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Abstract

In Metazoa, four out of five complexes involved in oxidative phosphorylation (OXPHOS) are formed by subunits encoded
by both the mitochondrial (mtDNA) and nuclear (nuDNA) genomes, leading to the expectation of mitonuclear coevo-
lution. Previous studies have supported coadaptation of mitochondria-encoded (mtOXPHOS) and nuclear-encoded
OXPHOS (nuOXPHOS) subunits, often specifically interpreted with regard to the “nuclear compensation hypothesis,”
a specific form of mitonuclear coevolution where nuclear genes compensate for deleterious mitochondrial mutations due
to less efficient mitochondrial selection. In this study, we analyzed patterns of sequence evolution of 79 OXPHOS subunits
in 31 bivalve species, a taxon showing extraordinary mtDNA variability and including species with “doubly uniparental”
mtDNA inheritance. Our data showed strong and clear signals of mitonuclear coevolution. NuOXPHOS subunits had
concordant topologies with mtOXPHOS subunits, contrary to previous phylogenies based on nuclear genes lacking mt
interactions. Evolutionary rates between mt and nuOXPHOS subunits were also highly correlated compared with non-
OXPHO-interacting nuclear genes. Nuclear subunits of chimeric OXPHOS complexes (I, III, IV, and V) also had higher dN/
dS ratios than Complex II, which is formed exclusively by nuDNA-encoded subunits. However, we did not find evidence of
nuclear compensation: mitochondria-encoded subunits showed similar dN/dS ratios compared with nuclear-encoded
subunits, contrary to most previously studied bilaterian animals. Moreover, no site-specific signals of compensatory
positive selection were detected in nuOXPHOS genes. Our analyses extend the evidence for mitonuclear coevolution to a
new taxonomic group, but we propose a reconsideration of the nuclear compensation hypothesis.
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Introduction
Mitochondria are the product of an ancient endosymbiotic
event between an Archaea-like prokaryote and an alpha-
proteobacterium (reviewed in Martin et al. 2015) that led
to the evolution of eukaryotes and morphologically complex
life as we know it today (Martin and Müller 1998; Martin and
Koonin 2006; Lane and Martin 2010; Hill 2015; Zachar and
Szathm�ary 2017). The mitochondrial genome is a genetic relic
of complex evolutionary processes that resulted in an exten-
sive reduction of the alpha-proteobacterium genome, involv-
ing both gene loss and transfer to the nuclear genome (Gray
et al. 1999; Timmis et al. 2004; Martin and Koonin 2006; Gray
2012).

At present, different eukaryotic lineages have variable mi-
tochondrial genome sizes, organization, and gene content
(Kolesnikov and Gerasimov 2012; Sloan et al. 2018).
However, beside genes involved in translation, one consistent
pattern is the maintenance of a limited set of protein-coding
genes (PCGs) involved in the oxidative phosphorylation

(OXPHOS) metabolic pathway, the main mechanism of
ATP production in aerobic eukaryotes. OXPHOS is carried
out by four protein complexes that produce a proton gradi-
ent across the internal mitochondrial membrane (Complexes
I–IV or CI–IV), and an ATPase that exploits this gradient to
produce ATP (Complex V or CV). In almost all bilaterian
animals, 13 PCGs encoding components of CI and CIII–V
are found in the mitochondrial genome. In Metazoa, the
number of nuclear-encoded subunits is variable but ranges
around 70, with CII being composed entirely of nuclear-
encoded proteins.

One of the consequences of this binary genome delegation
for such a critical metabolic process is that mitochondrial and
nuclear genomes products must physically interact for proper
OXPHOS functioning. However, these two genomes experi-
ence different evolutionary dynamics: for instance, mitochon-
dria have a small effective population size, are uniparentally
inherited, and often experience higher substitution rates (see
Ballard and Whitlock 2004). This has led to a general predic-
tion of mitonuclear coevolution: evolution in one genome
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should select for complementary changes in the other to
ensure correct mitochondrial functions (Rand et al. 2004;
Bar-Yaacov et al. 2012; Hill 2019, 2020). Probably, the most
persuasive evidence of the tight coevolution of mitochondrial
and nuclear OXPHOS genes comes from experiments with
cytoplasmic hybrids. In these experiments, divergent mito-
chondrial genomes are expressed against foreign nuclear
backgrounds via experimental crossing designs or nuclear
transfer, often causing OXPHOS inefficiency and lowered fit-
ness (McKenzie et al. 2003; Niehuis et al. 2008; Burton and
Barreto 2012; Barreto and Burton 2013; Barreto et al. 2018;
Healy and Burton 2020).

Signatures of mitonuclear coevolution are also present in the
molecular evolution of OXPHOS genes. In insects, rates of evo-
lution are strongly correlated in mitochondria-encoded and
nuclear-encoded OXPHOS (mtOXPHOS and nuOXPHOS, re-
spectively) genes, but not between mitochondrial genes and
nuclear-encoded genes lacking mitochondrial interactions
(Yan et al. 2019). Such evolutionary rate correlation (ERC) in
mitochondrial genes and their nuclear-encoded counterparts
generally extends across eukaryotes: Lineages with fast-
evolving mitochondrial genes also have fast-evolving mitochon-
dria-interacting nuclear genes (Havird and Sloan 2016).

However, why mitonuclear coevolution is common and
whether it is adaptive are less thoroughly understood. Some
have argued that increased dN/dS ratios (i.e., ratio between
nonsynonymous substitutions per nonsynonymous site and
synonymous substitutions per synonymous site, also known as
x) in nuOXPHOS genes of animals are due to relaxed func-
tional constraints on peripheral nuOXPHOS subunits, not pos-
itive selection in response to mitochondrial changes (Nabholz
et al. 2013; Popadin et al. 2013; Zhang and Broughton 2013).
Closely related taxa in the angiosperm genus Silene with highly
divergent mitochondrial mutation rates have proven valuable
in addressing these hypotheses. In taxa with fast mitochondrial
mutation rates, nuOXPHOS subunits show elevated dN/dS
ratios as a result of positive selection, despite still acting as
peripheral subunits (Sloan et al. 2014; Havird et al. 2015, 2017).
Structural information has also been used to show that
nuOXPHOS changes tend to occur in areas that interact
with mitochondria-encoded residues (Osada and Akashi
2012; Havird et al. 2015). These results are consistent with
the most popular hypothesis stemming from mitonuclear co-
evolution: nuclear compensation, which posits that inefficient
selection in mitochondrial genomes causes mildly deleterious
mutations to accumulate, which are offset by compensatory
changes in interacting nuclear-encoded genes. However, direct
evidence for nuclear compensation over other forms of mito-
nuclear coevolution remains scarce, especially in invertebrates.

Here, we examine mitonuclear coevolution in Bivalvia, a
class of sedentary molluscs. These animals represent an inter-
esting observational unit for such studies for several reasons.
First, bivalve phylogenies inferred with mitochondrial DNA
(mtDNA) show discordance with nuclear ones, mainly with
regard to deep relationships between Pteriomorphia,
Palaeoheterodonta, and Heterodonta (Doucet-Beaupr�e
et al. 2010; Bieler et al. 2014; Gonz�alez et al. 2015; Plazzi
et al. 2016). However, phylogenies based on nuOXPHOS

subunits are lacking and phylogenetic concordance in these
specific nuclear-encoded genes could be a consequence of
mitonuclear coevolution. Moreover, bivalves include a unique
and evolutionarily stable exception to the strictly maternal
inheritance (SMI) of mitochondria in animals: more than 100
species (Gusman et al. 2016) show doubly uniparental inher-
itance (DUI), with a maternally transmitted mtDNA (F-type)
and a paternally transmitted mtDNA (M-type) (see Zouros
2013 for a review). The amino acid p-distance between F- and
M-type mtOXPHOS proteins can be>50% (Doucet-Beaupr�e
et al. 2010; Zouros 2013) and both F- and M-type mtDNA and
their products (RNAs and proteins) are present in females
and males (i.e., heteroplasmy; see Ghiselli et al. 2019 for a
thorough discussion). Such peculiar mitochondrial inheri-
tance implies that the same nuclear background has to co-
function with two different mitochondrial genomes, adding
another layer of complexity to mitonuclear coevolution.
Bivalves also show variation in rates of mitochondrial evolu-
tion, but their sedentary nature suggests maintaining highly
efficient OXPHOS may be under weaker selection compared
to taxa with higher metabolic requests. Moreover, it appears
that bivalve mitochondrial mutation rates are not dramati-
cally higher than the nuclear ones (see, e.g., Allio et al. 2017),
therefore potentially representing a different mitonuclear co-
evolutionary landscape respect to deeply investigated taxa
like vertebrates (where mitochondrial mutation rates can
be �30 times as high as the nuclear ones). Coherently, a
recent study by Iannello et al. (2019) observed that
mtOXPHOS and nuOXPHOS subunits did not show signifi-
cantly different dN/dS ratios in two congeneric species of
bivalves, one of which has DUI.

To explore mitonuclear coevolution in bivalves, we inves-
tigated phylogenetic signals of mtOXPHOS and nuOXPHOS
proteins and dN/dS ratios in the OXPHOS complexes span-
ning the whole phylogenetic tree of Bivalvia, including both
SMI and DUI species. We also examined ERCs between
mtOXPHOS and nuOXPHOS subunits, as well as nuclear-
encoded genes with no mitochondrial interactions as a neg-
ative control. Furthermore, we investigated signals of site-
specific positive selection in the context of protein structures,
mitonuclear interactions, and functional sites.

Results

Data Set and Annotation
Out of the 40 bivalve transcriptomes, we selected and assem-
bled (based on proportional and wide phylogenetic sampling;
supplementary table 1, Supplementary Material online), nine
were excluded either because of low quality of the data
(Nuculana pernula, Yoldia limatula, and Pteria colymbus), or
because of massive contamination (Astarte sulcata—the only
Archiheterodonta available—Anadara trapezia,
Cerastoderma edule, Cyrenoida floridana, Hiatella arctica,
and Nucula tumidula). Out of the seven DUI species included
in the present study, we obtained M-type mtOXPHOS sub-
units for four of them, namely Cristaria plicata, Hyriopsis
cumingii, Mytilus edulis, and Ruditapes philippinarum.
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Out of 403 expected mtOXP HOS sequences (13 subunits
for 31 species), 24 transcripts were completely missing from
our data set, and 36 had only partial sequences (respectively,
4.73% and 7.10% of the total number of expected genes).
However, 13 of the missing sequences were ATP8, which is
known to be difficult to annotate because of a high rate of
divergence (to the point of considering it missing in many
bivalve lineages at first, see Dreyer and Steiner 2006; Breton
et al. 2010). For annotation of nuOXPHOS subunits, seven
subunits (namely QCR10, COX8, COX7B, NDUFA1, NDUFA3,
NDUFB1, and NDUFC1) were not found in any of the species
included in our data set; transcripts of COX6C and NDUFC2
were found in three species only, so they were excluded from
the analyses; QCR1 was found in all the species but it is likely a
misannotation so it was excluded as well; COX15 was ex-
cluded by BMGE (Criscuolo and Gribaldo 2010) during the
alignment trimming phase. Out of the 66 remaining
nuOXPHOS subunits, roughly 27.2% of the total expected
sequences (66 subunits for 31 species ¼ 2,046 sequences)
were missing (fig. 1).

Given the uneven, mtDNA-biased distribution of reference
sequences for OXPHOS components, and the wide phyloge-
netic span that the species of the present study covered, we
consider this data set to be adequate. The implementation of
iterative intra-data set runs with the PSIBlast tool only mod-
erately improved recovery of nuOXPHOS subunits.
Crassostrea angulata (the most closely related species to
C. gigas, the bivalve reference we used to annotate
nuOXPHOS transcripts) was on average the most complete
and Imparidentia (among the most diverged from C. gigas)
were the most incomplete (fig. 1). However, the presence/
absence patterns of nuOXPHOS subunits were not random in
regard to the position of the nuclear-encoded subunits within
the complexes. Subunits predicted to contact mtOXPHOS
subunits tended to have lower annotation rates than
“noncontact” subunits. To summarize, the protein sequence
evolution analyses were conducted on 31 bivalve species for a
total of 1,864 sequences (379 mitochondrial and 1,485
nuclear).

Concordance between mtOXPHOS and nuOXPHOS
Phylogenetic Inferences
PartitionFinderProtein estimated LGþG as the best-fitting
model for all partitions (LGþGþ F for mitochondrial parti-
tions). Maximum likelihood (ML) trees were inferred for both
the mtOXPHOS and the nuOXPHOS concatenated data sets
(see Materials and Methods for details). The two tree topol-
ogies mostly agreed between each other (fig. 2), with some
minor exceptions. For instance, Yoldia eightsii clustered
within Pteriomorphia in the mitochondrial tree (accordingly
with Gusman et al. 2016), whereas in the nuclear tree, it
represented a single taxon branch of a trichotomy with the
branch of Autobranchia and a branch including the remain-
ing Protobranchia samples. In any case, it never clustered with
Opponobranchia (Solemya velum and Ennucula tenuis), as it
usually does in nuclear-based phylogenies (Gonz�alez et al.
2015).

Paleoheterodonta clustered separately from all other
Autobranchia in both data sets (bootstrap proportions:
97.7% and 70.9% for mitochondrial and nuclear data sets,
respectively). This pattern is common for mitochondrial phy-
logenies of bivalves, which show topologies in which
Euheterodonta (Imparidentia and Anomalodesmata) clusters
together with Pteriomorphia (Doucet-Beaupr�e et al. 2010;
Plazzi et al. 2016). However, such relationships have always
been a matter of debate, since no phylogenetic analyses based
on nuclear markers or genomewide data had obtained that
topology so far, but rather displayed Euheterodonta cluster-
ing with Palaeoheterodonta (Kocot et al. 2011; Sharma et al.
2012; Stöger and Schrödl 2013; Gonz�alez et al. 2015).

Another difference between trees obtained with
mtOXPHOS and nuOXPHOS data sets was the position of
Anomalodesmata. In the nuclear data set, they figured as a
well-supported sister group of Imparidentia (bootstrap:
99.1%), concordant with other nuclear data sets (Gonz�alez
et al. 2015). Conversely, in the mitochondrial tree, they clus-
tered separately from the clade Pteriomorphia þ
Imparidentia (although with only low bootstrap support:
70.6%). Inner relationships among Paleoheterodonta,
Imparidentia, and Pteriomorphia are mainly concordant be-
tween the two trees and with the literature, with minor dif-
ficulties in solving an inner Pteriomorphia node for the
mtOXPHOS tree and an inner Imparidentia node for the
nuOXPHOS one.

Strong Correlation between Evolutionary Rates of
mtOXPHOS and nuOXPHOS Proteins
In order to examine coevolutionary signals in mitochondrial and
nuclear genes, we performed an ERC analysis. We obtained a
“species tree” from the literature (based on genomic and tran-
scriptomic data: see Materials and Method for details) and op-
timized branch lengths on that topology for the mtOXPHOS
data set, the nuOXPHOS one, and a third data set of randomly
chosen nuclear orthologs that share no roles in OXPHOS as-
sembly or functioning (all values used for ERC analyses are in
Supplementary Material). We then investigated the correlations
between the branch lengths (root-to-tip, representing amino
acid substitutions) of these three subsets of proteins.

There was a much stronger correlation between the
branch lengths of mtOXPHOS and nuOXPHOS subunits
compared with the other ERCs (fig. 3A). In particular,
nuOXPHOS branch lengths had an almost perfect positive
linear correlation of 0.967 with mtOXPHOS branch lengths
(95% confidence interval: 0.931–0.984; p< 2.2e�16), while
the random nuclear orthologues were only mildly correlated
with the mtOXPHOS subunits (q ¼ 0.437; 95% confidence
interval: 0.098–0.686), although still with statistical signifi-
cance (p¼ 1.39e�2, fig. 3B). Moreover, the correlation be-
tween nuOXPHOS and random nuclear orthologues was also
statistically significant, but much lower than the correlation
between nuOXPHOS and mtOXPHOS subunits (q¼ 0.548;
95% confidence interval: 0.240–0.756, p¼ 1.42e�3; supple-
mentary fig. 1, Supplementary Material online). For the four
DUI species with both sex-specific subsets of mtOXPHOS
proteins available (out of seven DUI species overall), we
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used branch lengths of F-type subunits to perform ERCs. We
reran the analyses by using the M-type branch lengths and
the correlations with nuOXPHOS genes held strong
(q¼ 0.943). The slightly lower q value was exclusively driven
by the two Unionida M-type branch lengths that were signif-
icantly higher than F-type ones.

The uniformity in the “nuclear signal” represented by the
random orthologues was checked by dividing them in two
random subsets (1,000 random divisions were performed)

and assessing that there is a strong correlation between
them (median q value for the 1,000 random subsets ¼
0.886, median p¼ 3.36e�11). Moreover, the strong correla-
tion between mtOXPHOS and nuOXPHOS subunits held af-
ter normalizing the two distributions for each subset of
random orthologues as an attempt to control for variation
in overall rates of nuclear genome evolution among species
(median q value for the 1,000 iterations ¼ 0.925; median
p¼ 9.99e�14; supplementary fig. 2, Supplementary

FIG. 1. Annotation of nuDNA-encoded OXPHOS subunits. Presence and absence of each subunit in each species are depicted in blue and red,
respectively. Left: species tree as built recovering data from literature (see Evolutionary Rate Correlations subsection of Materials and Methods for
details). Top: protein nomenclature; black dots indicate subunits in contact with mitochondria-encoded proteins. Right: taxonomic clades (PB:
Protobranchia; PM: Pteriomorphia; PH: Palaeoheterodonta; AN: Anomalodesmata; IM: Imparidentia). Bottom: respective OXPHOS complex.

FIG. 2. ML tree inference of mitochondrial and nuclear data sets. Trees were inferred with RAxML v8.2.11 on the two concatenated data sets. Only
topologies are depicted in the figure. Bootstrap supports are depicted over each branch (supports lower than 70 were collapsed; 1,000 bootstrap
replicates were performed). Left: mitochondrial topology (the star represents the omitted branching of unionids male mitochondria-encoded
subunits. Other DUI species with both genomes available diverged terminally and the splits were collapsed in triangles, that is, Ruditapes
philippinarum and Mytilus edulis). Right: nuclear topology. Clade acronyms as in fig. 1.
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Material online). The mitonuclear OXPHOS correlation was
also robust after calculating it only using the terminal
branches of each species (therefore avoiding any possible
within-distribution bias): q¼ 0.937, p¼ 9.43e�15.

After normalizing the branch lengths of each tree for the
total length of the trees themselves, it became clear that the
curve trend of the nuOXPHOS proteins was more similar to
that of the mtOXPHOS ones than to that of random ortho-
logues (fig. 3C). For each species, the difference between the
normalized branch lengths of mtOXPHOS proteins and
nuOXPHOS proteins was on average 3.7 times lower than
the difference between mtOXPHOS and random nuclear
orthologues.

Another interesting coevolutionary signal resulted from
correlation analyses performed for each component of each

complex (i.e., when data sets of mtOXPHOS and nuOXPHOS
subunits within each complex were correlated, fig. 4). All
components, whether mitochondria- or nuclear-encoded,
of all complexes were highly correlated with each other (q
ranging from 0.819 to 0.950), with the exception of CII, which
correlated to a very low extent with all other components
(the highest q is 0.376). Moreover, all correlations with the
branch lengths of random orthologues shared low values, and
this was true also for CII subunits. With regard to CI, CIII, and
CIV, the within-complex mitochondria- and nuclear-encoded
components represented reciprocal best correlations.
Nevertheless, these q values differed for at most 0.02.

Last, we introduced positional information in the analysis by
dividing the nuOXPHOS data set into subunits that share con-
tact sites with mitochondria-encoded proteins, and subunits

A

C

B

FIG. 3. Evolutionary rate correlations analysis. (A, B) Correlation graphs between normalized branch lengths (per cumulative length of each tree,
that is, cumulative sum of branch lengths for each tree ¼ 1) of mtOXPHOS subunits versus nuOXPHOS subunits (q ¼ 0.967; 95% confidence
interval: 0.931–0.984; p¼ 2.2e�16), and mtOXPHOS subunits versus random orthologues (q¼ 0.437; 95% confidence interval: 0.098-0.686 p¼
1.39e�2), respectively. (C) The black line represents the values of normalized mtOXPHOS branch lengths for each species in both graphs, the red
line follows the values of normalized branch lengths on the same species for nuOXPHOS (average difference ¼ 0.00219), and the blue line
represents the branch lengths of random orthologues (average difference¼ 0.00819). This graph is useful to visualize the greater average difference
in random orthologues’ branch lengths with respect to mtOXPHOS ones, compared with the differences between the latter and nuOXPHOS
subunits. The lines that link the species are virtual and their purpose is simply to highlight the differences in the three relative trends of branch
lengths.
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that are predicted to lack mitochondrial contact sites. The
branch lengths of “contact” nuOXPHOS subunits showed a
slightly higher correlation with mtOXPHOS branches compared
with “noncontact” subunits (q ¼ 0.969 vs. q¼ 0.951). On the
other hand, the correlation with random orthologues was
slightly higher for noncontact subunits (q¼ 0.572 vs.
q¼ 0.533). These differences are very small, but a clearer signal
is visible when normalizing branch lengths (fig. 5).

Comparable dN/dS in mtOXPHOS and nuOXPHOS
Subunits
For 48 out of the 79 OXPHOS subunits, the free-ratio model
of Codeml (branch model 1, i.e., a different dN/dS value for
each branch of the tree) fitted the data significantly better
(likelihood ratio test [LRT]) than a single-x model for all the
branches of the species tree (i.e., branch model 0; supplemen-
tary table 2, Supplementary Material online). The results of
the tests between the single-x and the free-ratio models
against the branch-specific model with tagged DUI branches
(branch model 2, i.e., a different dN/dS value for each tagged
branch) showed few sequences for which a DUI-specific cal-
culation could be considered better-fitting (see Material and
Methods for details on this branch-specific analysis, and sup-
plementary fig. 3, Supplementary Material online, for a
graphic summary). For six subunits (namely NADH3,
NDUFA13, NDUFB11, NDUFB4, NDUFB8, and COX5B), the
branch-specific model was better than the single-x one, even
when the free-ratio model was not significantly better than
the latter. Moreover, for the other five subunits (namely
COX7C, NADH4L, NDUFA4, NDUFA7, and NDUFS8), when

both the branch-specific and the free-ratio models were bet-
ter than the single-x one, the free-ratio model was not sig-
nificantly better than that with DUI-specific tags. Such results
were, however, confined to few genes of the data set and did
not allow us to consider the DUI phenomenon as a source of
bias for the analysis. To confidently exclude this possibility, we
removed those subunits from our data set and ran the same
statistical tests we made for the whole data set. We did not
observe any shift from any of the following results.

The distributions of dN/dS varied widely across OXPHOS
gene products (supplementary fig. 4, Supplementary Material
online). Interestingly, we observed significantly higher dN/dS
values in contact nuOXPHOS subunits (median¼ 0.25) com-
pared with noncontact ones (median ¼ 0.1665; Wilcoxon–
Mann–Whitney test: p< 2.2e�16; fig. 6A). Moreover,
mtOXPHOS subunits had values of dN/dS almost one order
of magnitude higher than what was previously observed in
most metazoa (see, e.g., Nabholz et al. 2013; Havird and Sloan
2016), with a median value of 0.2241 (fig. 6A). The dN/dS
values of mtOXPHOS subunits were significantly higher
than those of noncontact nuOXPHOS subunits (Wilcoxon–
Mann–Whitney test: p< 2.2e�16), but similar to those of
contact nuOXPHOS ones (Wilcoxon–Mann–Whitney test:
p¼ 0.183; fig. 6A).

Variable evolutionary dynamics were observable when
considering each OXPHOS complex separately (summary of
the statistical relationships between all complexes distribu-
tions is in supplementary table 3, Supplementary Material
online). Overall, CV displayed the fastest evolution among
all complexes, both regarding its mitochondria-encoded com-
ponents (0.2692 median dN/dS, significantly higher than all
other mtOXPHOS subunits) and its nuclear-encoded ones
(0.3836 median of contact subunits, significantly higher
than all other nuOXPHOS subunits, except for nuCIV;
fig. 6B). On the other hand, the slowest evolving complex
was by far CII, which had lower dN/dS values compared
with all other nuclear-encoded components (fig. 6B).

Within each complex, contact nuOXPHOS subunits
showed dN/dS values on average higher than noncontact
components (with an exception represented by the high
dN/dS of noncontact nuCIII subunits; fig. 6B). However, rates
of evolution of mtOXPHOS and contact nuOXPHOS com-
ponents within a complex were never significantly different
(reflecting the relationships observed for the overall data sets,
see fig. 6A), in stark contrast to other animals, where dN/dS of
nuOXPHOS subunits were higher. The only case where con-
tact nuOXPHOS subunits had significantly higher values of
dN/dS with respect to their mitochondria-encoded counter-
parts was in CIV.

By counting the normalized frequencies of branch-specific
dN/dS values higher than 1, we were able to detect signatures
of any historical or ongoing accelerated sequence evolution in
the different complexes and in the different genomes. We
observed that such signals were more frequent for
mitochondria-encoded subunits (with mtCIII having the
highest frequency, supplementary fig. 5A, Supplementary
Material online). The only component that did not show
any of such signatures was CII, which held the highest

FIG. 4. Evolutionary rate correlations between each complex compo-
nent. Graphical correlation matrix (Pearson’s r) between each com-
ponent of each complex and the random orthologues. CII and the
random orthologues data set shared lower correlation values with all
other complex components, which were generally all consistently
correlated with each other.
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frequency of very low branch-specific dN/dS (considered as
those values lower than 1/10 of the overall median; supple-
mentary fig. 5B, Supplementary Material online).

No Clear Site-Specific Signature of Nuclear
Compensation
For all subunits, the LRTs evaluated M3 as a better model
compared with M0, meaning that a uniform rate of protein
evolution across all sites would not represent the data set as
well as variable rates. We then tested the likelihoods of mod-
els that implement distributions of sites under positive selec-
tion. M2a resulted to be better than M1a for 33 subunits,
whereas M8 resulted better than M7 for 69 subunits (for
model descriptions, see Materials and Methods; Yang 2007).
We limited our data set to 33 subunits in which both M2a
and M8 resulted as better models: 16 belonging to CI (two of
which were mtOXPHOS: NADH1 and NADH5), 3 to CII, 2 to
CIII, 5 to CIV (including all the three mitochondria-encoded
subunits: COX1, COX2, and COX3), and 7 to CV. All these
subunits were also analyzed for site-specific dN/dS under the
“mechanistic-empirical combination” (MEC) model that
includes empirical weights of the different amino acid

substitutions. In all cases, no site under putative positive se-
lection was detected. However, when comparing the cor-
rected Akaike Information Criteria scores of MEC against
M8, the latter still resulted in a better fit of the data for 9
of the 33 subunits. These nine subunits with site-specific
signatures of positive selection included COX1 alongside
nuclear-encoded subunits of CI (NDUFA2, NDUFB2,
NDUFS2, and NDUFV1), CII (SDHA and SDHB), and CV
(ATPeF1A and ATPeF1B) (summary of LRTs in supplemen-
tary table 2, Supplementary Material online; see Materials and
Methods for details on this site-specific analysis and supple-
mentary fig. 6, Supplementary Material online, for a graphic
summary).

We analyzed these nine subunits with TreeSAAP (see
Materials and Methods). We found that all the subunits
that we analyzed except for NDUFA2 possessed regions
that fell into the same category 8, which was “Equilibrium
Constant (Ionization of COOH)”, meaning that such regions
underwent amino acid substitutions that implied radical
changes on the equilibrium constants of the constituting
amino acids. However, when comparing the positively se-
lected sites predicted by M8 with the regions under radical

A B

C D

FIG. 5. Evolutionary rate correlations with positional information of nuOXPHOS subunits. (A, B) Correlations between normalized branch lengths
(per cumulative length of each tree) of mtOXPHOS subunits against contact nuOXPHOS subunits (A; q¼ 0.969; p < 2.2e�16) and noncontact
ones (B; q ¼ 0.951; p ¼ 2.77e�16). (C, D) Correlations between normalized branch lengths (per cumulative length of each tree) of random
orthologues against contact nuOXPHOS subunits (C; q ¼ 0.533; p ¼ 2.01e�3) and noncontact ones (D; q ¼ 0.572; p ¼ 7.83e�4).
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physicochemical divergence (i.e., that are the most likely can-
didate for positive selection) predicted by TreeSAAP, they did
not always correspond. Moreover, when comparing these
results with the annotated sites of catalysis, substrate binding,
or subunits interface, there was no correlation. The only
exceptions of annotated functional sites that were identified
to be under positive selection were observed in COX1, and
they represented interaction sites with other subunits: codons
357 (interaction with COX2) and 524 (interaction with
COX5B) of the C. angulata sequence. Another interesting
region consisted in positions 406–410 of NDUFS2, which
were positively selected and close to the start of the C-t tail
that makes contact with the mitochondria-encoded subunits
of the complex. However, these did not represent actual con-
tact sites. For both the NDUFS2 C-t tail, and the two positions
of COX1, we manually checked amino acid composition in a
phylogenetic frame, looking for concordant changes that
could reflect compensatory-driven fixations in independent
lineages, but we found no clear signal of putative convergent
compensations. Unfortunately, the lack of high-quality 3D
models and precise information on site-interactions in
bivalves did not allow us to look for concordant changes in
contact residues sited in other subunits.

All other sites showing putative positive selection were
either physically close to a functional catalytic site (rather
than subunit interfaces) or, much more often, located in dis-
tant regions of the protein. Positively selected positions were
mostly associated to residues on the surface of complexes,
and never buried ones (results of structural alignments with
references in supplementary table 4, Supplementary Material
online, predicted 3D structures with putative positively se-
lected sites in the Supplementary Material). Amino acid fre-
quencies of the sites under putative positive selection in the

nine subunits were calculated and compared with the fre-
quencies throughout all the alignments positions (see
Supplementary Material). The amino acid frequencies of
the positively selected sites were significantly different from
the frequencies of the overall alignments. To assess whether
such biased distributions were reflected in the enrichment of
some specific quantitative property, we performed correla-
tion tests between frequencies and 38 physicochemical
amino acidic properties. Only four of them were significantly
correlated (molecular weight, polarizability, refractive index,
and average mass), but all four properties were also correlated
among each other and were significantly correlated with the
amino acid frequencies of the whole sequences as well, im-
plying no specific physicochemical signal enriched for amino
acids belonging to positively selected sites.

Discussion

Strong Signals of Coevolution between mtOXPHOS
and nuOXPHOS Genes by Phylogenetic Inference and
ERCs
One of the most contradictory findings in opposition to
mitonuclear coevolution is the prevalence of mitonuclear
phylogenetic discordance in animals—mitochondrial genes
yield one topology, whereas nuclear genes produce another
(Sharma et al. 2012; Toews and Brelsford 2012). Bivalves are
no exception, and the major difference between the previous
phylogenies inferred with the mitochondrial versus nuclear
markers lies in the deep relationships. This may be due to
incomplete lineage sorting, mitochondrial introgression, or
errors in reconstructing phylogenies. One resolution to this
contradiction may be that nuclear phylogenies are often
based on anonymous loci (e.g., single nucleotide

A B

FIG. 6. dN/dS distributions of mtOXPHOS subunits, contact nuOXPHOS subunits, and noncontact nuOXPHOS. MtOXPHOS distributions are
depicted in orange, nuOXPHOS ones in blue. Black lines within the boxes are the medians; the two hinges of the boxes approximate the first and
the third quartile; whiskers extend to a roughly 95% confidence interval. Outliers are represented as black dots. Stars represent statistical
significance of the relationship highlighted (single stars indicate statistically significant differences with all other distributions). Top: number of
outliers not depicted in the figure. Bottom: Number of subunits included in the distributions. (A) Overall distributions. Noncontact nuOXPHOS
subunits had a distribution statistically lower than both the other distributions (indicated by the star). MtOXPHOS and contact nuOXPHOS
subunits shared statistically similar distributions. (B) Distributions of dN/dS for each complex and each compartment. Contact subunits are
displayed as “cont” while noncontact subunits are displayed as “ncont.”
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polymorphisms obtained by RAD-Seq) or genes that lack
mitochondrial interactions. Accordingly, it has been sug-
gested that nuOXPHOS genes should show more similar phy-
logenetic signals to mtOXPHOS genes under mitonuclear
coevolution compared with noninteracting nuclear genes
(Sloan et al. 2017). The results of our phylogenetic analysis
(fig. 2) were consistent with such predictions, since our
nuOXPHOS phylogeny was more similar to the
mtOXPHOS phylogeny than previous topologies based on
either a handful of nuclear markers or transcriptome-wide
analyses (Bieler et al. 2014; Gonz�alez et al. 2015).

Another strong signal of mitonuclear coevolution was the
almost perfect positive linear correlation between branch
lengths calculated on the same species tree for mtOXPHOS
and nuOXPHOS subunits (q¼ 0.967; fig. 3A). Random nu-
clear orthologues lacking mitochondrial interactions were
only mildly correlated to mtOXPHOS subunits (q¼ 0.437;
fig. 3B), suggesting that genomewide changes in evolutionary
rates only partially explain the strong ERC between mt and
nuOXPHOS genes. Similar results were previously found for
insects (e.g., Yan et al. 2019) and between plastid-encoded
and plastid-interacting genes in angiosperms (Williams et al.
2019). Such strong ERCs between mitochondrial and
mitochondria-interacting nuclear genes represent some of
the strongest evidence of shared evolutionary dynamics be-
tween the mitochondrial and the nuclear genomes. This ap-
proach has also been used to find novel nuclear-encoded
genes that likely play an important role in mitochondrial dy-
namics, as such genes can show similar ERCs as nuOXPHOS
genes (Williams et al. 2019; Yan et al. 2019). The lack of high-
quality genomic data in many invertebrates is currently a
hindrance to such studies but will likely not be so for long.

Because CII, the only OXPHOS complex exclusively formed
by nuclear-encoded subunits, did not show a strong ERC with
either mtOXPHOS or nuOXPHOS subunits of chimeric com-
plexes (fig. 4), it is most likely that mitonuclear coevolution,
not relaxation of constraints for OXPHOS function in general,
is driving the strong ERC between mtOXPHOS and
nuOXPHOS genes. Supporting this, ERCs were generally
stronger within a complex compared with across complexes
(fig. 4) and the strongest ERCs were found when using con-
tact nuOXPHOS that directly interact with mitochondria-
encoded residues (fig. 5). Although categorizing nuclear-
encoded proteins into contact versus noncontact is likely
an oversimplification that ignores allosteric effects, all of these
observations are consistent with mitonuclear coevolution in
bivalves.

Our finding that mtOXPHOS rates are correlated with
nuOXPHOS rates, but not those of other nuclear genes, has
interesting ramifications on bivalve phylogenetic inference.
For example, the ERC may be driving the pattern of mitonu-
clear concordance described above. If mt and nuOXPHOS
genes show similar rates of protein evolution compared
with other nuclear genes, then long-branch attraction issues
may affect nuclear phylogenies based on different genes dif-
ferently. Such a scenario is consistent with the disagreement
at deep nodes between mitochondrial and previous nuclear
phylogenies. More focused analyses involving other nuclear

markers and finer phylogenetic methods might be
worthwhile.

Limited Signals of Nuclear Compensation in Bivalves
Many studies of bilaterian animals show that dN/dS ratios are
extremely low in mitochondrial genes, despite low effective
population size and higher mutation rate, suggesting strong
selective constraints acting on mtOXPHOS subunits (distri-
bution of values from 1 to 3 quantile< 0.05; see, e.g., Nabholz
et al. 2013; Popadin et al. 2013; Havird and Sloan 2016). In the
present study, dN/dS for mtOXPHOS subunits was an order
of magnitude higher than those previously reported for most
Metazoa, with a median value of 0.2241. This value is consis-
tent with recent work that compared the congeneric bivalve
species R. philippinarum and R. decussatus (Iannello et al.
2019) and with values calculated among mitochondrial
genomes across Bivalvia (Plazzi et al. 2016). A possible expla-
nation could be that lower metabolic needs of bivalves (due
to a sedentary lifestyle) result in relaxed selection on
mtOXPHOS proteins (as observed for loss of flight:
Mitterboeck and Adamowicz 2013; and swimming perform-
ances: Strohm et al. 2015). Another, mutually nonexclusive,
hypothesis could be that adaptations to stress tolerance
(Sokolova 2018; Sokolova et al. 2019) increased the robustness
of the OXPHOS system to nonsynonymous substitutions
without relevant consequences in terms of fitness.

Although the biological reasons for high dN/dS in bivalve
mtOXPHOS proteins are unclear, they may provide insights
into mitonuclear coevolutionary dynamics. According to the
“nuclear compensation hypothesis,” nuOXPHOS subunits are
the prime sites for compensatory changes that maintain
proper functioning of OXPHOS complexes in the face of del-
eterious mitochondrial mutations (Dowling et al. 2008;
Gershoni et al. 2010; Osada and Akashi 2012; Havird and
Sloan 2016). Some support for this hypothesis was provided
in our study by the entirely nuclear-encoded CII, which had
significantly lower dN/dS compared with all other, mt-
interacting nuclear components (fig. 6B, supplementary fig.
5, Supplementary Material online). Similarly, the dN/dS of
noncontact nuOXPHOS subunits was significantly lower
than those of contact subunits (fig. 6A), which are the
most obvious sites for potential compensatory changes (al-
though this may be an oversimplification).

However, in bivalves, overall dN/dS of contact nuOXPHOS
subunits was not elevated compared with mtOXPHOS sub-
units (fig. 6A), unlike in most animals (Nabholz et al. 2013;
Havird and Sloan 2016). Under nuclear compensation, it is
generally assumed that dN/dS should be elevated in
nuOXPHOS subunits, reflecting positive selection for com-
pensatory changes. When considering each complex sepa-
rately, this signal is not uniform (fig. 6B). CIV does show the
expected trend under nuclear compensation of nuclear con-
tact proteins that appear to evolve significantly faster than
mitochondrial ones. However, CIV is constituted by some of
the slowest-evolving mtOXPHOS subunits. Therefore, nuclear
compensation might be expected to show the weakest signal
in CIV. One possibility is that each complex and each set of
subunits are undergoing different evolutionary dynamics that
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are driven by specific selective pressures, rather than all com-
plexes being primarily shaped by coevolutionary constraints
(see, e.g., Zhang and Broughton 2013; Iannello et al. 2019).
Future studies might benefit by examining each complex and
each subunit separately to reveal different selective pressures
associated with different functional constraints. Another pos-
sibility is that the elevated dN/dS ratios in mitochondria- and
nuclear-encoded contact subunits could be due to different
reasons. Relaxed selection on mitochondrial genes coupled
with positive selection on nuclear-encoded contact subunits
could result in similarly high dN/dS ratios and would be con-
sistent with nuclear compensation. Phylogenetic and popu-
lation genetic tools to explicitly test for positive selection may
be useful in exploring this possibility (Wertheim et al. 2015;
Havird et al. 2017).

We also examined signatures of nuclear compensation in
site-specific signals of positive selection, predicting that con-
tact nuOXPHOS subunits should be enhanced for positive
selection. However, out of eight nuOXPHOS subunits in
which positively selected sites were inferred, only NDUFB2
and NDUFS2 were predicted to physically contact
mitochondria-encoded subunits. All other proteins represent
key subunits involved in catalysis and are located in regions of
the complexes that are distant to mitochondria-encoded
proteins. We acknowledge that in order to be tied by coevo-
lutionary constraints, residues do not necessarily need to be in
physical contact, since perturbations in the tertiary structure
due to an amino acid mutation can compromise stability also
in distant residues. However, two subunits of CII were among
the putative positively selected sequences and comparable
numbers of positively selected sites were found in
mtOXPHOS subunits, further reducing the possibility that
these results were a reflection of compensatory nuclear evo-
lution. It could be possible that these signals of positive se-
lection were the result of false positives due to the higher
rates of sequence conservation of these proteins (see supple-
mentary fig. 4, Supplementary Material online; Anisimova
et al. 2002). These sites may simply represent residues under
loose purifying selection due to their exposition in the mito-
chondrial matrix (therefore not involved in catalysis nor
structural conformation). Regardless, our site-specific analyses
do not support nuclear compensation as in the dN/dS
analyses.

Heterogeneity of Mitonuclear Evolutionary Dynamics
across Metazoa
The extent of nuclear compensatory evolution may vary
among taxa. For example, in corals, dipterans, and some fungi
mitochondrial and nuclear dS values are fairly similar (Havird
and Sloan 2016), whereas Vertebrata show the highest values
of mutation rate ratios between mitochondrial and nuclear
genomes calculated so far (up to an average ratio per gene of
32.5 in primates: Allio et al. 2017). In our samples, mitochon-
drial dS values are not high on average (median is �0.3; sup-
plementary fig. 7, Supplementary Material online), however,
these values are still noticeably higher than the nuclear ones,
and the same is observed for nonsynonymous substitution
rates (dN; supplementary fig. 7, Supplementary Material

online). Precisely, the ratio of dS between mtOXPHOS and
nuOXPHOS genes in our samples was �2.5 (ratio between
the two medians), similar to the ratio recently calculated in
Bivalvia based on comparisons between mutation rates of
mitochondrial genes and 398 nuclear nonmitochondria-
interacting genes (median ¼ 1.8; Allio et al. 2017). Under
these conditions, we should nevertheless expect relatively
higher nuclear dN/dS for our data set under nuclear compen-
sation (like observed in fast-mutating mtDNA taxa; Havird
and Sloan 2016), but that is not the case. In other words, the
high mitochondrial dN/dS observed in bivalves is not likely
due entirely to a low mitochondrial mutation rate but also
due to increased rates of nonsynonymous fixations.

In our opinion, there is an important caveat to comparing
dN/dS values in different genomes that may have widely dif-
fering mutation rates. Correlation between the ratio of mito-
nuclear dN/dS and mitonuclear dS observed in Havird and
Sloan (2016) may have been misleading, since one of the
variables is nested within the other and would automatically
be expected to result in a negative correlation. Havird and
Sloan attempted to control for this by examining genes with-
out mitochondrial interactions as a control, which showed
different patterns than nuOXPHOS genes. If nuclear compen-
sation is predominantly responsible for the types of correla-
tions observed in Havird and Sloan (2016), then amino acid
substitution rate (dN) in the nuclear genes should be driving
the trend. However, by reanalyzing the Havird and Sloan
(2016) data set (one of the few works with a wide phyloge-
netic sampling across eukaryotes), we found that the mito-
nuclear dN/dS ratio is only mildly correlated with the
mitonuclear dN ratio, and the correlation is driven mainly
by the plant/animal dichotomy (supplementary fig. 8,
Supplementary Material online). Moreover, when considering
also Bivalvia values as calculated in the present study, the
correlation is even weaker (supplementary fig. 8,
Supplementary Material online). Other meaningful correla-
tions, like mitochondrial dN/dS against nuclear dN/dS, or mi-
tochondrial dN against nuclear dN, are not significant (neither
excluding nor including bivalves; supplementary fig. 9,
Supplementary Material online), even though they may rep-
resent more direct predictions of nuclear compensation (all
correlation tests were performed with R on the data set of
Havird and Sloan 2016; data in Supplementary Material).
Therefore, although mitonuclear coevolution may drive
some of the observed differences between dN/dS in
mtOXPHOS and nuOXPHOS genes in many metazoans,
the large difference in underlying mutation rates between
the two genomes certainly also contributes. In a case where
mutation rate is high (e.g., high mitochondrial dS) but puri-
fying selection is very strong, the need for compensation may
not be high, since few protein residues actually change (e.g.,
low mitochondrial dN). Disentangling such nuances of dN/dS
analyses should be a goal of future work.

Is DUI Compatible with Nuclear Compensation?
Mitonuclear coevolution is particularly interesting in bivalves
because of the frequent occurrence of DUI. In the present
work, given the low representativeness of DUI species in
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online database, and given the additional difficulties in
extracting both F- and M-type mtDNAs within a species,
we could not include more DUI-specific analyses. The only
signals we could get from the present sampling were repre-
sented by a handful of genes for which a specific tagging of
DUI branches resulted in a better fitting Codeml model, and a
slight lowering in the mtOXPHOS–nuOXPHOS branch
length correlation when considering M-type mitochondria-
encoded subunits for the four available species (almost ex-
clusively driven by the two Unionid species).

However, the DUI system presents some interesting con-
siderations for mitonuclear coevolution and nuclear compen-
sation. In DUI species, two highly divergent mitochondrial
genomes have to cofunction with the same nuclear back-
ground. This introduces a potential challenge for the nuclear
compensation theory because nuclear changes must offset
changes happening in the two lineages of mitochondrial
genes. For instance, if a mutation arises in an F-type subunit,
the nuclear compensatory mutation might disrupt the coas-
sembly with the corresponding M-type subunit, lowering the
efficiency of M-type mitochondria. However, M-type
genomes, despite being usually rare in somatic tissues (but
with exceptions, see Ghiselli et al. 2011), are still functionally
important, since the whole male germline relies exclusively on
them (Ghiselli et al. 2013; Milani and Ghiselli 2015).

One explanation for maintenance of DUI along with nu-
clear compensation could be the presence of two separate
sets of nuOXPHOS genes that underwent duplication and
evolved sex-specific expression. Such male-biased
nuOXPHOS orthologues are common in mammals and
Drosophila (Gallach et al. 2010; Eslamieh et al. 2017; Havird
and McConie 2019). While this explanation cannot be
completely excluded and future studies should examine it
more thoroughly, no clues of duplicated sets of nuOXPHOS
genes have been found so far in DUI species (Maeda G,
Iannello M, McConie HJ, Ghiselli F, Havird JC, unpublished),
and we found only a single transcript per gene in all DUI
species in the present study, with the exception of M. edulis
COX4. Another possibility is sex-specific splice variants or sex-
specific nuclear-encoded OXPHOS expression, which has
been found in humans (Barshad et al. 2018).

A second explanation for the stable presence of DUI could
lie in mitochondrial compensatory evolution, an underex-
plored version of mitonuclear coevolution. In such scenario,
an amino acid change in a nuclear gene could be indepen-
dently compensated in both M- and F-type mitochondrial
genomes. The fact that these two highly divergent lineages
have been kept evolutionarily stable for millions of years with-
out disrupting respiratory capacity may be explained by con-
sidering the “mitochondrial compensation hypothesis” as the
primary coevolutionary force. The production of more DUI-
specific data in the future will allow us to properly address
such questions.

Considerations on the Directions of Compensatory
Mitonuclear Coevolution
Others have highlighted that mitonuclear coevolution could
take many forms and deleterious compensatory changes are

only one class (Sloan et al. 2017). The nuclear compensation
hypothesis has been favored because classic evolutionary the-
ory suggests nonrecombining genomes such as mitochondrial
genomes are likely to suffer from mutational meltdown
(Lynch 1996; Lynch and Blanchard 1998; Neiman and
Taylor 2009). Both empirical and modeling work has chal-
lenged this assumption (Cooper et al. 2015; Christie and
Beekman 2017) and the assumption that mitochondrial
genomes never recombine is also being undermined
(Havird et al. 2019).

Mitochondrial genomes usually mutate faster and many
variants of mtDNA are constitutively present in a heteroplas-
mic state (Burr et al. 2018). In the heteroplasmic pool, there
might be some mtDNA copies that present a compensatory
mutation for a novel amino acid change that occurred in a
nuclear subunit. In this case, mitochondria that contain
higher amounts of this “compensatory” mtDNA would pre-
sent better functioning OXPHOS complexes with respect to
the wild-type ones. Such mitochondria would have higher
fitness than the others and might eventually be fixed
(Milani and Ghiselli 2015; Burr et al. 2018; Zhang et al.
2018). The mechanisms that allow this selection are yet to
be clarified, however, the fact that better-performing mtDNA
variants are favorably transmitted (Wilding et al. 2001; Zhou
et al. 2010; Ghiselli et al. 2013; Hill et al. 2014; Milani 2015;
Milani and Ghiselli 2015; Tworzydlo et al. 2016; Bilinski et al.
2017; Marlow 2017) could represent a coherent mechanism
for mitochondrial compensation of nuOXPHOS mutations in
very short evolutionary times.

Referring to this interpretation, it should be noted that
almost all observations previously associated and explained
in terms of nuclear compensation could be equally explained
as mitochondrial compensations. For example, the fact that
nuOXPHOS genes have higher dN/dS than nuclear non-
OXPHOS genes, and nuOXPHOS genes without mitochon-
drial counterparts (Havird and Sloan 2016; Havird et al. 2017;
Li et al. 2017; Yan et al. 2019) could be due to mitochondrial
compensation. NuOXPHOS genes can indeed be more vari-
able because they can be efficiently compensated by a fast-
mutating mitochondrial genome. When no compensation is
possible, a structural deleterious mutation should simply be
selected against. The same holds true for nuclear-encoded
ribosomal proteins that form mitochondrial ribosomes
(Barreto and Burton 2013; Sloan et al. 2014; Weng et al.
2016) and for aminoacyl-tRNA-synthetases that act on mt-
tRNAs (Adrion et al. 2016). Also, many site-specific coevolu-
tionary signals do not specifically favor nuclear compensation
because they lack temporal data that could discern the order
of appearance of the mutations (inter alia Gershoni et al.
2010, 2014; Levin and Mishmar 2017).

Little direct evidence supports nuclear compensation in
contrast to other forms of mitonuclear coevolution, with one
notable exception being the observation that nuclear changes
tended to occur later in time than mitochondrial ones at
contact residues in primates (Osada and Akashi 2012).
However, a recent study by Wernick et al. (2019), showed
in vivo evidence of direct mitochondrial compensation in
Caenorhabditis elegans. In gas-1 mutated lines, they directly
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observed functional recovery of OXPHOS efficiency through
60 generations in populations under food competition driven
by novel mutations in nadh1 and nadh6 genes, which are
mitochondria-encoded subunits in contact with the
nuclear-encoded gas-1. It is therefore possible that in some
cases, the mitochondrial genome is responsible for compen-
satory mutations. Future studies focusing on specific residues
and the temporal order of changes are needed.

Conclusions
Overall, a clear signal of mitonuclear coevolution in bivalves
emerges from our data.

Both the phylogenetic analysis and the ERC analyses
showed strong evidence of shared evolutionary trajectories
for mtOXPHOS and nuOXPHOS subunits in contrast to nu-
clear genes that do not interact with mitochondria. However,
mitochondrial dN/dS in our samples were almost an order of
magnitude higher than previously recorded bilaterian data
and similar to nuclear dN/dS ratios, calling into question
the idea of nuclear compensation as the driving force of
mitonuclear coevolution in bivalves. Similar results were
obtained in previous analyses of bivalves (Iannello et al.
2019). However, contact nuOXPHOS subunits displayed
higher rates of evolution than noncontact and nonchimeric
nuclear proteins, again supporting a general observation of
mitonuclear coevolution. No site-specific signal of accelerated
compensatory evolution was found in any of the nuclear
OXPHOS subunits. Overall, support for nuclear compensa-
tion as the specific form of mitonuclear coevolution was
scarce. This pattern is in contrast to other metazoans, possibly
due to different reasons, including relaxed selection on
OXPHOS proteins in sedentary living bivalves, increased se-
lection on stress-tolerance pathways, or a combination of
these factors. Examining a diverse sample of bivalve taxa,
we extend the evidence for mitonuclear coevolution to a
novel taxonomic group, but question the ubiquity of the
nuclear compensation hypothesis.

Materials and Methods

Data Set
We downloaded the RNA-Seq raw reads for a total of 40
bivalve species from the short read archive (SRA) of NCBI
(www.ncbi.nlm.nih.gov/sra; supplementary table 1,
Supplementary Material online). Species were selected to
evenly represent the biodiversity of the class: 14
Imparidentia, 2 Anomalodesmata, the only
Archiheterodonta available, 5 Palaeoheterodonta, 12
Pteriomorphia, and the 6 available species of Protobranchia.
We included Haliotis tubercolata (Gasteropoda), Octopus
bimaculoides (Cephalopoda), Graptacme eborea
(Scaphopoda), and Acanthochitona crinita (Polyplacophora)
as outgroups for the inference of phylogenetic trees.

When multiple RNA-Seq data sets were available for the
same species, we downloaded reads from different tissues to
limit the effect of potential tissue-specific transcription of
OXPHOS genes. Even though we did not consider expression
data in the present work, tissue-specific and/or sample-

specific transcription patterns could affect the de novo as-
sembly of less abundant transcripts, preventing the detection
of the target sequences or compromising their quality. When
DUI species were considered, we downloaded reads from
both sexes in order to retrieve both mitochondrial genomes.
When sex was not specified, we pooled multiple SRA experi-
ments, increasing the chances of obtaining the M-type ge-
nome as it is abundant in male gonads but sometimes rare/
absent in the somatic tissues.

We removed sequencing primers and filtered out low-
quality and unpaired reads using Trimmomatic-0.36 (Bolger
et al. 2014) with the following parameters: LEADING:3
TRAILING:3 SLIDINGWINDOW:25:33 MINLEN:75.
Transcriptomes were then assembled de novo using
Trinity-v2.4.0 (Haas et al. 2013) with default parameters. To
assess quality and completeness of the transcriptomes, we
used BUSCO v2 (Sim~ao et al. 2015), as implemented in the
gVolante website (https://gvolante.riken.jp/analysis.html;
Nishimura et al. 2017). Gene content (complete and frag-
mented) was assessed comparing the transcripts with the
“Metazoa” core ortholog database.

Before gene annotation, we filtered the transcriptomes with
a sequence-similarity Blast-based method in order to avoid the
presence of contaminant reads (this filter consists in the first
step of an RNA-Seq annotation pipeline developed for non-
model organisms, complete protocol available at: https://osf.
io/cdkb9/?view_only¼f0b2cde926db43719f3d705012c4eeaa).
Whole transcriptomes were aligned with DIAMOND
v0.9.19.120 (Buchfink et al. 2015) against NCBI nonredundant
protein database (nr), retrieving taxon ID annotation for each
hit. Through E-fetch (NCBI E-utilities package) we extracted
the taxonomic lineage for each hit, and we retained only those
transcripts for which the best hit was against a lophotrocho-
zoan. We did not choose a stricter filtering method (e.g.,
Mollusca or Bivalvia) because the underrepresentation of bi-
valve and mollusc nuclear sequences in the online databases
could have led to false negatives.

OXPHOS Subunits Annotation
MtOXPHOS transcripts were identified with a BlastX (Blast
v2.6.0þ; Camacho et al. 2009) search of each transcriptome
against a custom database containing all molluscan
mtOXPHOS PCGs (downloaded from NCBI). Due to the
higher representation of mollusc mitochondrial genes, a
stricter filter could be applied for mitochondrial genes: We
kept only those transcripts whose best hit against nr was a
mollusc sequence. We then manually extracted open reading
frames (ORFs) using the NCBI ORFfinder online tool (www.
ncbi.nlm.nih.gov/orffinder), validating the results with a BlastP
against nr. When both F- and M-type mitochondrial gene
products were annotated in DUI species, we considered
them as separate operational taxonomic units throughout
the whole analysis. To solve the problem of a high occurrence
of partial subunits, we implemented annotation with
MitoRNA (available at: https://github.com/mozoo/
mitoRNA; Forni et al. 2019), a software used to assemble
mitochondrial genes from raw reads through iterations of
Bowtie2 mapping (Langmead and Salzberg 2012) and
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Trinity assembling, based on a reference genome. Such a step
was possible only for those species for which the mtDNA—or
at least a congeneric one—was present in the databases.

ORFs of nuOXPHOS subunits were retrieved using the
Findorf tool (Krasileva et al. 2013), that uses a BlastX search
against a user-defined database, and an HMMER (Mistry et al.
2013) search against the Pfam database 30.0 (Finn et al. 2016).
To build the user-defined Blast database, we downloaded
nuOXPHOS protein sequences of seven reference species
from the KEGG database (https://www.genome.jp/kegg/;
Kanehisa and Goto 2000): Crassostrea gigas, Octopus bimacu-
loides, Lottia gigantea, Helobdella robusta, Caenorhabditis ele-
gans, Drosophila melanogaster, and Homo sapiens. The
complete set consisted of 78 subunits (38 of CI, 4 of CII, 9
of CIII, 14 of CIV, and 13 of CV; see fig. 1). We implemented
the annotation with the PSI-Blast tool that consists of a series
of consecutive BlastP iterations (from which a position-
specific score matrix is built) in which each newly detected
sequence is included in the database for the subsequent
cycles. We used the protein sequences positively annotated
with the Findorf tool as databases to complete the annota-
tion in the species with missing genes. ORFs annotated this
way were verified with a BlastP against nr, checking that the
first hit corresponded to the presumptive gene.

We performed an additional check for the possible pres-
ence of nuOXPHOS paralogs in the data set by back-Blasting
the annotated subunits against each species transcriptome. In
almost all cases, only a single transcript for each gene was
present. In some cases, multiple transcripts were present but
they simply represented fragments with identical sequence
composition (de novo assembly constructs or length iso-
forms). However, for a few genes in a few species (therefore
not bivalve-wide duplications), we found two plausible tran-
scripts, and reciprocal Blasts with other species were per-
formed to ensure that we did not include the duplicated
genes in the analyses. For three sequences (out of 1,485),
our annotation pipeline extracted an ORF for which the cor-
rect orthology could not be defined, assessing the high pre-
dictive power of the pipeline but confirming the need for
paralogy check.

A further additional step was performed for nuOXPHOS
subunits. The first N-terminal amino acids of these proteins
constitute the mitochondrial targeting signal (MTS), neces-
sary for recognition by the mitochondrial import machinery.
However, the MTS sequence is cleaved once the protein
enters the organelle, and therefore, it is not included in the
final functional product. Such sequences were excluded from
our study, since they do not participate in the coevolutionary
dynamics of the mitonuclear OXPHOS complexes and are
subjected to rather different evolutionary forces (e.g., li-
gand–receptor interactions). To exclude MTSs from the re-
trieved ORFs, we used MitoFates (Fukasawa et al. 2015), a
software that predicts both the presence of an MTS and the
heterodimer mitochondrial processing peptidase (MPP)
cleavage sites. We consider in the subsequent analyses only
the sequence from the MPP cleavage site to the stop codon
for those proteins, where the presence of MTS was assessed
with default MitoFates cutoffs.

Phylogenetic Inference
Two ML phylogenies were inferred for the concatenated
sets of mtOXPHOS and nuOXPHOS subunits. We aligned
the amino acid sequences with PSICOFFEE (Floden et al.
2016) and trimmed the alignments with BMGE v1.12
(BLOSUM30 -h 0.75 -b 3; Criscuolo and Gribaldo 2010).
We concatenated the sequences with PhyUtility (Smith
and Dunn 2008), and we inferred partitions and best-
fitting models with PartitionFinderProtein (Lanfear et al.
2017). ML trees were built with RAxML v8.2.11
(Stamatakis 2014) with 1,000 bootstrap replicates, forcing
bivalve monophyly, and setting Acanthochitona crinita as
outgroup. Nodes with a bootstrap support value lower
than 0.7 were collapsed.

Evolutionary Rate Correlations
We also examined ERCs (a useful test to investigate protein
coevolutionary dynamics, see de Juan et al. 2013; Williams
et al. 2019; Yan et al. 2019) between the two mt and
nuOXPHOS proteins. We built a species tree and optimized
the branch lengths of the concatenated alignments with
RAxML v8.2.11 (Stamatakis 2014). The species tree of our
sample species was built manually using data from the liter-
ature (see the tree in fig. 1). We mostly referred to the phylo-
transcriptomic analysis of Gonz�alez et al. (2015): relationships
between and within the orders (with the exception of
Pteriomorphia) were obtained from the ML tree of all genes
found in 37.5% or more of the species included in their work.
Some of our species were included in that phylogeny: for
those that were not, we considered the genus or the family.
The inner relationships among the three Unionidae species
considered here (Cristaria plicata, Lampsilis cardium, and
Hyriopsis cumingii) could not be solved, because the only
work with solved relationships that included all three families
was based only on COX1 and 28S (Lopes-Lima et al. 2017). For
this reason, we chose to keep them as a polytomy. The rela-
tionships within Pteriomorphia were based on the phyloge-
nomic work of Lemer et al. (2016).

A set of random nuclear proteins was used as control for
the ERC; for this purpose, we used Proteinortho v6.0.7
(Lechner et al. 2011) to obtain ortholog transcripts from
the 31 bivalve transcriptomes of our study. We selected 24
orthologue clusters from the output (maximizing the species
representation) for a total of 605 transcripts (139 missing
sequences). We extracted ORFs with TransDecoder
(https://github.com/TransDecoder/TransDecoder), and
through a BlastP search against the nr database we ensured
that no mitochondria-interacting proteins were included in
these clusters. Alignments, trimming, partitioning, branch
length optimization on the species tree, and distance to the
root calculations were performed as for the OXPHOS pro-
teins. We then performed correlation tests (cor.test function
in R) on the distances to the root (patristic method of
distRoot function in R, adephylo package) of every species
in the three different sets of proteins as a proxy for coevolu-
tionary dynamics. Correlating distributions of distances to the
root introduces nonindependence among within-distribution
values because of shared branches, and this could bias the
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calculations. For this reason, we also tested for correlation
between the lengths of the terminal branches (i.e., species-
specific). Since the correlation analyses shared the same trend,
we kept root-to-tip distances (that represent a more precise
evolutionary history of each species) for the subsequent
analyses.

Another possible bias that may affect ERC is the potential
nonrandom representativeness of the 24 nuclear control
orthologue clusters. To test this, we randomly divided the
cluster in two subsets of 12 proteins and tested for ERC be-
tween the two. This was performed 1,000 times to obtain a
median correlation coefficient and its confidence intervals for
each ERC. Moreover, we divided both the mtOXPHOS and
the nuOXPHOS for the branch lengths of both orthologues
subsets to check if the correlation held after a normalization
to control for variation among species in overall rates of nu-
clear evolution (normalization performed for all 1,000 itera-
tions). To check for more specific coevolutionary signals, we
calculated branch lengths for separate data sets of both mi-
tochondria- and nuclear-encoded subunits of each complex
and tested for correlations between the different compo-
nents. Last, we divided the nuOXPHOS subunits in two clus-
ters: those predicted to be in physical contact to
mitochondria-encoded subunits and those without any sup-
posed direct interaction with mtOXPHOS proteins (CIV:
Richter and Ludwig 2003; CV: Jonckheere et al. 2012; CI:
Zhu et al. 2016; CII: Amporndanai et al. 2018). We then
performed correlation tests for these two subsets against
branch lengths of mtOXPHOS subunits and random
orthologues.

Rates of Protein Evolution
For the analyses on the rates of protein evolution, we followed
the same alignment procedure for the phylogenetic analyses,
except that we excluded the four outgroups from the data
set. We optimized branch lengths of the species tree (see
above) for each alignment of our analyses with RAxML
v8.2.11 (Stamatakis 2014). Best-fitting models for RAxML
were inferred with ProtTest v3.4 (Darriba et al. 2011). We
calculated for each backtranslated alignment dN/dS using
Codeml (PAML v4.9 package; Yang 2007; supplementary fig.
3, Supplementary Material online).

Each alignment was tested for a free-ratio model of dN/dS
calculation over the tree (each branch associated to a differ-
ent value, i.e., branch model 1; model¼ 1) against a uniform
rate model (a single value averaged for all branches, i.e.,
branch model 0; model ¼ 0). The best-fitting model was
estimated through LRTs, comparing log-likelihood values
for each model (maximized over six replicates). In the cases
where branch model 1 was the best-fitting model, we pooled
together dN/dS values for all branches of each subunit tree,
therefore associating a distribution to each gene product,
rather than a single value. We considered this as the best
way to represent the evolutionary dynamics of the subunits,
since a single value averaged for all the sites of the sequences
and for all the branches of the tree would have been an

extreme approximation, also taking into account that some
species in our data set have been separated for hundreds of
millions of years and have underwent extensive diversifica-
tion. In order to be able to compare the single-x subunits
with the others, we replicated the single dN/dS value for all
the branches of their trees, therefore equally weighing the two
sets of subunits in the overall distribution.

Statistical group analyses were conducted with Wilcoxon–
Mann—Whitney and Dunn tests (with Bonferroni correc-
tion) as implemented in R v3.4.4. Zero values of dN or dS,
which resulted in calculations of dN/dS of either 0 or 999 in
Codeml, were excluded. We plotted distributions of dN/dS
values higher than 1 and lower than 1/10 of the overall me-
dian to detect signals of fast-evolving and slow-evolving
sequences, respectively. We performed chi-squared tests to
test whether these distributions differed significantly from the
expected ones.

In our data set, we included 7 DUI species that are known
to possess two different mitochondrial genomes that are
maintained separately by sex-specific segregation (see
Introduction). Since we pooled all dN/dS values of the tree
together, we tested whether the DUI species biased the over-
all signal, especially for the subunits where the free-ratio
model was better than the single-x model. In order to do
so, we performed LRTs between single-x model and the
branch-specific model that allows to tag different branches
or clades for which a specific dN/dS is calculated (in this case,
we tagged the private branch of each DUI species—or the
whole clade in the case of Unionida). Such a model was also
tested against the free-ratio model. The two paired tests
allowed us to evaluate whether the dN/dS calculation with
the single-x or the free-ratio models were biased by the pres-
ence of DUI species, and if it would have been better to
consider such taxa separately (for a graphic summary of
this branch-specific analysis, see supplementary fig. 3,
Supplementary Material online).

Signatures of Positive Selection
We also used Codeml to investigate the site-specific evolu-
tionary rate of gene products (graphic summary: supplemen-
tary fig. 6, Supplementary Material online). To test whether a
model considering different dN/dS for different sites fit the
data better than one implementing a uniform rate, we tested
log-likelihood values (maximum values over six calculation
replicates) of M0 (single dN/dS; NSsites ¼ 0) and M3 (n cat-
egories of dN/dS: five in our case; NSsites ¼ 3) with LRTs.
When M3 was the best model, we tested for the presence of
positive selection comparing two pairs of models. Each pair
consisted in a model that included parameters admitting
positively selected sites, and another that did not (the null
model; Yang 2007): they were M1a (variable selective pressure
but no positive selection; NSsites¼ 1) versus M2a (M1a plus
positive selection; NSsites¼ 2) and M7 (beta-distributed var-
iable selective pressure; NSsites ¼ 7) versus M8 (M7 plus
positive selection; NSsites ¼ 8). When both the models
that included sites with dN/dS> 1 were the best, we
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performed additional tests to evaluate whether we could ac-
tually consider positive selection as a possibility. We tested
M8 against the MEC model, which takes into account the
weight of each amino acid replacement (Doron-Faigenboim
and Pupko 2007) in terms of radical and conservative mod-
ifications based on empirical replacement probability matri-
ces (calculation performed on the Selection server; Stern et al.
2007). Those models are not nested within each other, there-
fore an LRT was not possible. Hence, we compared Akaike
Information Criteria scores in order to evaluate the best
model. When M8 was the best, we considered the sites under
positive selection as predicted by the Bayes empirical Bayes
method as implemented in Codeml.

We further analyzed subunits where sites under putative
positive selection were found with TreeSAAP (Woolley et al.
2003), a software that estimates the selection dynamics of 31
physicochemical amino acid properties, predicting whether
each property is subject to radical or conservative shifts, and
in which regions. The parameters were set as follows: all prop-
erties, eight categories, sliding window length ¼ 15. Codeml
and TreeSAAP results were compared with the aid of
IMPACT_S (Maldonado et al. 2014), a software that allows
the comparison and combination of results of protein se-
quence evolution analyses obtained with different calculation
methods. The results of the different analyses were then com-
pared with annotated ligand and catalytic sites from the lit-
erature. In detail, we compared the protein sequences of
C. angulata (as annotated in our data set) with the functional
sites as predicted in C. gigas (NCBI protein database), or with
annotated sites in Homo sapiens when such information was
not available for any Crassostrea species. The comparison was
implemented by plotting the sites under putative positive
selection on the tertiary structures of the C. angulata proteins.
Structural conformations were predicted for C. angulata sub-
units on the I-TASSER server (https://zhanglab.ccmb.med.
umich.edu/I-TASSER/; Zhang 2008) and we kept only those
structures that had a C-score higher than 0 (C-score is typi-
cally in the range [�5,2], with higher values representing
more confident model predictions). Structural alignment
against known structures of the OXPHOS complexes (down-
loaded from the Protein Data Bank archives, https://www.
rcsb.org) were performed in order to visualize the sites of
interest in the context of the quaternary structure (CI:
Homo sapiens, 10.2210/pdb5XTD/pdb; CII: Escherichia coli,
10.2210/pdb1NEK/pdb; CIV and CV: Bos taurus, 10.2210/
pdb5XDX/pdb and 10.2210/pdb5ARA/pdb, respectively).
Last, we tested whether the sites under putative positive se-
lection were enriched for specific amino acids or for specific
physicochemical properties. In order to do so, we calculated
the frequencies of each of the 20 amino acids in all the pos-
itively selected sites of the final positively selected candidate
subunits and compared it with the frequencies as calculated
from the whole alignments (chi-square tests). Moreover, we
tested for correlation among the amino acid frequencies and
38 physicochemical properties (31 of which were those in-
cluded in TreeSAAP), exploring the possibility that those pu-
tatively positively selected sites included some

overrepresentation of quantitative indexes (Spearman’s cor-
relation as implemented in R).

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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