAs．

盈，Ge皿e㎜即s　of　h汲㎜．a－n㎜、tDNAs　i扱伍ca－t虹g　seq皿encea鵬裏o皿s．　C1o皿虹g

独a　seque皿c虹g　we蛇ca－xxiea　o砒囎虹g趾曙ments　A（4，083bp），B（3，556bp），

弧a　C（2，994bp）p孤皿遣ea血om，the　hyb虹d－ceus　ca－ny虹g　pa一蛇砒証A3243G

ana　A4269G二mtDNAs（蛆cs）．　Se卯e皿ced一鵬裏o鵬co蛆espon血ng　to　CRS，

p蹴e砒鉦A3243G鵬αA4269G㎜．tDNAs趾e　show皿h　yeuow，pink卿a　bhe，

respective1y

b，Se卿鋤ces　ofthe　c1o鵬a㎜一tDNA血a－g㎜e耐s，F醐gme就s　A，B，肢皿d－C．　CRS

shown㎞the　yeuow1a－ne　is鵬ed－a－s　a－h孤㎜．a－n醜tDNA　sta一皿d－aヱa　for

co㎜paヱison　wi砒both　pa一蛇皿ta1㎜tDNA　seq皿ences．　Pi皿k　a皿a　b1ue1a皿es

鵬胆ese砒　the　seq鵬nces　of　A3243G　肌tDNA　鋤d－A4269G　蛆尤DNAs，

respective1皿Pub血ed一血o醐。Paでe皿taユceus．
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Figure 2 -5 Sequence analysis of AmtDNA purified from tissues of an F3 

mito-mouse. 

a, Gene maps of wild-type mtDNA of M. splletUs (green circle) and AmtDNA 

of M m. domestjcus (smaller red circle). The open arc in the AmtDNA map 

corresponds to the deleted region expanded from t~:NA~v' to ND5 genes (np 

7,759-12,454). No Mu I site is present in wild-type mtDNA ofM. splletus, 

whereas AmtDNA of M m. don2estjcus possesses one Mu I site. 

b, Analysis of mtDNA composition in skeletal muscles andbrain from an F3 

mrto mouse by Southern blot analysis. Wild-type mtDNA of M spfetUs 

gives three BgJI fragnrents (8.3, 5.1, and 2.9 kbp), and one 5.1 kbp 

fragment is detectable by the probe (nt. 1,895-2,762). AmtDNA of M. In. 

domesticas gives one linear 11.6 kbp Bglufragment. Skeletal muscles and 

brain from an F3 mito-mouse possessing 30.70/0 and 34.20/0 AmtDNA, 

respectively, were used for mtDNA purification and subsequent exclusive 

cloning and sequencing of AmtDNA. 

c, Sequences of the cloned AmtDNA purified from skeletal muscles and brain 

of an F3 mito-mouse possessing 30.70/0 and 34.20/0 AmtDNA, respectively. 

Green and red lanes colcrespond to mtDNA sequences of M. splletus mtDNA 

and M. m. domestjcus(ref. 32), respectively. Of 107 clones of AmtDNA from 

skeletal muscles, only one clone (clone 10) possesses two regions carrying 

sequences speciiic to M spl~tus mtDNA in np 3,350-3,386 (NDI gene) and 

np 4,093-4,2 13 (ND2 gene), indicating the occurrence of sequence changes in 

mouse mtDNAin skeletal muscles. Ofthe remaining 106 clones, 97 possess 
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completely identical sequences to those of M m. domestjcas mtDNA, while 9 

clones (clones 1-9) possess somatic mutations, since all of them were not 

found in sequences of parental M spfetus and M m. domestjcus mtDNAS. 

On the other hand, none of 56 clones of AmtDNA from brain show sequence 

changes, while 2 clones (clones I and 2) possess somatic mutations. 

d, gene maps of AmtDNA (left) and clone 10 carrying two regions with 

sequences of M spretus mtDNA (right). Green and red regions correspond 

to sequences of M spretus and M m. domesticus mtDNAs, respectively. 
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Figure 2 -6 Identification of the specific recombinant mtDNA haplotype 

carrying identical sequence to clone 10. 

a, Gene map of clone 10 and nucleotide sequence (np 4,141-np 4,311) 

around a recombination break point. Polymorphic mutations specific to M. 

spfetzls and M m. domestjcus mtDNAS were shown by green and red letters, 

respectively. Green and red arrows indicate primers specific to M splvtus 

and M m. domesticus mtDNAS, respectively, for selective amplification of 

the recombinants. 

b, Selective amplification of the recombinants. M m. domestl~us mtDNA, 

purified mtDNA from liver of B6 strain mouse; M splletUs mtDNA, purified 

mtDNA from liver of B6mtspr strain mouse; mixture, mixture of M spl~etus 

and M. n2. domestjcus mtDNAs; mito-mouse, purified mtDNA from skeletal 

muscles of F3 mito-mouse. Fragments with 171 bp correspond to the 

recombinants. 

c, Sequences of cloned 171 bp fragurents. Red and green regions 

correspond to sequences of M 122. domestjcus and M splletus mtDNAs, 

res p ectively. 
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Figure2－6
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Figure 2-7 Examination of clonal expansion of AmtDNA m mdividual 

cardiac muscle cells of an F3 mito-mice. 

a, COX histochemistry of a heart carrying 87.3"/o AmtDNA. COX-positive 

(+) and COX-negative cells (-) are observed. Scale bar, 5 l~m. 

b, Brown and gray bars represent the proportion of AmtDNA in serial 

sections of COX-positive (n=10) and COX-negative cells (n=10), respectively. 

The average proportions of COX-positive and COX-negative cells are 

73.0~5.00/* and 92.5~3.2"/*, respectively. 
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Figure2－7
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The occurrence of mitochondrial interaction and mtDNA 

recombination in mammals have been a controversial issue for a long time. 

In this study, I confirmed the presence of mitochondrial interaction and 

mtDNA reconrbination, using mito-mice heteroplasmic between M m. 

domesticas AmtDNA and M. splletus wild-type (normal) mtDNA. 

Pathogenicity of AmtDNA and sequence divergence between M. m. 

domestjcu$ and M spretUs mtDNA (7. 1*/~) enabled these confirmation. 

In mito-mice, uniform distribution of COX-positive and -negative 

mitochondria in any single cells confirmed the presence of ia vivo 

mitochondrial interaction and its biological significance; preventing 

individuals from expression of respiratory defects by pathogenic mutant 

mtDNA. Moreover, the finding of recombinant mtDNA between M. m. 

domestjcus and M spretus mtDNA also supports the presence of interaction 

between mitochondria. An occurrence of recombination requires the 

physical interaction of exogenously introduced mtDNA and recipient zygote 

derived mtDNA. 

There have been many reports that showed relationships 

between mutations accumulatedin mtDNA and aging. Point mutations and 

deletions of mtDNA accumulate in a variety of tissues with aging 

(Corral-Debrinski et al. 1992; Melov et al. 1995; Michikawa et al. 1999). 

Based on these observations, "mitochondrial theory of aging", which 

postulated mtDNA mutations were the cause of aging, was established. 

However, the presence of mitochondrial interaction showed in this study 

casts a question to the theory. The mtDNA mutations accumulate with 
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aging, but such mutations can occur randomly at any positions on the 

mtDNA. Therefore, randomly mutated mtDNA or its products in each 

mitochondrion were mixed by mitochondrial interaction, and defective 

products are complemented by each other. Although it is known that 

deletions and some point mutations have replication advantage over 

wild-type mtDNA in mitochondrial disease patients (Corral-Debrinski et al. 

1992; Cortopassi et al. 1992; Yoneda et aJ. 1992), accumulation of specific 

mutant mtDNA was not observed in normal aging individuals. Recently, 

Tufunovic et al:. (2004) reported generation of ageing-model mice expressing 

proof-reading-deficient mtDNA polymerase, in which increased levels of 

somatic mutations in mtDNA appear to be associated with respiratory 

defects, reduced life span, and premature onset of ageing-related phenotypes. 

However, they showed no evidence ofidentical mutant mtDNA accumulation 

in single cell that is needed to cause respiratory defects. Thus, more precise 

examination should be needed to conclude that mtDNA mutations are the 

cause of aging. 

It is considered that efficiency of mitochondrial interaction 

depends on mitochondrial fusion and fission. Mitochondrial fusion and 

fission proteins are highly conserved from yeast to human. In human, 

mitochondrial fusion and fission are regulated by GTPase protein Mitofusin 

(Santel et al. 2001; Rojo et al. 2002) and dynamin-related protein (Smirnova 

et aJ. 1998), respectively. Moreover, efficiency of mitochondrial fusion and 

fission is supposed to depend on intracellular mitochondrial movement by 

motor proteins. In mammalian and Drosophila, kinesin family members 
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have been shown to be involved in microtubule-dependent mitochondrial 

transportation (Nangaku et al. 1994; Pereira et a]. 1997; Tanaka et al. 1998). 

In this study, I examined only cardiac muscles, but other tissues might have 

different expression of filsion, fission and motor proteins and different 

efficiency of mitochondrial interaction. Such differences of mitochondrial 

interaction efliciency might be related to different threshold of respiratory 

defects between tissues. 

So far mtDNA sequences have been used for construction of 

phylogenetic trees and evolutionary studies, assuming maternal inheritance 

and no recombination. However, the presence of mtDNA recombination is 

shown in this study, and it is essential to understand the effects of mtDNA 

recombination on such studies. 

As shown m Section II, recombinant mtDNA was found in 

artificially generated heteroplasmic mice carrying two types of mtDNAs. 

However, in natural population, inheritance of mtDNA is strictly maternal 

and paternal inheritence, that could generate extensive heteroplasmic 

conditions, does not occur, except for interspecies crossing. In interspecies 

F1 hybrid of fruitflies (Kondo et al. 1990), mice (Gyllensten et al. 1991; 

Kaneda et al 1995) and cows (Sutovsky et al. 1999), paternal mtDNA 

leakage was found, but interspecies crossings hardly occur in natural 

population. Moreover, such leaked paternal mtDNA was not transmitted to 

following generations (Shitara et al. 1998). During oocyte differentiation, 

leaked paternal mtDNA must have disappeared by stochastic segregation. 

These lines of evidence mean that a period of heteroplasmic state that 
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enables mtDNA recombination between paternal and maternal mtDNA is 

extremely short; before primordial germ cells stop proliferation in embryo 

(13.5 dpc). Although F3 mito-mice examined in this study maintained 

heteroplasmic state for three generations, observed frequency of mtDNA 

recombination is extremely low. It is unlikely that recombinant mtDNA is 

created during 13.5 days and transmitted to the following generations. The 

transmission of paternal mtDNA and mtDNA recombination between 

p aternal and maternal mtDNA was reported in a p atient with mitochondrial 

disease (Shwartz and Vissing 2002; Krayisberg et al. 2004). However, 

paternal transmission manner in this patient is curious; paternal mtDNA, 

which is less than 0.10/0 of total mtDNA in zygotes, overwhelmed maternal 

mtDNA in skeletal muscles of this patient (90010). I suppose that all 

observations in this patient are very rare exceptional case, caused by nuclear 

genome defects of paternal mtDNA exclusion or mtDNA maintenance. 

Thus, I conclude that the possibility of mtDNA recombination by paternal 

mtDNA is very rare, and there is no need to reassess the way of phylogenetic 

reconstruction and the previously constructed phylogenetic trees. 

What is the biological significance of the rare mtDNA 

recombination? One explanation is the generation of sequence divergence 

in mtDNA population. Recombination in nuclear genome, such as 

cross-over during meiosis, generates sequence divergence. In yeast, during 

20 generations, about 48hrs, newly generated recombinant mtDNA 

segregated completely and homoplasmic recombinant mtDNA cells were 

established (Dujon et aJ. 1974). In sea mussels (shellfish), recombinant 
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mtDNAS between paternal and maternal mtDNA were found (Ladoukakis et 

al. 2001), and such genotypes were fixed in mussel population (Burzynski et 

al. 2003). In both cases, recombinant mtDNAS were fixed in population, 

and its biological meaning should be to provide a variety of mtDNA 

haplotypes. Although both yeast and mussels show biparental mtDNA 

inheritance, paternal mtDNA is completely eliminated from zygotes in 

mammalian species (Kaneda et a]. 1995; Shitara et al. 1998). 

Recombination between identical maternal molecules would not make any 

sequence divergence. 

Then, I conclude that the mtDNA recombination has no biological 

slgniiicance to generate sequence divergence, but it is by-products of mtDNA 

repair. Synthesis-dependent strand anneaJing (SDSA), which is well 

examined as a repair process of DNA double'strand breaks (DSB) in 

Drosophila (Nassif et al. 1994; Adams et al. 2003), is one candidate for 

generation of recombinant mtDNA. SDSA rep air of DSB is accomplished in 

the following way (Figure 3). In the SDSA model, processing of a DSB 

generates 3' single-stranded tails, which invade homologous templates and 

prime DNA synthesis. Nascent DNA strands are displaced from the 

template and can then anneal with complementary DNA from the recipient 

chromosome. The SDSA, therefore, results in gene conversion. Recently, 

mtDNA repair machineries, such as base excision repair, have been reported 

in mammalian mitochondria. It would be possible that SDSA-like repair 

machinery is found in mitochondria. 

If mtDNA repalr generates recombmant mtDNA more 
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recombinant mtDNA would be observed in cells with more mtDNA Iesions. 

In mito-mice, AmtDNA accumulation causes respiratory defects and nrore ROS 

generation. In such cells, it is possible that mtDNA repair machinery is 

accelerated and more recornbinants are observed. It is necessary to assess 

the mtDNA recombination in mito-mice tissues carrying more AmtDNA and 

showing respiratory defects. 

Moreover, recombination observed in this study was between M 

m. domestjcus AmtDNA and M. spretus wild-type mtDNA. It is possible 

that large sequence divergence and difference in size between these mtDNAS 

suppressed the occurrence of recombination. To clarify this possibility, it is 

needed to examine the frequency of mtDNA recombination in mice carrying 

less divergent and same size mtDNAS, such as NZB and B6 mtDNAS. NZB 

and B6 mtDNAS are same in size (16.3 kbp) and showing a high sequence 

homology (99.4010). 
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Figure 3 DSB repairprocess by SDSA. 

A DSB is introduced into one of two homologous chromosomes (green). The 5' 

ends are then resected by an exonuclease to expose the 3' ends (shown with 

arrowheads) in single-stranded form. With the help of RecA-like proteins, the 

3' ends invade into complementary homologous regions (blue). Then the 3' 

ends are used as primers for new DNA synthesis, using the donor 

chromosome strands (blue) as template. After sufficient synthesis to permit 

the new strands to anneal with each other, the new strands are unwound 

from the blue template and allowed to anneal with each other. Gaps are ffled 

in by a polymerase and nicks are sealed by a ligase. 
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CONCLUSION 

Conclusions of this study are as follows. 

The results in Section I showed unambiguous evidence for the presence of 

lia vivo mitochondrial interaction. 

･The occurrence of mitochondrial interaction n is accomplished by 

inter-exchange of genetic contents between mitochondria. 

･ The occurrence of mitochondrial interaction shows that 

mitochondria function as a single unit in each cells. 

The results in Section 11 showed the presence of mtDNA recombination in 

mammals. 

･ The frequency of mtDNA recombination is very low. 

･ The occurrence of mammalian mtDNA recombination could not 

confuse phylogenetic reconstruction. 

' mtDNA recombinant is considered to be side-products of mtDNA 

re p airin g. 
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