








Figure 8. A hypothetical pathway leading to mitochondrial genomes of C. parapsilosis and C. jiufengensis from the most recent common
ancestor. We propose a simple scenario allowing delineation of the gene order found in both the circular-mapping genome of C. jiufengensis and
the ‘true’ linear genome of C. parapsilosis from a reconstructed circular-mapping ancestor inferred by the analysis shown in Figure 7 and
Supplementary Figure S2. The process includes reciprocal recombination events between the gene pairs (i) rnl/cox1 and nad3/atp6 or (ii) cox2/
trnN and cob/atp9, followed by opening of the circular-mapping genome between the genes nad3 and atp6 in the latter case. Note that the
circular-mapping genome intermediate prior its linearization has identical gene order as the mitochondrial telomere mutants of C. metapsilosis
and C. orthopsilosis (51,52).

Figure 7. Reconstruction of ancestral genomes. The figure shows possible ancestral gene orders and the number of events on each branch found by
local optimization for the DCJ model. The intervals show range of numbers of events in equally parsimonious histories. Red connectors in the gene
orders for present day and ancestral genomes represent inferred breakpoints on the branch to the nearest ancestor. Due to space constraints, the
figure omits tRNA genes (even though the reconstructions were performed including tRNAs); full gene orders including tRNAs are shown in
Supplementary Figure S2. The figure includes duplicated genes, which were restored after ancestral gene order reconstruction. Note that the linear
and its circularized (mutant) mitochondrial genome forms of C. orthopsilosis were used in the analysis (51,60).

4216 Nucleic Acids Research, 2011, Vol. 39, No. 10

 at U
niverzita K

om
enskeho on June 1, 2011

nar.oxfordjournals.org
D

ow
nloaded from

 



ACCESSION NUMBERS

HQ267968, HM594866, GU136397, EU267175,
EU334437, EF468347, EF536359, HQ267969.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

The authors wish to thank Ladislav Kovac (Comenius
University, Bratislava) for continuous support and discus-
sion; Feng-Yan Bai (Institute of Microbiology, Chinese
Academy of Sciences, Beijing, China), Hiroshi Fukuhara
(Institut Curie, Orsay, France), Cletus P. Kurtzman
(National Center for Agricultural Utilization Research,
Peoria, USA), Sung-Oui Suh and Meredith Blackwell
(Louisiana State University, Baton Rouge, USA) for
their gifts of yeast strains; and Serge Casaregola (Centre
International de Ressources Microbiennes, Grignon,
France) for providing us with the D. hansenii mtDNA
sequence prior to publication.

FUNDING

Howard Hughes Medical Institute (grant HHMI
55005622 to J.N.); the Fogarty International Research
Collaboration Award (2-R03-TW005654-04A1 to L.T.);

European Community FP7 (IRG-224885 to T.V. and
IRG-231025 to B.B.); Slovak Research and
Development Agency (APVV 0024-07 and LPP-0164-06
to J.N., 20-001604 to L.T.); Canadian Research Chair
program (to B.F.L.); Scientific Grant Agency of the
Ministry of Education of Slovak republic (VEGA
1/0219/08 to J.N., 1/0132/09 to L.T., 1/0210/10 to T.V.);
Comenius University (218/2009 to M.V.); Hungarian
Scholarship Board based on the bilateral agreement
between Hungary and Slovakia (workplan 0.9 b to
Z.F.); The Canadian Research Chair Program (to
B.F.L.). Funding for open access charge: Howard
Hughes Medical Institute (HHMI 55005622).

Conflict of interest statement. None declared.

REFERENCES

1. Bendich,A.J. (2007) The size and form of chromosomes are
constant in the nucleus, but highly variable in bacteria,
mitochondria and chloroplasts. Bioessays, 29, 474–483.

2. Boore,J.L. (1999) Animal mitochondrial genomes.
Nucleic Acids Res., 27, 1767–1780.

3. Lukes,J., Guilbride,D.L., Votypka,J., Zikova,A., Benne,R. and
Englund,P.T. (2002) Kinetoplast DNA network: evolution of an
improbable structure. Eukaryot Cell, 1, 495–502.

4. Roy,J., Faktorova,D., Lukes,J. and Burger,G. (2007) Unusual
mitochondrial genome structures throughout the Euglenozoa.
Protist, 158, 385–396.

5. Bendich,A.J. (1993) Reaching for the ring: the study of
mitochondrial genome structure. Curr. Genet., 24, 279–290.

Figure 9. A hypothesis on the origin of linear chromosomes in yeast mitochondria. (A) A circular-mapping genome represented by linear
polydisperse mtDNAs with [e.g. C. glabrata, S. cerevisiae (40)] or potentially without [e.g. C. albicans (42)] a fraction of circular molecules.
(B) Genome rearrangements may result in the formation of a palindrome allowing the resolution of a circular-mapping genome into linear chromo-
somes with defined terminal structures such as t-hairpins. Such genomes were observed in several species [e.g. P. pijperi and W. mrakii (11,44),
C. viswanathii] containing uniform linear mtDNAs, with t-hairpins resolved from circular molecules (monomers and dimers) and/or linear
polydisperse mtDNAs. (C) Multiple resolution elements (i.e. two types of LIRs) allow the genome fragmentation into multiple linear chromosomes
(e.g. C. frijolesensis, C. labiduridarum). (D) The termini of the linear chromosomes may provide a substrate for further elongation via active
maintenance mechanisms, such as the t-circle dependent pathway observed in ‘true’ linear genomes (e.g. C. metapsilosis, C. orthopsilosis,
C. parapsilosis, C. salmanticensis) (49,50). Defects in the telomere maintenance result in the genome circularization via end-to-end fusion, as in
mitochondrial telomere mutants of C. metapsilosis and C. orthopsilosis containing circular-mapping genomes (51,52).

Nucleic Acids Research, 2011, Vol. 39, No. 10 4217

 at U
niverzita K

om
enskeho on June 1, 2011

nar.oxfordjournals.org
D

ow
nloaded from

 

http://nar.oxfordjournals.org/


6. Backert,S., Dorfel,P., Lurz,R. and Borner,T. (1996) Rolling-circle
replication of mitochondrial DNA in the higher plant
Chenopodium album (L.). Mol. Cell. Biol., 16, 6285–6294.

7. Williamson,D. (2002) The curious history of yeast mitochondrial
DNA. Nat. Rev. Genet., 3, 475–481.

8. Coleman,A.W., Thompson,W. and Goff,L.J. (1991) Identification
of the mitochondrial genome in the chrysophyte alga Ochromonas
danica. J. Eukaryotic Microbiol., 38, 129–135.

9. Forget,L., Ustinova,J., Wang,Z., Huss,V.A. and Lang,B.F. (2002)
Hyaloraphidium curvatum: a linear mitochondrial genome, tRNA
editing, and an evolutionary link to lower fungi. Mol. Biol. Evol.,
19, 310–319.

10. Fricova,D., Valach,M., Farkas,Z., Pfeiffer,I., Kucsera,J.,
Tomaska,L. and Nosek,J. (2010) The mitochondrial genome of
the pathogenic yeast Candida subhashii: GC-rich linear DNA with
a protein covalently attached to the 50 termini. Microbiology, 156,
2153–2163.

11. Fukuhara,H., Sor,F., Drissi,R., Dinouel,N., Miyakawa,I.,
Rousset,S. and Viola,A.M. (1993) Linear mitochondrial DNAs of
yeasts: frequency of occurrence and general features. Mol. Cell.
Biol., 13, 2309–2314.

12. Gilson,P., Waller,R. and McFadden,G. (1995) Preliminary
characterisation of chlorarachniophyte mitochondrial DNA.
J. Eukaryot. Microbiol., 42, 696–701.

13. Goddard,J.M. and Cummings,D.J. (1975) Structure and
replication of mitochondrial DNA from Paramecium aurelia.
J. Mol. Biol., 97, 593–609.

14. Kairo,A., Fairlamb,A.H., Gobright,E. and Nene,V. (1994) A
7.1 kb linear DNA molecule of Theileria parva has scrambled
rDNA sequences and open reading frames for mitochondrially
encoded proteins. EMBO J., 13, 898–905.

15. Kayal,E. and Lavrov,D.V. (2008) The mitochondrial genome of
Hydra oligactis (Cnidaria, Hydrozoa) sheds new light on animal
mtDNA evolution and cnidarian phylogeny. Gene, 410, 177–186.

16. Kovac,L., Lazowska,J. and Slonimski,P.P. (1984) A yeast with
linear molecules of mitochondrial DNA. Mol. Gen. Genet., 197,
420–424.

17. Martin,F.N. (1995) Linear mitochondrial genome organization
in vivo in the genus Pythium. Curr Genet, 28, 225–234.

18. Moore,L.J. and Coleman,A.W. (1989) The linear 20 kb
mitochondrial genome of Pandorina morum (Volvocaceae,
Chlorophyta). Plant Mol. Biol., 13, 459–465.

19. Morin,G.B. and Cech,T.R. (1988) Mitochondrial telomeres:
surprising diversity of repeated telomeric DNA sequences among
six species of Tetrahymena. Cell, 52, 367–374.

20. Nosek,J., Dinouel,N., Kovac,L. and Fukuhara,H. (1995) Linear
mitochondrial DNAs from yeasts: telomeres with large tandem
repetitions. Mol. Gen. Genet., 247, 61–72.

21. Perez-Brocal,V., Shahar-Golan,R. and Clark,C.G. (2010) A linear
molecule with two large inverted repeats: the mitochondrial
genome of the stramenopile Proteromonas lacertae. Genome Biol.
Evol., 2, 257–266.

22. Pramateftaki,P.V., Kouvelis,V.N., Lanaridis,P. and Typas,M.A.
(2006) The mitochondrial genome of the wine yeast
Hanseniaspora uvarum: a unique genome organization among
yeast/fungal counterparts. FEMS Yeast Res., 6, 77–90.

23. Sesterhenn,T.M., Slaven,B.E., Keely,S.P., Smulian,A.G.,
Lang,B.F. and Cushion,M.T. (2010) Sequence and structure of
the linear mitochondrial genome of Pneumocystis carinii.
Mol. Genet. Genomics, 283, 63–72.

24. Shao,Z., Graf,S., Chaga,O.Y. and Lavrov,D.V. (2006)
Mitochondrial genome of the moon jelly Aurelia aurita (Cnidaria,
Scyphozoa): a linear DNA molecule encoding a putative
DNA-dependent DNA polymerase. Gene, 381, 92–101.

25. Smith,D.R. and Lee,R.W. (2008) Mitochondrial genome of the
colorless green alga Polytomella capuana: a linear molecule with
an unprecedented GC content. Mol. Biol. Evol., 25, 487–496.

26. Suyama,Y. and Miura,K. (1968) Size and structural variations of
mitochondrial DNA. Proc. Natl Acad. Sci. USA, 60, 235–242.

27. Vahrenholz,C., Riemen,G., Pratje,E., Dujon,B. and Michaelis,G.
(1993) Mitochondrial DNA of Chlamydomonas reinhardtii: the
structure of the ends of the linear 15.8-kb genome suggests
mechanisms for DNA replication. Curr. Genet., 24, 241–247.

28. Wesolowski,M. and Fukuhara,H. (1981) Linear mitochondrial
deoxyribonucleic acid from the yeast Hansenula mrakii.
Mol. Cell. Biol., 1, 387–393.

29. Palmer,J.D. and Shields,C.R. (1984) Tripartite structure of
the Brassica campestris mitochondrial genome. Nature, 307,
437–440.

30. Warrior,R. and Gall,J. (1985) The mitochondrial DNA of Hydra
attenuata and Hydra littoralis consists of two linear molecules.
Arch. Sc. Geneve, 38, 439–445.

31. Laforest,M.J., Roewer,I. and Lang,B.F. (1997) Mitochondrial
tRNAs in the lower fungus Spizellomyces punctatus: tRNA editing
and UAG ‘stop’ codons recognized as leucine. Nucleic Acids Res.,
25, 626–632.

32. Watanabe,K.I., Bessho,Y., Kawasaki,M. and Hori,H. (1999)
Mitochondrial genes are found on minicircle DNA molecules in
the mesozoan animal Dicyema. J. Mol. Biol., 286, 645–650.

33. Armstrong,M.R., Blok,V.C. and Phillips,M.S. (2000) A
multipartite mitochondrial genome in the potato cyst nematode
Globodera pallida. Genetics, 154, 181–192.

34. Fan,J. and Lee,R.W. (2002) Mitochondrial genome of the
colorless green alga Polytomella parva: two linear DNA molecules
with homologous inverted repeat termini. Mol. Biol. Evol., 19,
999–1007.

35. Burger,G., Forget,L., Zhu,Y., Gray,M.W. and Lang,B.F. (2003)
Unique mitochondrial genome architecture in unicellular relatives
of animals. Proc. Natl Acad. Sci. USA, 100, 892–897.

36. Nash,E.A., Barbrook,A.C., Edwards-Stuart,R.K., Bernhardt,K.,
Howe,C.J. and Nisbet,R.E. (2007) Organization of the
mitochondrial genome in the dinoflagellate Amphidinium carterae.
Mol. Biol. Evol., 24, 1528–1536.

37. Slamovits,C.H., Saldarriaga,J.F., Larocque,A. and Keeling,P.J.
(2007) The highly reduced and fragmented mitochondrial genome
of the early-branching dinoflagellate Oxyrrhis marina shares
characteristics with both apicomplexan and dinoflagellate
mitochondrial genomes. J. Mol. Biol., 372, 356–368.

38. Voigt,O., Erpenbeck,D. and Worheide,G. (2008) A fragmented
metazoan organellar genome: the two mitochondrial chromosomes
of Hydra magnipapillata. BMC Genomics, 9, 350.

39. Shao,R., Kirkness,E.F. and Barker,S.C. (2009) The single
mitochondrial chromosome typical of animals has evolved into 18
minichromosomes in the human body louse, Pediculus humanus.
Genome Res., 19, 904–912.

40. Maleszka,R., Skelly,P.J. and Clark-Walker,G.D. (1991) Rolling
circle replication of DNA in yeast mitochondria. EMBO J., 10,
3923–3929.

41. Bendich,A.J. (2010) The end of the circle for yeast mitochondrial
DNA. Mol. Cell, 39, 831–832.

42. Gerhold,J.M., Aun,A., Sedman,T., Joers,P. and Sedman,J. (2010)
Strand invasion structures in the inverted repeat of Candida
albicans mitochondrial DNA reveal a role for homologous
recombination in replication. Mol. Cell, 39, 851–861.

43. Nosek,J., Tomaska,L., Fukuhara,H., Suyama,Y. and Kovac,L.
(1998) Linear mitochondrial genomes: 30 years down the line.
Trends Genet., 14, 184–188.

44. Dinouel,N., Drissi,R., Miyakawa,I., Sor,F., Rousset,S. and
Fukuhara,H. (1993) Linear mitochondrial DNAs of yeasts:
closed-loop structure of the termini and possible linear-circular
conversion mechanisms. Mol. Cell. Biol., 13, 2315–2323.

45. Jacobs,M.A., Payne,S.R. and Bendich,A.J. (1996) Moving pictures
and pulsed-field gel electrophoresis show only linear
mitochondrial DNA molecules from yeasts with linear-mapping
and circular-mapping mitochondrial genomes. Curr. Genet., 30,
3–11.

46. Nosek,J., Novotna,M., Hlavatovicova,Z., Ussery,D.W., Fajkus,J.
and Tomaska,L. (2004) Complete DNA sequence of the linear
mitochondrial genome of the pathogenic yeast Candida
parapsilosis. Mol. Genet. Genomics, 272, 173–180.

47. Tomaska,L., Nosek,J., Makhov,A.M., Pastorakova,A. and
Griffith,J.D. (2000) Extragenomic double-stranded DNA circles in
yeast with linear mitochondrial genomes: potential involvement in
telomere maintenance. Nucleic Acids Res., 28, 4479–4487.

48. Nosek,J., Rycovska,A., Makhov,A.M., Griffith,J.D. and
Tomaska,L. (2005) Amplification of telomeric arrays via
rolling-circle mechanism. J. Biol. Chem., 280, 10840–10845.

4218 Nucleic Acids Research, 2011, Vol. 39, No. 10

 at U
niverzita K

om
enskeho on June 1, 2011

nar.oxfordjournals.org
D

ow
nloaded from

 

http://nar.oxfordjournals.org/


49. Nosek,J. and Tomaska,L. (2008) In Nosek,J. and Tomaska,L.
(eds), Origin and Evolution of Telomeres. Landes Bioscience,
Austin, Tx.

50. Tomaska,L., Nosek,J., Kramara,J. and Griffith,J.D. (2009)
Telomeric circles: universal players in telomere maintenance?
Nat. Struct. Mol. Biol., 16, 1010–1015.

51. Kosa,P., Valach,M., Tomaska,L., Wolfe,K.H. and Nosek,J. (2006)
Complete DNA sequences of the mitochondrial genomes of the
pathogenic yeasts Candida orthopsilosis and Candida metapsilosis:
insight into the evolution of linear DNA genomes from
mitochondrial telomere mutants. Nucleic Acids Res., 34,
2472–2481.

52. Rycovska,A., Valach,M., Tomaska,L., Bolotin-Fukuhara,M. and
Nosek,J. (2004) Linear versus circular mitochondrial genomes:
intraspecies variability of mitochondrial genome architecture in
Candida parapsilosis. Microbiology, 150, 1571–1580.

53. Fitzpatrick,D.A., Logue,M.E., Stajich,J.E. and Butler,G. (2006)
A fungal phylogeny based on 42 complete genomes derived
from supertree and combined gene analysis. BMC Evol. Biol.,
6, 99.

54. Massey,S.E., Moura,G., Beltrao,P., Almeida,R., Garey,J.R.,
Tuite,M.F. and Santos,M.A. (2003) Comparative evolutionary
genomics unveils the molecular mechanism of reassignment of the
CTG codon in Candida spp. Genome Res., 13, 544–557.

55. Wills,J.W., Troutman,W.B. and Riggsby,W.S. (1985) Circular
mitochondrial genome of Candida albicans contains a large
inverted duplication. J. Bacteriol., 164, 7–13.

56. Sacerdot,C., Casaregola,S., Lafontaine,I., Tekaia,F., Dujon,B. and
Ozier-Kalogeropoulos,O. (2008) Promiscuous DNA in the nuclear
genomes of hemiascomycetous yeasts. FEMS Yeast Res., 8,
846–857.

57. Jung,P.P., Schacherer,J., Souciet,J.-L., Potier,S., Wincker,P. and
de Montigny,J. (2009) The complete mitochondrial genome of the
yeast Pichia sorbitophila. FEMS Yeast Res., 9, 903–910.

58. Burger,G., Lavrov,D.V., Forget,L. and Lang,B.F. (2007)
Sequencing complete mitochondrial and plastid genomes.
Nat. Protoc., 2, 603–614.

59. Lang,B.F. and Burger,G. (2007) Purification of mitochondrial and
plastid DNA. Nat. Protoc., 2, 652–660.

60. Valach,M., Tomaska,L. and Nosek,J. (2008) Preparation of yeast
mitochondrial DNA for direct sequence analysis. Curr. Genet., 54,
105–109.

61. Lang,B.F., Laforest,M.J. and Burger,G. (2007) Mitochondrial
introns: a critical view. Trends Genet., 23, 119–125.

62. Gardner,P.P., Daub,J., Tate,J.G., Nawrocki,E.P., Kolbe,D.L.,
Lindgreen,S., Wilkinson,A.C., Finn,R.D., Griffiths-Jones,S.,
Eddy,S.R. et al. (2009) Rfam: updates to the RNA families
database. Nucleic Acids Res., 37, D136–D140.

63. Finn,R.D., Mistry,J., Tate,J., Coggill,P., Heger,A., Pollington,J.E.,
Gavin,O.L., Gunasekaran,P., Ceric,G., Forslund,K. et al. (2010)
The Pfam protein families database. Nucleic Acids Res., 38,
D211–D222.

64. Edgar,R.C. (2004) MUSCLE: multiple sequence alignment with
high accuracy and high throughput. Nucleic Acids Res., 32,
1792–1797.

65. Lartillot,N. and Philippe,H. (2004) A Bayesian mixture model for
across-site heterogeneities in the amino-acid replacement process.
Mol. Biol. Evol., 21, 1095–1109.

66. Ronquist,F. and Huelsenbeck,J.P. (2003) MrBayes 3: Bayesian
phylogenetic inference under mixed models. Bioinformatics, 19,
1572–1574.

67. Jones,D.T., Taylor,W.R. and Thornton,J.M. (1992) The rapid
generation of mutation data matrices from protein sequences.
Comput. Appl. Biosci., 8, 275–282.

68. Guindon,S. and Gascuel,O. (2003) A simple, fast, and accurate
algorithm to estimate large phylogenies by maximum likelihood.
Syst. Biol., 52, 696–704.

69. Bergeron,A., Mixtacki,J. and Stoye,J. (2006) A unifying view of
genome rearrangements. Proceedings Sixth International Workshop
Algs. in Bioinformatics (WABI’06), number 4175 in Lecture Notes
in Computer Science, pp. 163–173.

70. Kovac,J., Brejova,B. and Vinar,T. (2010) A New Approach to the
Small phylogeny problem, Technical Report. arXiv:1012.0935,
arxiv.org.

71. Shaw,J.A., Troutman,W.B., Lasker,B.A., Mason,M.M. and
Riggsby,W.S. (1989) Characterization of the inverted duplication
in the mitochondrial DNA of Candida albicans. J. Bacteriol., 171,
6353–6356.

72. Leach,D.R. (1994) Long DNA palindromes, cruciform structures,
genetic instability and secondary structure repair. Bioessays, 16,
893–900.

73. Lewis,S.M. and Cote,A.G. (2006) Palindromes and genomic stress
fractures: bracing and repairing the damage. DNA Repair, 5,
1146–1160.

74. Voineagu,I., Narayanan,V., Lobachev,K.S. and Mirkin,S.M.
(2008) Replication stalling at unstable inverted repeats: interplay
between DNA hairpins and fork stabilizing proteins. Proc. Natl
Acad. Sci. USA, 105, 9936–9941.

75. Eykelenboom,J.K., Blackwood,J.K., Okely,E. and Leach,D.R.
(2008) SbcCD causes a double-strand break at a DNA palindrome
in the Escherichia coli chromosome. Mol. Cell, 29, 644–651.

76. Kobryn,K., Briffotaux,J. and Karpov,V. (2009) Holliday junction
formation by the Borrelia burgdorferi telomere resolvase, ResT:
implications for the origin of genome linearity. Mol. Microbiol.,
71, 1117–1130.

77. Pritchard,A.E. and Cummings,D.J. (1981) Replication of linear
mitochondrial DNA from Paramecium: sequence and structure of
the initiation-end crosslink. Proc. Natl Acad. Sci. USA, 78,
7341–7345.

78. Marcade,I., Cordaux,R., Doublet,V., Debenest,C., Bouchon,D.
and Raimond,R. (2007) Structure and evolution of the atypical
mitochondrial genome of Armadillidium vulgare (Isopoda,
Crustacea). J. Mol. Evol., 65, 651–659.

79. Burger,G., Zhu,Y., Littlejohn,T.G., Greenwood,S.J.,
Schnare,M.N., Lang,B.F. and Gray,M.W. (2000) Complete
sequence of the mitochondrial genome of Tetrahymena pyriformis
and comparison with Paramecium aurelia mitochondrial DNA.
J. Mol. Biol., 297, 365–380.

80. Hikosaka,K., Watanabe,Y., Tsuji,N., Kita,K., Kishine,H.,
Arisue,N., Palacpac,N.M., Kawazu,S., Sawai,H., Horii,T. et al.
(2010) Divergence of the mitochondrial genome structure in the
apicomplexan parasites, Babesia and Theileria. Mol. Biol. Evol.,
27, 1107–1116.

81. Adam,H., Groenewald,M., Mohan,S., Richardson,S., Bunn,U.,
Gibas,C.F., Poutanen,S. and Sigler,L. (2009) Identification of a
new species, Candida subhashii, as a cause of peritonitis.
Med. Mycol., 47, 305–311.

82. Ji,Z.H., Jia,J.H. and Bai,F.Y. (2009) Four novel Candida species
in the Candida albicans/Lodderomyces elongisporus clade isolated
from the gut of flower beetles. Antonie van Leeuwenhoek, 95,
23–32.

83. Kurtzman,C.P., Robnett,C.J. and Yarrow,D. (2001) Two new
anamorphic yeasts: Candida germanica and Candida neerlandica.
Antonie Van Leeuwenhoek, 80, 77–83.

84. Suh,S.O., Nguyen,N.H. and Blackwell,M. (2008) Yeasts isolated
from plant-associated beetles and other insects: seven novel
Candida species near Candida albicans. FEMS Yeast Res., 8,
88–102.

85. Jones,T., Federspiel,N.A., Chibana,H., Dungan,J., Kalman,S.,
Magee,B.B., Newport,G., Thorstenson,Y.R., Agabian,N.,
Magee,P.T. et al. (2004) The diploid genome sequence of Candida
albicans. Proc. Natl Acad. Sci. USA, 101, 7329–7334.

86. Sekito,T., Okamoto,K., Kitano,H. and Yoshida,K. (1995) The
complete mitochondrial DNA sequence of Hansenula wingei
reveals new characteristics of yeast mitochondria. Curr. Genet.,
28, 39–53.

87. Foury,F., Roganti,T., Lecrenier,N. and Purnelle,B. (1998) The
complete sequence of the mitochondrial genome of Saccharomyces
cerevisiae. FEBS Lett., 440, 325–331.

88. Zivanovic,Y., Wincker,P., Vacherie,B., Bolotin-Fukuhara,M. and
Fukuhara,H. (2005) Complete nucleotide sequence of the
mitochondrial DNA from Kluyveromyces lactis. FEMS Yeast
Res., 5, 315–322.

89. Juhasz,A., Pfeiffer,I., Keszthelyi,A., Kucsera,J., Vagvolgyi,C. and
Hamari,Z. (2008) Comparative analysis of the complete
mitochondrial genomes of Aspergillus niger mtDNA type 1a and
Aspergillus tubingensis mtDNA type 2b. FEMS Microbiol. Lett.,
281, 51–57.

Nucleic Acids Research, 2011, Vol. 39, No. 10 4219

 at U
niverzita K

om
enskeho on June 1, 2011

nar.oxfordjournals.org
D

ow
nloaded from

 

http://nar.oxfordjournals.org/

