




Terminal inverted repeats appear to be a typical feature
of linear-mapping mitochondrial genomes occurring in
phylogenetically distant organisms (9,10,15,19–21,24,
25,27,34,38,44,51,79,80) indicating that they arose by
analogous evolutionary trajectories. These repeats
usually consist of non-coding sequences, and sometimes
a few genes. The linear-mapping mitochondrial genome
of the stramenopile Proteromonas lacertae possesses even
15.6 kb-long terminal LIRs with about two-thirds of genes
(21). Therefore, we assume that the terminal LIRs are
remnants of resolution elements that emerge from
segmental duplications of mitochondrial genome.
Alternatively, the may derive from invertrons such as
linear mitochondrial DNA plasmids that are known to
integrate into mtDNAs (10).

Phylogenetic analysis

We took advantage of the mtDNA-derived data and
analyzed phylogenetic relationship of investigated yeast
species by Bayesian and maximum likelihood methods.
All three methods resulted essentially in the same tree
topology. The tree calculated by PhyloBayes (Figure 6)

is supported by high posterior probabilities on most
branches and is consistent with the study of Fitzpatrick
et al. (53) indicating that the monophyletic ‘CTG clade’
splits into two major lineages: the first represented by
D. hansenii and P. sorbitophila, and the second by the
C. albicans–C. parapsilosis group. Incorporation of add-
itional recently described species (81–84) in the phylogen-
etic analysis revealed more detailed relationship among
species in the latter lineage. This lineage splits into three
subgroups (i.e. L. elongisporus–C. parapsilosis,
C. maltosa–C. tropicalis and C. subhashii–C. alai) each
containing species with circular- and linear-mapping
mtDNAs. The occurrence of different types of mitochon-
drial telomeres (i.e. t-arrays in C. metapsilosis,
C. orthopsilosis and C. parapsilosis; t-hairpins in
C. viswanathii and C. frijolesensis; inverton-like telomeres
with a t-protein in C. subhashii) in each subgroup is con-
sistent with the tree topology. Similar to C. parapsilosis,
the linear mitochondrial genome of C. salmanticensis ter-
minates with t-arrays, although the sequence of its mito-
chondrial telomeres is different. Since C. salmanticensis
belongs to early branching hemiascomycete lineages this
linear mitochondrial genome emerged independently on

Figure 5. Continued
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linear mtDNAs in species from the ‘CTG clade’, presum-
ably by employing similar molecular mechanism(s).

Reconstruction of ancestral mitochondrial genomes

Our previous reports (10,46) as well as the comparison of
mtDNAs examined in this study revealed a number of
conserved gene clusters. This prompted us to use the
gene orders of 15 species from the ‘CTG clade’ for recon-
struction of possible ancestral mitochondrial genomes in
corresponding nodes of the phylogenetic tree (Figure 7),
using the DCJ model (69) and local optimization proced-
ures (70). For example, the presumed ancestor of
C. parapsilosis and C. jiufengensis, which differ by the
genome form, had a circular-mapping genome. We
propose a simple evolutionary scenario leading to the
linear-mapping mitochondrial genome (Figure 8). In this
scenario, a resolution of a recombination transaction
between the gene pairs cox2-trnN and cob-atp9 results in
the formation of mtDNA with the gene order observed in
circularized mutants of C. orthopsilosis and C. metapsilosis
and its subsequent linearization between the genes nad3
and atp6 generates a linear mtDNA with genetic organ-
ization observed in the linear-mapping mitochondrial
genomes of C. metapsilosis, C. orthopsilosis and
C. parapsilosis. In contrast, recombination between the
gene pairs rnl-cox1 and atp6-nad3 in the presumed ances-
tral genome leads to the identical arrangement of genes as
is present in the C. jiufengensis mtDNA.

On the origin of ‘true’ linear mitochondrial genomes

In a number of species, replication of linear-mapping
genomes relies on circular intermediates (monomers or
dimers) generating linear concatemers via rolling circle
and/or recombination-dependent replication mechanisms
(44,45). In contrast, no genome-sized circles or genome
concatemers were detected in mitochondria of
C. parapsilosis and C. subhashii, which harbor uniform
linear mtDNA molecules terminating with t-arrays and
t-proteins, respectively (10,20,46). Hence, these linear-
mapping genomes can be considered as ‘true’ linear
genomes. This is further underlined by the presence of
active telomere maintenance pathways ensuring their
complete replication. We posit that linear-mapping
genomes with terminal structures such as t-hairpins cor-
respond to a transient state between circular mapping and
‘truly’ monomeric linear mitochondrial genomes.
T-hairpins formed at linear mtDNA termini provide sub-
strates for terminus elongation by an active telomere
maintenance pathway [e.g. recombination-dependent
mechanism operating in C. parapsilosis mitochondria
(49,50)]. Once this pathway ensures the stability of a
linear genome, circular replication intermediates and/or
polydisperse mtDNAs become dispensable for the
system. Conversely, a defect in the telomere-maintenance
pathway may result in intramolecular end-to-end fusion,
thus re-establishing the original circular-mapping mito-
chondrial genome architecture (Figure 9).

Figure 6. Phylogenetic tree based on mtDNA encoded proteins. Phylogenetic tree was calculated from multiple sequence alignments of mitochon-
drial proteins by PhyloBayes (65). Posterior probabilities are shown at corresponding branches. The mitochondrial genome forms were reported
elsewhere (10,20,22,51,55–57,60,86–89) or analyzed in this study. C—circular-mapping genome; L1, L2 and L3 indicate the type of linear-mapping
genomes according to the telomeric structures, i.e. t-hairpins, t-arrays and invertron like with t-proteins, respectively; 3xL1—tripartite linear-mapping
genome with t-hairpins (see Table 1 for details).
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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).
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