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1 Introduction

1.1 Co-evolution
The term co-evolution is generally used to describe reciprocal evolutionary influence between two
or more lineages. The term can be tracked back to On the Origin of Species, where Darwin de-
scribes the ecological interactions between numerous species and the effect on their phenotypic
adaptations (this is commonly described as the Entangled Bank Hypothesis). The article "When
Is It Co-evolution?" [13] is one of the first attempts to distinguish between different types of
co-evolutionary thinking, and, strictly speaking, define co-evolution. The term however is used
in many different ways depending on the discipline of the publication. The field of Molecular
co-evolution is fairly recent and refers to evolutionary influences between proteins and protein
families. Pollack [1] describes molecular co-evolution as the influence of an amino acid substi-
tution at one position of a sequence to the substitution rate of other positions in the sequence.
Since then, various studies have developed methods in order to detect intra-sequence, co-evolving
residues. These methods try to infer coevolving signatures from DNA data and can be divided
into two distinct groups: parametric and non-parametric [11, 15, 14, 8]. The parametric methods
muster likelihood approximations (Maximum Likelihood or Bayesian approaches), phylogenetic in-
formation etc. Non-parametric models mainly employ mutual information (MI), an entropy based
measurement taken from information theory. All of these studies, though, are performed on protein
multi-sequence alignments (MSA), and try to find co-evolving amino-acid residues within the same
protein. In this study, we expand the scope of the analysis on the DNA level and try to detect
potentially co-evolving sites between different, interacting proteins.

1.2 Mitochondrial Oxidase Phosphorilation Complex
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Figure 1: Mitochondrial Electron Transport Chain.

Oxidase Phosphorliation is a metabolic pathway present in almost all aerobic organisms, in
which the cell oxidizes nutrients and uses the energy produced to form ATP. In eucaryotes Oxidase
Phosphorilation usually takes place in the mitochondria, where electrons are transfered from elec-
tron donors to electron acceptors with a series of redox reactions. Specifically, free electrons travel
within a series of protein complexes (OXPHOS complex) that form an electron transport chain.
The energy that this transfer produces, is used to transport protons across the inner mitochondrial
membrane, generating a pH gradient and an electric potential across the membrane. This poten-
tial is quenched by protons flowing into the mitochondrion through an ATP synthase. This flow
causes a mechanical rotation in a part of the enzyme, that phosphorylates ADP into ATP [10].
Importantly, the mitochondrial DNA contains only a small number of genes needed to build the
complexes of the electron transport chain. But these genes are susceptible to the special condi-
tions that affect the evolution of mtDNA. First, mitochondria are more prone in fixing deleterious
mutations because of their nearly maternal mechanism of inheritance (a.k.a. Muller ’s Ratchet).
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Second, it is hypothesized that mitochondria small but frequent bottlenecks even though most
cells contain numerous mitochondrial genomes. These may come from the mode of inheritance or
simply be a result of mitochondrial degradation due to cell stress [4].

1.3 Motivation
The OXPHOS complex is an ideal candidate for studying coevolution for two main reasons: a)The
proteins that comprise the electron transport chain have subunits that originate from genes of
mitochondrial and/or nuclear origin and b)The mutation rate in mitochondria is of an order of
magnitude greater than the nuclei in animals. Thus, in order for these proteins’ 3D structure to
remain functional, either the nucleic loci have to compensate for the higher mitochondrial mutation
rate by an increase of fixation of compensatory mutations, or the mitochondrial loci are subjects
of very strong purifying selection. The idea of compensating mutations is not new. It is thought as
an important factor influencing the evolution of mitochondria and even as a driver for speciation
events [9]. Most of the studies, however, explore compensation within the same protein [17, 16, 23].
We employ a linkage disequilibrium (LD) product, T2 [25], that describes correlation between two
sites of the same or, in our case, different MSAs, in order to discover functional "linkage" between
nuclear and mitochondrial sites.
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2 Materials and Methods

2.1 Dataset
86 nuclear loci and 13 mitochondrial loci were obtained from UCSC database for 13 Drosophila
species as well as their phylogenetic relationships.
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Figure 2: Phylogenetic tree of the 12 Drosophila
species that were used in the analysis. The tree
was generated by analysis of 4-fold degenerate
sites.

2.2 Linkage Disequilibrium
We employed the T2 formula as described in Zaykin et al., in order to calculate the correlation
between nuclear and mitochondrial sites. With an unambiguous gametic phase, observations can
be arranged into a kXm table. The cells of the table represent N haplotype observations: the
(i, j)th cell is the number (nij) of haplotypes that carry allele i at the nuclear site and j at the
mitochondrial one. The observed haplotype frequencies are pij =

nij

N and the observed correlation
for sites i and j is:

rij =
pij − piqj√

pi(1− pi)qj(1− qj)
(1)

pi and qj are simply the haplotype frequencies at nuclear and mitochondrial sites respectively. The
formula for the T2 statistic approximates a X2 distribution and is described as follows:

T2 =
(k − 1)(m− 1)N

km

k∑
i=1

m∑
j=1

r2ij ∼ X2
(k−1)(m−1) (2)

Only biallelic sites were used in the calculations, as mathematical inference that violates the infinite
site model becomes tedious. All the biallelic sites of nuclear loci were compared with all the biallelic
sites of mitochondrial loci. These comparisons comprise three possible categories: a) a site that
has a synonymous polymorphism versus a site that also has a synonymous polymorphism, b) a
site that has a synonymous polymorphism versus a site that has a non-synonymous polymorphism
and c) two sites that both contain non-synonymous polymorphisms. For each pair of nuclear
and mitochondrial loci we calculated the likelihood of observing this many or greater pair of sites
that belong to category (c) among the sites that have the highest T2 value. This likelihood was
calculated under the hyper-geometric distribution.

2.3 Scripting and Code
Implementation of the T2 formula was performed with C programming language. R packages
"Phangorn" [20] and "PopGenome" [18] were used to describe whether biallelic polymorphisms
were synonymous or not. The "Invertebrate Mitochondrial Code" [3] of NCBI was used to describe
mitochondrial polymorphisms.
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2.4 Hypothesis Testing
In order to find out whether coevolution actually affects the value of the statistic we are employing,
we need to isolate all other parameters that may have an effect on these values (e.g. phylogeny,
branch lengths, etc.). For this reason, we simulated codon sequences that do not interact with each
other using the INDELible package [7]. Mitochondrial and nuclear codon rates and equilibrium
frequencies, were inferred using the codeML program from PAML package [24], by concatenating
the mitochondrial and nuclear loci respectively. While this method often produces biases under
a phylogenetic perspective, we have already assumed that the phylogeny is known. Instead, we
are trying to find the codon rates and equilibrium frequencies that have the maximum likelihood
given the phylogenetic tree and the sequence data. The phylogenetic tree provided by UCSC was
generated exclusively by 4-fold degenerate sites, that evolve faster than the other coding sites.
This affects the branch lengths of the phylogeny of the species and consequently the number of
polymorphisms in our supposedly neutral simulations. In order to evaluate the effect that the
branch lengths have in the analysis, we simulated datasets, where we scaled the phylogenetic tree’s
branch lengths according to analysis performed by the RAxML [22] program.
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3 Results and Discussion

3.1 Distribution of P-value statistic
The distribution of the Log10 p-values, as described in the 2.4 section, is shown in Figure 3. A
striking result is the distance between the threshold generated from simulations under the UCSC
phylogenetic tree and the one generated from simulations after the scaling with the RAxML best
tree length. In particular, we found out that the total length of the UCSC tree length was 2.993864
times larger that the RAxML one. This practically means, that all the sites in the simulated dataset
evolve just as fast as the 4-fold degenerate sites that were used to generate the tree. The result
is inflated number of non-synonymous polymorphisms in the unscaled dataset, that cause the
threshold to shift upwards. In contrast, the scaled dataset ’s threshold appears to be too lenient
compared to the real data. This is the reason we chose to operate with the stricter approach.

Figure 3: Histogram of Log-Pvalues. Green line represents the threshold generated from sim-
ulations under the tree generated from 4-fold degenerate sites. Orange line was generated from
simulations under after the tree was scaled according to RAxML tree length. P-values represent
the probability that the sites with the highest T2 contain that many or more comparisons between
sites that contain non-synonymous substitutions in both nucleic and mitochondrial loci, under the
hypergeometric distribution.
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3.2 Interactions
COX2 a gene that encodes the second subunit of the cytochrome oxidase apparatus. It is located
in the mitochondrial DNA and is part of a membrane protein with 6 subunits, that comprise of
products of the COX1 and COX2 genes. Cytochrome Oxidase2 is the main catalytic molecule of
the enzyme and accepts 4 electrons from two cytochrome c units and transfers them to O2 [21].
The ATP6 gene encodes the 6th subunit of the F1Fo ATP synthase. As a result, it is in close
proximity with the other subunits of complex V. Mutations in the ATP6 gene have been associated
with Leigh syndrome [6]. CYTB is the only component of respiratory complex III, that is encoded
in the mitochondia. Cytochrome b, along with Cytochrome c and iron-sulfur protein (ISP) form
the catalytic center of the enzyme. This complex is a membrane bound enzyme that transfers
electrons from Ubiquinol to Cytochrome c. Mutations in the CYTB gene have been associated
with different encephalopathies and myopathies [5]. ISP encodes a Rieske protein (iron-sulfur
protein) that operates inside the complex III of the electron transport chain. Mutations of ISP1
gene are shown to result in delayed development and increased lifespan of C.elegens. It has been
shown that this molecule passes electrons to the cyt-b module [12]. ATPaseBeta encodes part of
the main catalytic subunit of the F1Fo ATPase motor complex (complex V). Together with the a
subunit, they form the ADP binding site of the enzyme [2]. NDUFV1 is the nuclear gene that
expresses the NADH Dehydrogenase Ubiquinone Flavoprotein 1. This protein is the main subunit
of complex I and the NDUFV1 gene encodes the binding site of NADH that transfers electrons
from NADH towards the electron transport chain [19].

Nuclear Locus Mitochondrial Locus Log10 P-value
ATPaseBETA COX2 4.662501e-113
NDUFV1 ATP6 7.059310e-80
NDUFV1 CYTB 3.645180e-54

ISP ATP6 1.526968e-42

Table 1: Table of comparisons that pass the significance threshold.

3.3 Conclusions
In this study, we have provided a novel framework for studying coevolutionary relationships between
proteins on the DNA level. While our results may suggest significance over loci that do not
interact physically, a lot of the structures of the gene products for the OXPHOS complexes remain
hypothetical. Moreover, it has been shown that physical interaction is not necessary for sequences
to develop coevolutionary signatures. Merely being in the same network, interacting with the same
protein molecules, generates enough pressure and results in similarities [11]. A naive example is
that of the binding sites of a specific transcription factor. They may have a high degree of similarity,
even though they may be located in different chromosomes. Even though our methodology needs
refining, it can be extended to detect pairs of interacting sited in MSAs, and will be extremely
useful in discovering patterns of coevolution among other cyto-nuclear interacting systems, e.g.
chloroplast-nucleus interactions of the photosynthetic mechanism.
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