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The anatomy of mtDNA of mammalians:
the links with organismal longevity
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Abstract — Till now the mtDNA determinants of longevity
are poorly known. What is the biological reasons for the
effects of mtDNA structures on animal lifespan? In this study
in order to answer this question, we correlates various mtDNA
properties versus mammals longevity and found interesting
answers rooted in mitochondria functional optimization.

Keywords — mtDNA anatomy, phylogenetic comparative
analysis

Motivation and aim

Till now the mtDNA context relation with longevity is
poorly understood. Probably, some of these correlations are
driven by the decreased somatic mutation rate in long-lived
mammals, however, still there is a lack of understanding of
the mechanisms of these correlations. There is no common
and well established model, explaining causative effects of
mtDNA structures on animal lifespan. To answer this
question for each species with sequenced complete
mitochondrial genome we need to discriminate the all
possible anatomical mtDNA features as well as various
nucleotide contexts and correlate these versus organisms
longevity.

One of the obvious determinants of longevity shortening
is the elevated error rate in transcription and translation. The
elevated error rate of mitochondrial proteins driven by the
oversimplification of the translation machinery — only 22
tRNA genes are responsible for mitochondrial protein
synthesis [1] comparing to 41 - 55 nuclear tRNAs with
hundreds of nuclear tRNA genes [2]. Thus, mitochondrial
ribosome must select the correct aminoacyl-tRNAs from a
large pool in very time-efficient manner to sustain an
elongation rate and to prevent translation elongation
stalling. Is such an optimization observed in nature? It is the
second question for answer into this work.

Methods

At the first step, we concatenated mitochondrial protein
alignments (generated via PROMALS3D) of 13
mitochondrial proteins, which extracted from whole-
genome sequences of mtDNA in more than 3500 Vertebrate
species from NCBI GenBank. At the second step, we
selected optimal evolutionary model for protein sequences
evolution (mtMAM, by iqtree v. 1.5.4). At the third step, we
reconstruct final tree and optimized branch lengths using the
species tree topology constraints (from TimeTree database;
tree reconciliation by treefix v. 1.1.10) and optimal
evolutionary model. The branch lengths were calculated
based on heterotachy model implemented in iqtree v.
1.6.beta3.
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Microsatellites across Vertebrates mtDNA  were
identified using PERF v0.2.5 [3]. After that, we calculated
the fraction of genome covered by microsatellites. Melting,
cruciform, or Z-state of mtDNA in Vertebrate species was
detected using SIST software [4]. We calculated fractions of
mitochondrial genomes characterized by these states. Using
pgsfinder R package we extract all mtDNA sequence
positions characterized by quadruplex properties. We
calculated normalized fraction of quadruplexes in
mitochondrial genome by dividing their total length by total
mtDNA lengths and by mtDNA GC contents (quadNL). We
sleeked for DNA triplexes by two software: triplexator [5]
that intended to DNA-RNA triplex identification and triplex
R package that intended to DNA-DNA triplex
identification. After triplexes identification, we calculated
total length of triplexes in mitochondrial genome divided by
total mtDNA lengths and by mtDNA GC contents. Using
the compseq software from EMBOSS v. 6.6.0 we calculated
the observed fractions of codons for all mitochondrial
protein coding genes. Using banana (EMBOSS v. 6.6.0)
program we calculated average and maximum bend and
curve of mtDNA; the btwisted program was used for
average stacking energy per dinucleotide (SEpb), average
bases per turn, total stacking energy, total twist, and total
turns computation for each mtDNA. We used cpgreport
(EMBOSS v. 6.6.0) software for calculation the fraction of
CpG islands in mitochondrial genome normalized by
mtDNA GC content (normCpG) and we used geecee
software for mtDNA GC content computation. dan software
(EMBOSS v. 6.6.0) were used for average, min, and max
mtDNA melting temperatures (Tm) computation; we used
“thermo” option for average dG, dH and dS computation.
Using Biostrings R package we calculated the fractions of
di-, tetra-, hexa- and octa-nucleotides in mitochondrial
genomes. We normalized these fractions to the product of
nucleotide frequencies in order to take into account possible
nucleotide occurrence biases in mtDNA. Additionally,
using precalculated data on various degenerate repeats types
in Vertebrate mtDNA (ImtRDB [6]) we calculated median,
Q1 and Q3 of repeats density per bp.

We intersected our species list in Vertebrate tree with
such list in the database on generation length of mammals
[7]. In our analyses, we used GenerationLength d variable
from this database. We found 782 species identical in both
lists. We performed correlation analysis between the
genome characteristics and mammalian generation lengths
using phylogenetic independent contrasts implemented in
ape R package.



Results

Correlation analysis between the microsatellites
fractions in genome, the fractions of melting / cruciform /
Z-state DNA and mammalian generation lengths did not
result in any statistically significant correlations.
Correlation between normalized quadruplexes lengths and
generation lengths found positive and statistically
significant correlation (Table 1). We did not find any
statistically significant relations in correlation analysis
between any triplex forms and mammalian generation
lengths. The observed statistically significant correlations of
codon fractions and normalized fractions of di-, tetra-, and
hexa-nucleotides versus mammalian generation lengths are
shown in Table 1. We observed that DNA bend and average
stacking energy per dinucleotide correlate significantly and
positively with mammalian generation lengths, while
average mtDNA melting temperature, average dG and dH
correlate with generation lengths significantly and
negatively (Table 1). High statistical significance and
positive sign are also characteristic for correlation of
mammalian generation lengths with GC contents, while the
normalized fraction of CpG islands correlates at lower
statistical significance with the same sign (Table 1). The
analysis of degenerate repeats density per bp shown that
only Q3 and median of complementary repeats (crQ3 and
crMd, respectively) and Q3 of inverted repeats (irQ3) have
significant negative correlations with ~mammalian
generation lengths.

TABLE 1. WHOLE GENOME PHYLOGENETIC INDEPENDENT CONTRASTS
ANALYSIS. ONLY STATISTICALLY SIGNIFICANT (P<(.01) CORRELATIONS

OF MAMMALIAN GENERATION LENGTHS WITH VARIOUS PROPERTIES WERE
SHOWN

Properties t value & positive or p value
negative relation (sign)
quadNL 3.312 0.000969
Bend 4.902 1.15e-06
Tm 4.885 1.25e-06
SEpb -4.695 3.15e-06
dG -4.857 1.44e-06
dH -4.468 9.05e-06
GC content 4.071 5.15e-05
normCpG 3.051 0.00236
irQ3 -3.639 0.000292
crQ3 -3.434 0.000626
crMd -2.611 0.0092
Codon fractions
CAC 4.481 8.52E-06
CGG and GGC >4.115 <4.28E-05
CCT and ACC >3.978 <7.59E-05
GCCand CCG >3.655 <0.000274
GTC 3.578 0.000367
CCA 3.486 0.000517
TCG 3.33 0.000908
TCCand CCC >3.229 <0.00129
GTG 2.879 0.0041
CGC 2.878 0.00411
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CGA 2.871 0.00421
ACA 2.678 0.00755
ATA -3.16 0.00164
CTT and GTT <-3.338 <0.000885
TAA and ATT <-3.815 <0.000147
AAT -4.007 6.74E-05
TAT -4.126 4.09E-05
TTG -4.439 1.03E-05
TTT and TTA <-4.446 <1E-05
Normalized fractions of oligonucleotides
GC -2.960 0.00317
1T -2.818 0.00495
AGCA -4.287 2.03e-05
GCAG -4.117 4.24e-05
CGAG -3.436 0.000622
CGGGTG -4.894 1.2e-06
CACGAG -4.533 6.71e-06
TTGCAG -3.727 0.000207
TGATGC -3.664 0.000265
CTGTCA 3.459 0.000572
CGGTGA 3.433 0.000629
CACGTC 3.340 0.000876
TTGCTC -3.331 0.000906

In is of interest that the optimization against translation
stalling in long lived mammals is possibly achieved by two
ways — via positive selection of codons having hydrogen
bonds number >6 with anticodon and by negative selection
of codons having <6 hydrogen bonds. It is also of greate
interest that the optimization of mtDNA nucleotide context
(negative selection versus C|G enriched patterns and
repeats, positive selection on DNA Bend, Tm) enriched in
regions with mtDNA transcriptional and translational
functional load.
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