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ABSTRACT

Background: Recent studies of selection on mitochondrial coding genes suggest adaptation
due mainly to environmental variation.

Question: What is the extent of positive selection on the mitochondrial genomes of fruit flies?
Are amino acid substitutions on these genomes affected by climate variation and/or host type
(i.e. polyphagous, oliphagous or monophagous)?

Data incorporated: Seventeen complete mitochondrial genomes of fruit flies of the genus
Bactrocera (retrieved from Genbank).

Method of analysis: Site and branch-site methods were applied to detect amino acid positions
and lineages under positive selection. Relationships between genotypes and bioclimatic data
were assessed using correlation tests, while genetic variation between polyphagous, oliphagous,
and monophagous insects was assessed using a Kruskal-Wallis H-test. In addition, we applied a
multiple regression analysis, with the genetic parameters as the dependent (outcome) variables,
and the bioclimatic factors and host type as the predictor (independent) variables. Finally, we
compared rates of evolution of the 13 mitochondrial coding genes with the corresponding
predicted ancestral sequences.

Conclusions: Site and branch-site applied tests showed evidence of positive selection in 37
codons in 11 of the 13 mitochondrial coding genes, mostly affecting the oligophagous lineages.
We found strong relationships between the genetic parameters and mean diurnal range,
suggesting an effect of ambient temperature in the evolution of the genus Bactrocera. More-
over, a significant increase of amino acid substitutions from the predicted ancestor suggests an
effect of the observed mitochondrial variation in the specialization process from polyphagous
to monophagous species. Finally, we showed that NADH dehydrogenase subunit 6, one of the
13 mitochondrial coding genes, evolves independently from all the other genes of the same
linkage system.
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INTRODUCTION

Mitochondrial DNA (mtDNA) is a widely used molecular tool in population genetics,
phylogeographical, and phylogenetic studies in eukaryotes, with most studies reliant
explicitly or implicitly on the neutral mutation theory. Neutral scenarios are commonly
advanced to explain population-level phenomena involving mtDNA, such as population
structure and dynamics, mtDNA gene flow, genetic breaks in species distributions, and
levels of mtDNA polymorphism within a species. However, in recent years, accumulating
evidence of the selective constraints on mtDNA has led to intense discussion of whether
mainly neutral evolutionary or adaptive evolutionary forces are shaping variation in
mtDNA (Nachman et al., 1996; Da Fonseca et al., 2008; Stewart et al., 2008; Ballard and Melvin, 2010; Melo-Ferreira

et al., 2014; Morales et al., 2015). In particular, studies of the variation in human mtDNA protein
coding genes (Mishmar et al., 2003; Ruiz-Pesini et al., 2004; Ingman and Gyllensten, 2007; Balloux et al., 2009) have
suggested non-neutral evolution of the mitochondrial genome, with climate as one selective
influence. Additional evidence of selective pressures can be seen in the deleterious effects
of mtDNA variation, where a single substitution could be responsible for serious diseases
in humans (e.g. Taylor and Turnbull, 2005; Tuppen et al., 2010). Moreover, it has also been suggested
that mtDNA is involved in adaptation to high altitude, temperature, colder climate, food
availability, and habitat change (see Garvin et al., 2014).

In the genus Bactrocera (Diptera: Tephritidae: Dacinae), the mitochondrial genome
contains 37 genes, made up of 13 protein-encoding genes, 22 transfer RNA genes, and 2
ribosomal RNA genes. All 13 protein-encoding genes are components of the mitochondrial
respiratory chain (OXPHOS): these are 7 subunits of the NADH dehydrogenase complex I
(ND1, ND2, ND3, ND4, ND4L, ND5, and ND6), 1 subunit (cytochrome b) of the cyto-
chrome cb1 complex III, 3 subunits of cytochrome c oxidase complex (COX1, COX2, and
COX3), and 2 subunits of ATPase complex V (ATP6 and ATP8) (Zhang et al., 2014; Choudhary et al.,

2015; Tan et al., 2016; Yong et al., 2016).
Fruit flies of the genus Bactrocera have a worldwide distribution. Most are highly

polyphagous species that use a wide variety of host plants (Vargas et al., 2015). These fruit fly
species display strong behavioural and biological interactions with their host plants. Such a
dependent relationship has influenced their evolution and their processes of speciation (Drew

and Hancock, 2001). Indeed, Funk (2010) suggested that host plants affect ecological divergence,
reproductive isolation, and host-related selection in insect species. In addition, Kelley et al.
(2000) showed that host specialization affects genetic differentiation in insects, while Nosil
(2002) showed that it affects their transition rates.

In this study, we tested for signatures of natural selection, using different statistical
methods, on 17 mitochondrial genomes (available from GenBank) of fruit flies of the genus
Bactrocera. Furthermore, we analysed the effect of different climatic factors and host range
on the positively selected sites, and also on genetic variation as estimated by synonymous
and non-synonymous changes from the putative ancestral sequences. Finally, we expected
a strong correlation between the 13 mitochondrial loci under study as an indication of a
significant signal of co-evolution of these genes, in particular because non-recombining
mtDNA can be considered a single linkage system.
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MATERIALS AND METHODS

Sequences and database searches

We re-analysed 17 mitochondrial genomes of the genus Bactrocera studied previously that
we retrieved from GenBank (Table 1). We wished to determine whether positive selection
has played a significant role in the evolution of the mtDNA coding genes of the Bactrocera
fruit flies. This aspect was not covered in any of the mtDNA studies of this genus, in which
the mitochondrial data were only used to construct phylogenetic relationships.

Molecular evolution analysis

First, we tested for positive selection at specific codons of the 13 protein-coding mito-
chondrial genes using the site model implemented in CODEML, in the PAML 4 package
(Yang, 2007). We evaluated the presence of positive selection (ω > 1) using a likelihood-ratio
test (LRT) after comparing the distribution of a null model that does not allow for any
codons to be ω > 1 against a model that does. Six different models proposed by Yang et al.
(2000, 2005) were compared: M0 (one ω ratio), M1a (nearly neutral), M2a (positive selection),
M3 (discrete), M7 (beta), and M8 (beta & ω).

We further applied additional codon models to assess the impact of selection along the
mtDNA phylogeny of fruit flies using five different methods on the DATAMONKEY web
server [http://www.datamonkey.org/; last accessed 10 March 2016] (Pond and Frost, 2005):

• Single Likelihood Ancestral Counting (SLAC)
• Fixed Effects Likelihood (FEL)

Table 1. GenBank accession numbers, species designations, and references for mtDNA genomes of
Bactrocera species downloaded from GenBank and used in the current study

GenBank accession # Species References

1. KT881556 B. latifrons Yong et al. (2016)
2. KT881557 B. melastomatos Yong et al. (2016)
3. KT881558 B. umbrosa Yong et al. (2016)
4. NC_005333 B. oleae Nardi et al. (2003)
5. NC_008748 B. dorsalis Unpublished results
6. NC_009770 B. papayae Unpublished results
7. NC_009771 B. philippinensis Unpublished results
8. NC_009772 B. carambolae Unpublished results
9. NC_014402 B. minax Zhang et al. (2014)
10. NC_014611 B. tryoni Nardi et al. (2010)
11. NC_016056 B. cucurbitae Wu et al. (2013)
12. NC_018787 B. correcta Unpublished results
13. NC_027254 B. scutellata Unpublished results
14. NC_027290 B. tau Tan et al. (2016)
15. NC_027725 B. zonata Choudhary et al. (2015)
16. NC_028327 B. arecae Yong et al. (2015)
17. NC_028347 B. diaphora Zhang et al. (2015)
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• Random Effects Likelihood (REL)
• Fast Unconstrained Bayesian AppRoximation (FUBAR)
• Mixed Effects Model of Evolution (MEME) (Murrell et al., 2012, 2013).

Levels of significance of P < 0.25 in SLAC and FEL and P < 0.05 in MEME and Bayes
factors >50 in REL were used to indicate positively selected sites. In all tests performed
in DATAMONKEY, the appropriate evolutionary model for each data set was used after
direct estimation on this web server.

We also applied the branch-site model (Yang et al., 2005; Zhang et al., 2005), implemented in
CODEML, and the branch-site REL (Pond et al., 2011), implemented in DATAMONKEY. For
the CODEML method, all individual branches were tested as possible foreground lineages.
The Bayes empirical method was used to identify sites under positive selection in the case
of rejection of the null model (Yang et al., 2005). We used the branch-site REL (Pond et al., 2011) to
perform a series of likelihood-ratio tests to identify all lineages in a phylogeny where a
proportion of sites evolves with dN/dS > 1. This model is a generalization of existing
branch-site methods.

We also applied TreeSAAP (Woolley et al., 2003) to the current data set. TreeSAAP takes into
account the magnitude of the impact of the amino acid replacements on local physico-
chemical properties. We interpreted a radical magnitude of change ≥6 (with P ≤ 0.001) to
indicate positive directional selection for a given physicochemical property. In addition, we
only considered amino acid properties that had an accuracy of detection of selection greater
than 85% (McClellan and Ellison, 2010). This meant we excluded 11 of the 31 properties analysed by
TreeSAAP.

Relationships between amino acid changes and climatic variation

Bioclimatic data were obtained from the WORLDCLIM data set for 2.5-minute intervals
[v.1.4, http://www.worldclim.org/bioclim.htm]. Nineteen bioclimatic variables were auto-
matically extracted using DIVA-GIS v.7.5. Since a correlation between climatic variables
can lead to incorrect results and that the use of all 19 variables can lead to over-
parameterization, we first applied a Spearman rank correlation test to each pair of variables
using SPSS v.18.0 statistical software (SPSS Inc., 2009). Of all the variables tested, only four were
selected and these did not correlate with each other:

• mean diurnal range [mean of monthly (maximum – minimum) temperature] (BIO2)
• maximum temperature of warmest month (BIO5)
• annual precipitation (BIO12)
• seasonality of precipitation (coefficient of variation) (BIO15) (see http://

www.evolutionary-ecology.com/data/3082Appendix.pdf).

Accumulation of synonymous and non-synonymous substitutions through the evo-
lutionary history of the Bactrocera genus has led to the current taxonomy of the species in
question since divergence from their common ancestor. Comparing substitution changes
with the ancestral state can be a useful estimator of genetic variation. Therefore, we
reconstructed the ancestral sequence of all Bactrocera species studied using the maximum
likelihood ancestral sequence reconstruction method implemented in FASTML [http://
fastml.tau.ac.il/; last assessed 15 June 2016] (see 3082Appendix.pdf). We then calculated
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non-synonymous and synonymous changes (dN, dS) and dN/dS ratios between the putative
ancestral sequence and each sequence using DnaSP v.5.1 (Librado and Rozas, 2009). We also
calculated the overall number of positively selected sites in each sequence compared with its
ancestor. Non-synonymous and synonymous changes and number of positively selected
sites (when considering all 13 genes) for each species (designated in the text by genetic
variables) were tested for relationships with bioclimatic variables. Moreover, host range for
each species (monophagous, oligophagous, polyphagous) as obtained from Vargas et al.
(2015) was included as a factor that may influence substitutions in the mitochondrial genome.

Before analysis, we checked the data for normality using the Shapiro-Wilk H-test imple-
mented in SPSS. Among all variables, only BIO2, BIO15, and number of positively selected
sites were normally distributed (see 3082Appendix.pdf). Since all transformations applied
to the non-normally distributed variables (log normal, log decimal, square root, inverse)
failed to meet the assumptions of normality, we compared the original data sets with the
variables after ln-transformation. First, associations between genotypes and bioclimatic
data were assessed using a Pearson correlation test or a Spearman rank test (when normal-
ity of the data was not met). Second, variation in the genetic variables between the three
host ranges was assessed using a Kruskal-Wallis H-test except for number of positively
selected sites, for which we used an analysis of variance (ANOVA). Finally, we applied a
multiple regression analysis in which the genetic parameters were used as the dependent
(outcome) variables and the bioclimatic factors and host range as the independent variables.
Thus we assessed the individual and combined contributions of these factors to influencing
the genetic profiles.

Relative rates of evolution and co-evolution analyses

Comparing the total number of substitutions in a group of related species with their ancestor
offers the chance to explore the relative evolutionary rates of each mitochondrial gene. Such
determination might be useful when comparing inferred systematic or evolutionary history
based on different gene sequences. Therefore, the evolutionary rates of the 13 mtDNA
coding genes of Bactrocera species were compared with their corresponding ancestral
sequences. Such direct estimation of total numbers of mutations compared with the ances-
tral sequences allows differential evolution rates to be traced. We used graphic representa-
tions of variation in the 13 coding genes for each species whereby levels of variation and
unexpected variation could be observed. Moreover, a high positive correlation is expected to
occur between all 13 co-evolving mitochondrial coding genes from the same linkage system.
Thus we used Spearman rank correlation to test for pairwise correlations among the 13
mitochondrial genes.

RESULTS

Evidence of natural selection

Comparisons of model results obtained with PAML indicate the absence of sites under
positive selection and suggest that the mitochondrial genome in Bactrocera has evolved in
a neutral fashion (data not shown). However, the other methods did suggest evidence of
positive selection affecting mtDNA protein-coding genes of Bactrocera fruit flies. Only sites
suggested to be under positive selection by more than one method are shown in Table 2.
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Table 2. Sites under positive selection according to seven different methods

DATAMONKEY selection tests PAML TreeSAAP

Site SLAC REL FEL MEME FUBAR Branch-sites Property Direction

ATP8 45 × — × — — — — —

ATP6 137 — — — — — B (2) — —

475 — × × — — — Ra pos
COX1 pK� neg

508 — — × — — — pK� pos

209 — — — — — B (9) p pos

222 — — — — — B (9)
Br pos

COX3 p neg
Hp pos

244 — — — — — B (9) p neg

175 — — — × — — pK� neg
ND1 254 × — — — — — pK� neg

312 — — — × — B (9) — —

4 — × — — × — p neg
47 × × × — × — — —

ND2 55 × — × — — — — —

310 — — — — — —
Ra pos
pHi pos
Et neg

ND3 94 — × — — — — pK� pos
102 — — — — — B (14) pK� pos

9 × — — × — —
h pos

Hp pos
pK� neg

23 — × × — — — — —

ND4 37 — — — — — — pK� pos
54 — — — — — B (9) h neg
55 — — — — — B (9) Hp pos

334 — × × — — — — —
368 — — — × × — — —
406 — — — × × — — —

ND4L 18 × — — × — — — —

11 — × — — — Ra pos
18 × × — — — pK� neg
30 — × — × — pK� neg
80 × × × — — Ra pos

ND5 175 — × — — — pK� neg
517 — — — — B (9) Ra pos
537 — — — — B (9) Hp neg
545 × × — — — — —
546 — — — — B (9) pK� neg
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The branch of the phylogenetic tree for which positive selection was suggested is indicated
for the branch-site model of CODEML (Yang et al., 2005; Zhang et al., 2005). Fifty-one codons in
11 genes (no sites under positive selection in COX2 and CYTB genes) were shown to have
evolved under recurrent positive selection by REL, FEL, SLAC, MEME, and FUBAR;
21 sites were concordant for two of the methods (Table 2). Twelve codons were shown to
be under positive selection by the branch-site model analysis of CODEML. The TreeSAAP
method identified numerous codons (335) as possibly evolving under positive selection. Of
the properties for which radical changes were suggested, ‘solvent accessible reduction ratio’
and ‘equilibrium constant (ionization of COOH)’ were most represented. Thirty-seven
codons (Table 2) were suggested to be under positive selection by more than one method.
The branch-site REL method suggested that three branches were under episodic diversify-
ing selection and that most branches have evolved neutrally (Fig. 1).

Association of genetic variability with climate and host range

Synonymous and non-synonymous changes, as well as the number of positively selected
sites, were strongly and negatively correlated with mean diurnal range (BIO2) (Table 3).
Moreover, Kruskal-Wallis and ANOVA analyses indicated a significant difference among
the three host categories in all four genetic variables (Table 3). The ANOVA test between
host and positively selected sites was supported by a Tukey post-hoc test, indicating sig-
nificant differences between oligophagous and polyphagous groups (P = 0.021).

Multiple regression analysis showed that climatic variables and host type explained a
large proportion of the variation recorded for the synonymous changes (R2 = 0.645;
P = 0.039) and the number of positively selected sites (R2 = 0.628; P = 0.048) (Table 4). Of the
climatic variables, only mean diurnal range (BIO2) was significantly associated with syn-
onymous changes. However, host variation was significantly associated with synonymous
changes and positively selected sites (Table 4). Notably, these results were confirmed by the
multiple regression analysis of the transformed variables (see 3082Appendix.pdf). These
analyses showed that climatic variables and host range are significantly associated with all
four genetic variables. Similarly, mean diurnal range (BIO2) and host type are the only
factors associated with genetic variables.

DATAMONKEY selection tests PAML TreeSAAP

Site SLAC REL FEL MEME FUBAR Branch-sites Property Direction

91 × — × — — pK� neg

ND6 124 — — — × —
RF neg
pK� pos

135 — — — — B (9) Br neg

Note: only sites suggested to be under selection by two or more methods are shown. List of amino acid
replacements fixed within mtDNA lineages of fruit fly species (for species names, see Table 1). TreeSAAP =
physicochemical property identified by TreeSAAP as under radical positive evolution.

Abbreviations: Br = buriedness, p = polarity, RF = chromatographic index, pK� = equilibrium constant (ionization
of COOH), Ra = solvent accessible reduction ratio, h = hydropathy, Hp = surrounding hydrophobicity, pHi =
isoelectric point, P = turn tendencies, Et = total non-bonded energy.
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Relative rates of evolution and co-evolution of mtDNA coding genes

Figure 2, showing variation in the total number of substitutions from the ancestral
sequences, reveals that some genes (ATP8, ND4L) are evolving more slowly than others
(ND2, ND5, COX1). Most genes are evolving in a similar manner, i.e. a species that is
evolving faster in one gene appears to be evolving faster in the other genes even if these
genes do not evolve at the same rate. This tendency is confirmed by the significant pairwise
positive correlation of the total substitutions in the studied mitochondrial genes (see
3082Appendix.pdf). However, the ND6 gene appears to evolve at a different rate from all

Fig. 1. Unrooted phylogeny of 17 Bactrocera fruit flies based on 13 protein-coding mtDNA
sequences, estimated by the neighbour-joining method. Grey shading indicates strength of selection,
with dark grey corresponding to ω > 5, primary black to ω = 0, and light grey to ω = 1. The width of
each colour component represents the proportion of sites in the corresponding class. Thicker
branches have been classified as undergoing episodic diversifying selection by the sequential likelihood
ratio test at corrected P ≤ 0.05.

Table 3. Results of a Spearman correlation test between genotypes and bioclimatic variables

Synonymous
changes

Non-synonymous
changes

dN/dS Total number of
positively selected sites

BIO2 −0.576 (P = 0.016) −0.682 (P = 0.003) −0.468 (P = 0.058) −0.589 (P = 0.004)
BIO5 0.082 (P = 0.756) 0.002 (P = 0.992) 0.023 (P = 0.929) 0.103 (P = 0.695)
BIO12 −0.314 (P = 0.220) −0.268 (P = 0.298) −0.164 (P = 0.529) −0.257 (P = 0.319)
BIO15 0.136 (P = 0.603) 0.077 (P = 0.770) −0.167 (P = 0.522) −0.068 (P = 0.578)
Host χ

2 = 11.070 (P = 0.004) χ
2 = 11.588 (P = 0.003) χ

2 = 11.373 (P = 0.003) F = 5.454 (P = 0.019)

Note: Relationships between host and genotypes were assessed with a Kruskal-Wallis test except for the positively
selected sites for which ANOVA was applied. Bold values: Person correlation test. For the correlations tests, the
correlation coefficient is indicated first followed by the P-value. Significant values are shaded grey.
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the others (as indicated by the absence of any correlation between this gene and the others).
For example, in all mtDNA gene sequences, B. philippinensis is ancestral to all the other
species (Fig. 2a, b), whereas in ND6 it has the most derived sequence. The opposite is true
for B. minax, which is ancestral as inferred from substitutions in all genes except ND6,
where this species is more derived.

Fig. 2. Variation in the total number of substitutions in (A) genes of the cytochrome cb1 complex III,
cytochrome c oxidase complex (COX1, COX2, and COX3), and ATPase complex V (ATP6 and
ATP8) and (B) in genes of the NADH dehydrogenase complex I (ND1, ND2, ND3, ND4, ND4L,
ND5, and ND6).
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DISCUSSION

Mitochondrial OXPHOS genes may play an important role in the adaptation of fruit flies to
different habitats and different host plants. Here, we report the results of a mitochondrial
genome analysis for positive selection in 17 fruit fly (Bactrocera) mitochondrial genomes
using site- and branch-site based tests. We also assessed the relationships of substitution
changes and number of positively selected sites with climate variation and host type. We
found strong evidence of positive selection on 37 fixed amino acid replacements in genes
involved in OXPHOS complexes – NADH dehydrogenase complex I (ND1, ND2, ND3,
ND4, ND4L, ND5, ND6), cytochrome c oxidase complex IV (COX1 and COX3), and ATP
synthase complex V (ATP6 and ATP8) – with most sites under strong purifying selection.
Several of the amino acid substitutions were suggested by the TreeSAAP analysis to have an
impact on the biochemical properties of the residues in question (Table 2). The functional
impact of amino acid changes, specifically those under positive selection, is often assessed
using a homology detection method to build 3D models and to predict ligand binding sites
(see Melo-Ferreira et al., 2014; Wang et al., 2015) – this method failed to detect a functional effect. An
accurate portrayal of the functional impact of amino acid changes appears only to be
possible with integrated modelling of the cytonuclear protein–protein interactions.

The molecular signatures of positive selection in the mtDNA coding genes could be
adaptively linked to environmental variation, as suggested by various studies using different
organisms (da Fonseca et al., 2008; Foote et al., 2011; Garvin et al., 2011; Melo-Ferreira et al., 2014; Silva et al., 2014). In
our attempt to understand positive (diversifying) selection on mitochondrial (mt) OXPHOS
genes in the context of geographical and environmental variables, we correlated genetic
variables with climatic data. We found a significant effect of mean diurnal range in most of
the genetic variables studied. Mean diurnal range is a complex variable that incorporates
both maximum and minimum temperatures. Association of this factor with genetic vari-
ables confirms an effect of ambient temperature on mtDNA variability. Although we found
a negative correlation between mean diurnal range and genetic changes, the results suggest
the more homogeneous the climatic conditions (minimal difference between maximum and
minimum temperature), the greater the genetic changes. Given the prominent role of mito-
chondria in cellular energy production, selective effects of ambient temperature on the
mitochondrial genes encoding for the OXPHOS process are likely. In fruit flies, available
data show that environmental conditions strongly affect these insects’ metabolism. Being
poikilothermic, the fruit flies are especially sensitive to heat (Jaworski and Hilszczański, 2013). For
most insect pests, rising temperatures cause increasing energy levels, which, in turn, lead
to greater mobility, higher feeding rates, higher reproduction rates, and lower mortality. In
contrast, falling temperatures affect insect metabolism, reducing movement, feeding, and
reproduction. Moreover, studies on the effects of heat on insect metabolism demonstrate
some adaptability to thermally challenging environments where changes in behaviour and
development have been documented as resulting from heat treatments (Hendrichs and Hendrichs,

1990; Cayol, 1996).
Host range also had a significant effect on the various genetic variables of the Bactrocera

fruit flies, indicating that adaptation to large numbers of hosts includes not only morpho-
logical and physiological features but also genetic changes. Notably, the branch-site
methods implemented in PAML and DATAMONKEY (Table 1, Fig. 1) suggested that only
branches with oligophagous species are under positive selection. That result could indicate
that amino acid changes in mtDNA are shaped by the specialization process to limit the
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number of host plants of fruit flies. Indeed, Nosil (2002) suggested that several factors might
promote specialization, including genetically based trade-offs in performance among
different habitats, competition for resources, resistance to predators, high costs of informa-
tion processing, mate-finding, and energy costs related to searching for suitable habitat.
These factors most likely depend on cell signalling and energy production, functions often
assumed by mitochondria. Moreover, Drew and Hancock (2001) suggested that host special-
ization is the driving force behind speciation in different insect species, including fruit
flies. Finally, the composition and dynamics of the insect community that interacts with a
plant are affected by several plant characteristics, including chemistry, physiology, and
morphology (Stam et al., 2014), all of which have a genetic basis. Therefore, the genotype of a
plant and thus its expressed phenotype might influence insect populations that interact with
the plant and shape their composition (Whitham et al., 2012). Such co-evolution between insects
and their host plants allows proliferation of better-adapted insects both morphologically
and genetically. Such adaptation requires high species diversity, as in the case of fruit flies.
Thus, with their role in energy production, which is essential for a successful invasion of
host plants, the OXPHOS genes are expected also to play a central role in the adaptation
of fruit fly species.

Surprisingly, a negative correlation between host range and the genetic variables was
observed, indicating that an increase of substitutions from the ancestor is concomitant with
a process of specialization (from monophagous to polyphagous species). In such a case, the
ancestral state would be a polyphagous species that became more and more specialized to a
limited number of species during its evolution.

Finally, in the non-recombining mitochondrial molecule (Ballard and Whitlock, 2004), different
rates of evolution have been suggested to occur (e.g. Marshall et al., 2009; Whitehead, 2009; Jacobsen et al.,

2016). We observed such a situation in the mitochondrial genomes we analysed in this study.
We also demonstrated that evolutionary rates vary not only between different mito-
chondrial genes but also within the same gene in different species. Such findings might
indicate selective pressure in co-evolving proteins promoting a specific relationship between
mitochondrial proteins (i.e. an association between ancestral and derived proteins or vice
versa). This is observed mainly for ND6, where the correlation test indicated that this gene
is evolving independently of the others. Such results could explain discrepancies observed in
different phylogenetic studies of a group of species using different mitochondrial genes.
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