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Comparative mitogenomics of Clupeoid fish provides insights
into the adaptive evolution of mitochondrial oxidative
phosphorylation (OXPHOS) genes and codon usage in the

heterogeneous habitats
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Clupeoid fish can be considered excellent candidates to understand the role of mitochondrial DNA in adaptive evolution, as they
have colonized different habitats (marine, brackish, freshwater, tropical and temperate regions) over millions of years. Here, we
investigate patterns of tRNA location, codon usage bias, and lineage-specific diversifying selection signals to provide novel insights
into how evolutionary improvements of mitochondrial metabolic efficiency have allowed clupeids to adapt to different habitats.
Based on whole mitogenome data of 70 Clupeoids with a global distribution we find that purifying selection was the dominant
force acting and that the mutational deamination pressure in mtDNA was stronger than the codon/amino acid constraints. The
codon usage pattern appears evolved to achieve high translational efficiency (codon/amino acid-related constraints), as indicated
by the complementarity of most codons to the GT-saturated tRNA anticodon sites (retained by deamination-induced pressure) and
usage of the codons of the tRNA genes situated near to the control region (fixed by deamination pressure) where transcription
efficiency was high. The observed shift in codon preference patterns between marine and euryhaline/freshwater Clupeoids
indicates possible selection for improved translational efficiency in mitochondrial genes while adapting to low-salinity habitats. This
mitogenomic plasticity and enhanced efficiency of the metabolic machinery may have contributed to the evolutionary success and

abundance of Clupeoid fish.
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INTRODUCTION
The order Clupeiformes includes sardines, herrings, anchovies, and
other relatives in the two major suborders Denticipitoidei and
Clupeoidei. More than 390 species belonging to five families,
mainly Clupeidae, Engraulidae, Chirocentridae, Pristigasteridae
and Sundasalangidae have been reported (Lavoue et al. 2014).
Clupeiformes exhibit exemplary diversity and trophic diversifica-
tion (Egan et al. 2018) and inhabit a wide variety of habitats such
as the open ocean, coastal areas, estuaries, freshwater rivers and
lakes in tropical and temperate regions of all continents except
Antarctica. The greatest diversity in clupeiform fish is found in the
Indo-West Pacific region with a high level of endemism (Lavoue
et al. 2014). A mitogenomic phylogeographic study of Clupeoids
suggested that the East Tethys sea region is the Indo-West Pacific
progenitor region where the initial diversification of Clupeoids
occurred during the Cretaceous/Paleogene (Lavoue et al. 2013).
Subsequently, multiple independent marine/freshwater/tropical/
temperate transitions accelerated the evolutionary diversification
of Clupeoids in the world’s oceans (Ganias 2014).

The mitochondrial genome, or mtDNA, is the genetic material of
the mitochondrion, the organelle that functions as the power-
house of eukaryotic cells. A typical animal mtDNA encodes 13

proteins, 2 ribosomal RNA (rRNA) genes and 22 tRNA genes in its
heavy (H) and light (L) strands (Boore 1999). A gene arrangement
pattern has been conserved in vertebrate mtDNA with some
exceptions. The metabolic performance of organisms is affected
by mutations in mitochondrial DNA (mtDNA) (Lajbner et al. 2018)
and therefore purifying selection is an important driving force for
their evolution (Jacobsen et al. 2016). Despite this, there is
evidence of directional or episodic positive selection in response
to shifts in selection pressures such as hypoxia (Da Fonseca et al.
2008), heat stress (Morales et al. 2015), cold stress (Stier et al.
2014), and nutrient availability (Da Fonseca et al. 2008) in several
organisms (Garvin et al. 2015a, 2015b; Lajbner et al. 2018; Teske
et al. 2019). The evolutionary dynamics of the mitogenome are
also influenced by indirect selection by the nuclear genome due
to mitonuclear co-evolution (Morales et al. 2016). Maintaining
optimal mitonuclear association in the OXPHOS system is critical
as mismatches have adverse effects such as reduced lifespan,
fecundity, reduced metabolic rate and disease (Dowling et al.
2008; Gershoni et al. 2014; Mossman et al. 2019). Adaptive
evolution of mtDNA in response to habitat changes has been
reported in humans (Mishmar et al. 2003; Ruiz-Pesini et al. 2004;
Balloux et al. 2009), Drosophila (Ballard et al. 2007; Camus et al.
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2017), Atlantic cod, Atlantic salmon, Pacific salmon and Killer
whale populations (Foote et al. 2011; Garvin et al. 2011; Consuegra
et al. 2015). Evidence for adaptive evolution in the mtDNA
suggests its possible role in the radiation, successful diversification
and adaptation of fish to different habitats such as marine,
euryhaline, cold and warm waters (Garvin et al. 2015a, b; Morales
et al. 2016; Carapelli et al. 2019).

The mitochondrial H strand is first replicated from the H strand
origin of replication (Ori OH) within the control region according
to the mitochondrial DNA replication model. The original H-strand
is then exposed as a single strand, which acts as a lagging strand
during the synthesis of the L-strand. The L strand is replicated
from the L strand origin of replication (Ori OL), complementary to
the original H strand (Clayton 1991). The DNA sequences exposed
as single-stranded for a long time (during replication and
transcription) are prone to spontaneous deamination mutations
(which are more common on single-stranded than on double-
stranded DNA) mainly in the regions distant from the O, towards
L-strand replication. Deamination often occurs in single-stranded
DNA exposed during replication or transcription, resulting in a C-
to-T mutation on the H-strand and a consequent G-to-A mutation
on the L-strand (Shadeland Clayton 1997; Lowell and Spiegelman
2000). The regions close to the control region are characterized by
a high rate of expression and deamination mutations, which is
attributed to the presence of transcription initiation and Ori-OH
sites, respectively (Xia 2005; Satoh et al. 2010). The high structural
conservation in vertebrate mtDNA has been proposed as a result
of some selection constraints such as mutational pressure and
translational selection (Xia 2005; Satoh et al. 2010). Therefore,
tRNA anticodon sites, tRNA gene order, codon usage, and base
pair composition in fish mitogenomes may be under constant
mutational pressure and translational selection (Xia 2005; Satoh
et al. 2010).

Codon usage bias (synonymous codons not used with equal
frequency) plays many important roles in RNA processing,
protein translation and protein folding (Pernaand Kocher 1995;
McLean et al. 1998). Two main hypotheses explain codon usage
bias; The selection hypothesis is based on the concept that
codon usage determines the efficiency and/or fidelity of protein
expression (Xia 2005; Satoh et al. 2010). Thus, codon bias is
created and maintained by natural selection. In contrast, the
mutational or neutral hypothesis proposes that the codon bias
is due to the non-random mutational patterns (Xia 2005; Satoh
et al. 2010). The selective and neutral codon usage hypotheses
contradict each other, but both mechanisms play a role in
codon usage patterns within and between genomes. Compara-
tive vertebrate mitogenomics suggested that codon usage bias
is maintained by strand-specific mutational bias and biased
codon usage drives the evolution of tRNA anticodons (Xia
2005). The transcription rate is high near the mtDNA control
region, and it has been suggested that the tRNA genes
corresponding to commonly used codons are closer to the
control region for efficient transcription (Satoh et al. 2010).
Besides, the tRNA loci exposed as single-stranded for a longer
time have more guanine and thymine in their anticodon sites
(Satoh et al. 2010). However, the dynamics of the evolutionary
pattern of tRNA anticodon sites, tRNA gene order, codon usage,
and base-pair composition of the vertebrate mitogenome is still
ambiguous.

The two main epithelial cells in fish gills, pavement cells (PVCs)
and mitochondrial rich cells (MRCs), play key roles in ionic and
water balance (homeostasis) in fish migrating between freshwater
(FW) and seawater (SW) (Evans et al. 2005; Lai et al. 2015).
Adaptation to such habitat changes was achieved through an
increase in the number of mitochondria in the cells (Schreiber and
Specker 2000) together with an increase in mitochondrial coupling
(Brijs et al. 2017) and expression (Xia 2005). Radical amino acid
changes or specific substitutions in mtDNA would have enhanced
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mitochondrial coupling and conferred an advantage in habitat
diversification (Foote et al. 2011; Garvin et al. 2011; Consuegra
et al. 2015; Sebastian et al. 2020). Signals of positive selection in
the mitogenome associated with major changes in physiology or
ecology, such as the origins of electrogenesis in fish and the
evolution of powered flight in bats have been reported by using
comparative genomic analysis (Shen et al. 2010; Elbassiouny et al.
2020). The diversity of habitats colonized by Clupeoid fish,
together with a high degree of endemism and a large population
size (less effect of genetic drift) make them excellent candidates
for studies of adaptive evolution and diversifying selection on the
mitogenome.

In the present study, we analyzed the signals of selective forces
on the mtDNA coding regions of fish of the suborder Clupeoidei
to understand the selective pressures on the mitogenome
associated with habitat changes and the resulting higher energy
demands. The whole mitogenomes of 70 Clupeoids were analyzed
for the pattern of codon usage and nucleotide substitution
between lineages to reveal events of positive selection and the
patterns of codon evolution. The results of these studies provided
important insights into the dynamics of mitochondrial genome
evolution during the diversification of Clupeoid fish from their
marine ancestor in the Indo-West Pacific Ancestor Region to
different world ocean habitats such as marine, euryhaline, fresh,
cold, and warm water.

MATERIALS AND METHODS

The complete mitochondrial genomes of 70 Clupeoids (from the families
available in NCBI, GenBank) were selected for analysis (Lavoue et al. 2013)
(Supplementary file_1_Table S4). The spatial distribution data of all
selected species were obtained from Lavoue et al. 2014 and FishBase
(www fishbase.in). The mitogenome sequence of Denticeps clupeoids (the
sister group of the Clupeoids) was chosen as the outgroup. Protein-coding
gene regions were aligned in MEGA7 (Kumar et al. 2016) with CLUSTALW
and a concatenated dataset was created. A maximum likelihood
phylogenetic tree was then constructed using the General Time Reversible
(GTR + 1) model of substitution selected using the J-model test (Posada
2008) with 1000 bootstrap replication and four gamma categories.
Subsequent analyzes were performed on this tree.

Codon and amino acid usage was determined for each protein-encoding
gene after excluding the partial or full stop codons at its end in MEGA7 and
Geneious R7 (Kearse et al. 2012). The mean of the GC content in the first
(GC1) and second (GC2) positions of the codons (GC12) was used for the
analysis of the neutrality plot (GC12 vs. GC3) (Sueoka 1988). The nucleotide
bias or skew was calculated as (A-T)/(A+T) or (G-Q)/(G + C). The effective
number of codons (ENc) was estimated using DAMBE 5 (Xia 2013) and
used as a measure of codon usage bias in genes (Wright 1990). The relative
synonymous codon usage (RSCU) was calculated in MEGA7. To avoid
pseudo-replication, closely related species in each lineage were grouped
according to their habitat characteristics (freshwater/euryhaline and
marine) (each group can be viewed as an evolutionarily independent
entity with the same habitat characteristics) and average nucleotide
composition (A, T, G and C of the three codon position) and RSCU (of the
60 codons) of each unit were used for statistical analysis. The Kolmogorov-
Smirnov test was used to analyze the normality of continuous variables
(nucleotide composition and RSCU). Point-biserial correlation and cross-
tabulation analyzes (and chi-square statistics) were performed to test the
correlation/association between nucleotide composition and RSCU in the
protein-coding genes (concatenated data) with their habitat (freshwater/
euryhaline and marine). The nucleotide composition and RSCU of the
protein-coding genes (concatenated data) of each Clupeoid species were
considered as continuous variables and their habitat characteristics
(freshwater/euryhaline and marine) as dichotomous variables. The
coefficient (r) and p value were calculated for each test using point
biserial correlation analysis in the R statistics package (R Core Team 2021).
We also performed crosstab and chi-square statistical analysis because
some of the continuous variable data deviated slightly from the normal
distribution. A cross-tabulation was made by dividing the percentage of
nucleotide composition and RSCU into four categories: low, medium-low,
medium-high and high. The contingency table was then visualized using
gplots (function balloon plot) in the R statistics package. X-square ()(2) and
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Fig. 1 Geographical distribution pattern of the Clupeoids. (A) 70 Clupeoids used for the study (AU South Australia, EA East Atlantic, EP East

Pacific, IWP Indo-West Pacific, NA North west Atlantic, NE North East Atlantic, NP North Pacific, NZ New Zealand, PC Ponto Caspian, SA South
Africa, SS South South America, WA West Atlantic) and (B) their biogeographical distribution. The spatial distribution data of the species were
taken from the FishBase database (www.fishbase.in) and Lavoue et al. 2014.

p value were calculated for each test using the chi-square test (function
chisq.test) in the R-statistics package.

Positive selection for the 13 protein-coding genes of Clupeoids was
analyzed using three codon-based selection analysis algorithms; Fast
Unconstrained Bayesian Approximation (FUBAR), Mixed Effects Model of
Evolution (MEME) and TreeSAAP. Both MEME and FUBAR are site-based
detection methods (available in DATA MONKEY) (Pond and Frost 2005),
allow synonymous rate variation from site to site, and use likelihood ratio
tests (LRTs) at individual sites to assess the significance of positive
selection. The MEME model analyzes the distribution of synonymous and
non-synonymous substitution rates from site to site and from branch to
branch at a site (episodic selection) (Murrell et al. 2012). While FUBAR uses
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a Bayesian approach to derive non-synonymous (dN) and synonymous
(dS) substitution rates per site for a given coding alignment and
corresponding phylogeny (pervasive selection) (Murrell et al. 2013). For
each method we have chosen a threshold p value; p < 0.05 for MEME and
posterior probability >0.9 for FUBAR. TreeSAAP (Woolley et al. 2003) was
used to identify selected sites and changes in the physicochemical
properties of amino acids caused by substitutions at selected sites. The
amino acid sites identified as candidate sites for positive selection with
FUBAR, MEME and TreeSAAP (i.e., the sites commonly identified in the
three methods) and those associated with the internal branches were
used as candidate sites for subsequent analysis since the sites associated
with terminal branches may underlie relaxed purifying selection or the
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fixation of mildly deleterious changes through genetic drift (Jacobsen
et al. 2016).

The number of radical amino acid changes and synonymous substitu-
tions associated with each branch of the Clupeoid mitogenomic
phylogenetic tree was extracted from TreeSAAP analyses. A Pearson
correlation analysis was performed to identify the role of two potential
evolutionary forces: positive selection and neutral/slightly deleterious
changes behind the observed radical physiochemical amino acid changes
associated with each branch. The average of the number of radical amino
acid changes and synonymous changes of each evolutionarily indepen-
dent entity was used for correlation analysis to avoid pseudo-replication.
Both datasets followed the assumptions of normal distribution, linearity,
and homoscedasticity. We tested the hypothesis that there is no significant
correlation between the number of radical amino acid changes and
synonymous changes (i.e.,, the number of radical physiochemical amino
acid changes does not reflect the evolutionary distance generated by
neutral/slightly deleterious changes).

3D homology models of the protein subunits showing candidate sites of
positive selection were generated by the SWISS MODEL server (Schwede
et al. 2003) using appropriate subunits of the protein structure with Bos
taurus as a template. The candidate sites were then mapped onto the
three-dimensional structure.

RESULTS

The geographical distribution of the Clupeoids of the present
study is shown in Fig. 1. The maximum likelihood mitogenomic
tree showed six moderately to strongly supported monophyletic
groups (bootstrap value range of 65-100) within the order
Clupeiformes (Fig. 2, Supplementary file_2_Fig. S1). The family
Clupeidae and its five subfamilies were not monophyletic. Only
three of the nine families currently recognized (by multiple
morphological characters): Engraulidae, Pristigasteridae, and
Dussumieriidae formed well-supported monophyletic groups.
Four other lineages belonged to mixed taxa (designated lineages
1 to 4), similar to previous studies (Lavoue et al. 2013; Lavoue et al.
2014). They represented lineages formed by the major second and
third dispersal events in Clupeoids, respectively (Lavoue et al.
2013). The relationship between other lineages was moderately to
strongly supported (bootstrap value range of 65-100), resulting in
the same major lineages observed in previous studies (Lavoue
et al. 2013; Lavoue et al. 2014). The moderate bootstrap support
may be the result of a weak phylogenetic signal in the mtDNA and
incomplete sampling of Clupeoid taxa (the whole mitogenome of
many Clupeoid taxa is not available). To avoid the influence of tree
topology uncertainties on the selection analysis, we restricted our
analysis and interpretation to the main lineages (lineages
associated with basal nodes; nodes 71-78) that have sufficient
statistical support from fossil distributions, phylogenetic infer-
ences, and biogeographical reconstructions (Lavoue et al.
2013, 2014).

Nucleotide composition, codon usage, tRNA anticodon
composition, and tRNA gene position

We observed a gradient in the arrangement of genes and amino
acid composition relative to the position of the origin of
replication (Ori L and Ori H), control region (CR), and codon
usage in the mitogenome of Clupeoids (Fig. 3b, c). A significant
correlation was obtained between the GT content in the H-strand
tRNA anticodon sites and the estimated duration of single-strand
exposure/position along the direction of H-strand replication
(Supplementary file_2_Fig. S4). Similarly, a moderate correlation is
found between the GT content in the L-strand tRNA anticodon
sites and its position between OH-OL and OL-OH along the H-
direction, with the exception of tRNA Pro (Supplementary
file_2_Fig. S4). The tRNAs with anticodons of commonly used
codons have been positioned near the control region where the
transcription efficiency is high (Satoh et al. 2010), and among
these, the tRNA with anticodons corresponding to the hydro-
phobic amino acids is common (Fig. 3¢, Supplementary file_2_

Heredity (2022) 128:236 - 249

W. Sebastian et al.

Fig. S3). The wobble nucleotide position of the tRNA anticodons in
the Clupeoids mtDNA showed a strong G and U bias and a very
strong anti-G bias in the 3rd codon position of all synonymous
codon families except arginine (CGG) and methionine (AUG) (Fig.
3¢, Supplementary file_3_Fig. S11).

The base composition of both the L- (rich in A + C) and H-strand
(rich in G+4T) genes is consistent with the strand-specific
mutational bias observed in the vertebrate mitogenome (Boore
1999). The strand-specific base composition was also observed in
tRNA (Supplementary file_2_Fig. S2). The distribution of A and G
coding genes in the marine lineages compared to other lineages
(freshwater and brackish water) showed a remarkable difference.
All marine species showed a shift to high G (18-29%) and low A
(20-25%) compared to euryhaline and freshwater fish (A 26-29%
and G 14-17%) (Fig. 4). Even though there is no notable difference
in the distribution of nucleotides at the 1st and 2nd codon
positions between species, the 3™ codon position showed a clear
divergence, particularly in the composition of adenine (A3) and
guanine (G3). Both freshwater and euryhaline species preferred A
over G, while the marine lineages preferred G over A in the third
codon position, except in Engraulidae (Fig. 4).

High/very high associations in cross-tabulation analysis (n = 39,
p<0.001) and a significant negative correlation in point biserial
correlation (n =39, p < 0.01) were found between the distribution
of nucleotide G on the 3™ codon position of the mitogenomic
protein-coding genes and their habitat (i.e., freshwater/euryhaline)
except in Engraulidae. In contrast, a high/very high association
and positive correlation (n =39, p<0.001; n =39, p <0.03) with
marine species was observed for A at the 3rd codon position
(Table 1), supporting the preference of A3 over G3 in freshwater
and euryhaline species and G3 over A3 in marine lineages
(Table 1). Although not high, a significant association (A3: n =12,
p <0.05, G3: n=12, p < 0.05) and correlation was also found in G3
and A3 of Clupeoids in Engraulidae (A3: n=12, p<0.01, G3:
n=12, p<0.001) (Table 1). The trend of nucleotide usage can be
observed in the balloon plot (Supplementary file_3_Fig. S15).

The Clupeoid mitogenome is rich in codons encoding leucine
(Leu ~16%), followed by alanine (Ala ~9%) and threonine (Thr
8.5%). Asparagine, arginine, lysine (2%) and cysteine (~0.8%) were
the least frequent. Although the overall amino acid composition of
the concatenated gene data set showed no differences between
species, wobble nucleotide usage of the tRNA anticodon varied
between species. Relative Synonymous Codon Usage (RSCU)
analysis revealed that the Clupeoid L-strand -encoded genes
preferred codons with nucleotide A and C over G and T at their
3rd codon position, while the H-strand encoded ND6 preferred T
and G over C and A, consistent with the skewing of nucleotide
composition in the complete mitogenome (Supplementary
file_3_Fig. S11 & file_3). The RSCU distribution values were very
low for codons with G at the 3rd position in most freshwater
lineages (mean 0.29), followed by euryhaline (mean 0.42) and
marine lineages (mean 0.62), while the A at the 3rd position
showed the opposite trend. Thus, the observed bias in base
composition in the mitogenome is the result of a bias in codon
usage. This differential codon usage was not restricted to specific
protein-coding genes, as it occurred in most of them. Compar-
isons of usage of tRNA anticodon and synonymous codon families
showed that most codons with the highest RSCU matched the 22
identified tRNAs in the mitogenome (with the exception of tRNA
Arg -CCG and tRNA Met -AUG). Most freshwater and euryhaline
lineages showed exceptionally high RSCU values for codons fully
paired with tRNA anticodon in the mitogenome, with the
exception of a few species in Engraulidae, which did not follow
this pattern strongly. In general, freshwater, followed by euryha-
line species showed a very strong anti-G bias at their 3" codon
position and a strong preference for codon matching with tRNA
anticodon (especially codon with A at 3" position) in mitogen-
ome. In contrast, the marine lineages showed reduced restrictions
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Fig. 2 Maximum likelihood phylogenetic tree generated out of complete mitogenome nucleotide sequences of Clupeoids. Denticeps
clupeoides was used as the outgroup. Bootstrap values are indicated in the bold and phylogenetic distance in gray color. Shapes in tips of
phylogeny indicate salinity preference: marine (black circle), euryhaline (white square), and freshwater (white circle). Temperate water species
are indicated with “Tem” The black arrow indicates the transition from marine to euryhaline or freshwater environments.
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Fig. 3 Nucleotide composition of genes in Clupeoid mitogenome and order of distribution of tRNA along H and L strand. A Percentage of
A, T, G, and C in mitogenome, protein-coding genes, merged protein-coding gene, 12 S rRNA, 16 S rRNA, and 22 tRNAs. B Schematic diagram
of the mtDNA replication based on the displacement model of replication. Mitogenome map of a vertebrate with protein-coding genes,
tRNAs, rRNAs, and D-loop regions in different colors are represented in inner circles. The direction of H and L-strand replication from OH and
OL based on the displacement model is indicated in outer circles. C tRNA genes, its codon, anticodon, and order of distribution on H and L

strand of Clupeoid mtDNA.

in anti-G propensity and preference for a codon matching the
anti-codon (A at the 3" position) in the mitogenome. This signals
the role of a directed mutation in the observed codon usage
pattern of the Clupeoids mitogenome. A significant positive and
negative point biserial correlation was obtained for the correlation
analysis of the RSCU of the codon with A or G at the 3rd position
with the habitat (freshwater/euryhaline and marine) of Clupeoid
fish, respectively (Table 1). Both point-biserial correlation and
cross-tab testing statistically supported the preference for A3 over
G3 in freshwater/euryhaline species and G3 over A3 in marine
lineages (A3: n =39, p <0.01-0.0001, G3: n = 39, p < 0.01-0.0001 &
A3:n =39, p<0.01-0.0001, G3: n =39, p <0.01-0.0001). Although
the association/correlation was less strong, statistically significant
support was obtained for all analyzes in the Engraulids as well (A3:
n=12, p<0.05-0.0001, G3: n=12, p <0.05-0.0001 & A3: n=12,
p<0.05, G3: n=12, p<0.05) (Table 1), which was also visible in
the balloon plot of the data (Supplementary file_3_Fig. S16).
Neutrality plot analysis (GC12 vs. GC3) (r-value is 0.69) showed
that GC12 and GC3 followed a mutational bias model with a
moderate correlation between GC12 and GC3. Similar to the

Heredity (2022) 128:236 - 249

RSCU results, the effective number of codons (ENc) ranged from
46.4 to 58.1 (which is lower in freshwater lineages, with the
exception of Engraulids and Tenualosa), indicating high codon
usage bias in the Clupeoid mitogenomes (Supplementary
file_1_Table S1). The standard curve in the ENc plot represents
the functional relationship between ENc and GC3 under
mutational and selection pressure. When codon usage bias is
based entirely on mutation bias (GC3 content), all points lie on
the standard curve. All values were above the ENc plot curve (not
on the ENc plot curve) in the ENc plot with concatenated gene
data set of freshwater/brackish water and seawater fish
(Supplementary file_3_Fig. S13). Thus, though mutational bias
is the main force shaping the observed codon bias (Chen et al.
2014), other factors such as natural selection, selection by gene
length, and expression levels also likely modulate the selection
constraints for codon usage bias in the mitogenome (Chen et al.
2014). The Codon Adaptation Index (CIA) value (based on Rattus
norvegicus) of Clupeoid mitochondrial protein-encoding genes
ranged from 0.5 to 0.6, indicating a comparatively high
expression level.
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Fig. 4 Heat map of nucleotide composition at different codon positions of merged protein-coding genes of Clupeoid fish. Species in
Engraulidae and all the other species are sorted separately according to their habitat and salinity preference indicated as Marine, Euryhaline,
and Freshwater. Color scale indicates A, T, G, and C content at different codon positions of merged protein-coding genes for each species.

Positive selection

The MEME and FUBAR analyzes showed that the positively
selected sites were located in complex 1 (ND1, ND2, ND3, ND4,
NDA4L, ND5 and ND6), complex 2 (CYTB), complex 4 (CO1, CO2 and
CO3) and complex 5 (ATP 6) (Supplementary file_1_Table S2,
Supplementary file_1) and positive selection signals were less
common than purifying selection. The positively selected sites in
Complex |, Complex 2, and Complex 5 were constrained to the
predicted internal helical loop (coil) region of their respective
proteins (Fig. 5, Supplementary File_2_Fig. S5 and Fig. S6).
TreeSAAP analysis revealed that several significant physiochemical
amino acid changes occurred with changes in amino acid residues
of mitochondrial protein-coding sites (Fig. 6, Supplementary
file_2_Fig. S7 and file_4_Table S2). Negative selection predomi-
nates in both conservative/moderate (category 1, 2, and 3) and
radical changes (category 6, 7, 8) (total properties 23674 (1, 2,3 +)
& 27737 (1, 2, 3 —) and 1751 (6,78 +) & 1964 (6,7,8 —)). The
highest mean number of positive radical amino acid modifications
(0.92, 0.70, and 0.058 mean changes per site, respectively) was
found by the proteins ND6, ND2, and ND4, and the lowest by CO3,
CYTB, ATP8, and CO1 (0.015, 0.015, 0.013, and 0.008 average
changes per site) (Supplementary file_3_Fig. S14). Higher positive
radical amino acid modifications were observed in the terminal

SPRINGER NATURE

branches/tips (particularly in anadromous and catadromous
species) compared to the inner branches (total properties counts
1034 and 755, respectively). (Fig. 6, Supplementary file_2_Fig. S7).
The lineage of the converging temperate water Clupeoids (lineage
2 and 4) has a relatively high number of radical amino acid
changes (nodes 77 to 100, 101, 102; 75 to 114). Similarly, the
lineage converging in the transition from marine to freshwater
also showed a high number of amino acid property changes
(Fig. 6, Supplementary file_2_Fig. S7). Pearson correlation analysis
showed that the number of radical physiochemical amino acid
changes in terminal branches correlated moderately with the
number of synonymous changes (R2=0.58, p=0.018). But a
marginal correlation was observed for the internal branches (R2 =
0.49, p = 0.054).

We selected only the sites commonly identified in the three
methods (FUBAR, MEME, and TreeSAAP) and those associated with
the internal branches as candidate sites for positive selection to
avoid false positives. Candidate sites in complex IV were located in
the intrahelical loop (CO1 site #133; CO2 site #227, 230), the
transmembrane helix (CO1 site #21, 187, 338; CO2 site #44, 221;
CO3 site #47) and B-pleated sheet (CO2 site #9) (Fig. 5,
Supplementary file_2_Fig. S6). Furthermore, the amino acid
residue reported to participate in key functions and to be involved

Heredity (2022) 128:236 - 249
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Fig. 5 Candidate sites for selection in Cytochrome C Oxidase (Complex IV). A Amino acids at candidate site for positive selection in three
subunits of Complex IV. B Individual OXPHOS Complex IV (Homodimer) with mitochondrial encoded subunits are represented in different
colors (CO1 in orange, CO2 in yellow, CO3 in magenta and gray structures represent nuclear-encoded subunits) and three-dimensional
representation of candidate site for selection in individual core subunits.

in the interactions between mitochondrial and nuclear subunits
does not overlap with sites undergoing radical changes (Tsukihara
et al. 1996; Crofts 2004). Freshwater Clupeoids in lineage 3 carried
unique amino acid substitutions in ND2 (site #23, 86) and at site
#566 of ND5. Similarly, we identified positively selected/radical
amino acid changes in ND4 (site #183), ND5 (site #577), and ND6
(site #118) that are specific for temperate water species in lineages
2 and 4. Amino acid substitution C in ND4 (site #183) and A/T/Q in
ND5 (site #577) is specific for lineage 3 and D/A in ND6 is specific

SPRINGER NATURE

for lineage 4. Cytochrome c oxidase (complex IV) was notable with
a freshwater-specific substitution (cysteine (C) at site #44) in the
CO2 of lineages 1 and 3 (Supplementary file_2_Fig. S8), which was
the only habitat-specific substitution in all analyses. Similarly, we
identified amino acid changes in ND4, ND5, and ND6 that are
specific to temperate water species in lineages 2 and 4. Positively
selected/radical amino acid changes in ND4 (site#183), ND5
(site#577), and ND6 (site#118) were specific to temperate water
species in lineages 2 and 4. Amino acid substitution C in ND4
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Fig. 6 Radical physicochemical amino acid changes associated with divergence of mitogenome of Clupeoids. In the phylogenetic tree,
node numbers are indicated in bold and phylogenetic distance in gray color. Black circles, white circles, and squares in the tree indicate
marine, brackish and freshwater species respectively. The color key indicates the average number of radical amino acid property changes
(positively selected amino acids) in the 13 protein-coding genes of the mitogenome, associated with each lineage. The left and right sides of
the figure indicate radical amino acid property changes associated with internal and terminal branches respectively. The unique and total
numbers of radical amino acid changes along with the total number of synonymous substitutions are also indicated.

(site#183) and A/T/Q in ND5 (site#577) is specific to lineage 3 and
D/A in ND6 is specific to lineage 4.

DISCUSSION

The evolutionary diversification of Clupeoids was characterized by
multiple and independent transitions between marine/freshwater/
tropical/temperate regions (Ganias 2014) during the Cretaceous or
Palaeogene period (early Cenozoic era) (Lavoue et al. 2013; Lavoue
et al. 2014). The mitogenomic phylogeny of the species used in
this study also resulted in the same major lineages observed in
previous investigations (Lavoue et al. 2013; Lavoue et al. 2014).
The high structural and functional conservation of vertebrate
mtDNA may be a consequence of selection constraints resulting
from mutation pressure, ensurance of translational efficiency (Xia
2005; Satoh et al. 2010) along with functional constraints as it
forms the genetic material of a vital organ (Mitochondria) (Boore
1999; Jacobsen et al. 2016). However, the tRNA location, codon
usage bias, and lineage-specific diversifying selection signals
observed in the mitogenomes of the present study indicated how
mitochondrial metabolic efficiency was improved to meet the
challenges in the different habitats where Clupeoids fish
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colonized. The tRNA anticodon in Clupeoids was saturated with
guanine (G) or thymine (T), with the exception of tRNA methionine
and proline. There is a gradient in the arrangement of tRNA genes
in mtDNA relative to the position of the origin of replication (Ori L
and Ori H) and the control region (CR). The evolution of the codon
usage pattern towards ensuring high translational efficiency
(codon/amino acid-related constraints) was evident from the
complementarity of most codons to the GT-saturated tRNA
anticodon sites (retained by deamination-induced pressure) and
the usage of the codons of the tRNA genes situated near the
control region (fixed by deamination-induced pressure) where
transcription efficiency is high. The observed shift in codon
preference patterns between marine and euryhaline/freshwater
Clupeoids could be the result of selection for improved
translational efficiency in mitochondrial genes while adapting to
low-salinity habitats. A strong codon usage bias observed in
freshwater vs. marine lineages suggested the responses of
Clupeoid fish to osmotic challenges. The third codon position
was characterized by a strong anti-G bias in freshwater, followed
by euryhaline fish compared to marine fish, and A at the third
codon position recorded the opposite trend. The present study
demonstrated that codon usage bias, base composition of tRNA
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anticodon sites, and tRNA gene order were maintained in the
Clupeoid mitogenome by the balance between mutational
pressure and translational selection. Shifting the codon usage
pattern of fresh/brackish water irradiated Clupeoids may be
helpful to adapt to the new environment. mtDNA genes may have
undergone directed or episodic positive selection in response to
shifts in selection pressure during the adaptation of Clupeoids to
different habitats. We observed that purifying selection was the
dominant force acting on mitochondrial protein-encoding genes.
However, we also observed evidence for positive selection at
amino acid sites and radical amino acid changes. Radical amino
acid changes were highest in ND6, ND2 and ND4 and lowest in
CO3, CYTB, ATP8 and CO1. Some of these could be candidate sites
for positive selection in Clupeoids with functional importance for
adaptation.

Codon usage bias and translational selection

The mutational bias in Clupeoid mtDNA was evident from the
skewing of base composition between genes in the protein-
coding regions on their H and L strands (on the L strand C > A~T >
G), similar to other vertebrates. Although the first codon position
showed no variation in base composition, a low G residue and
anti-G bias was evident at the second and third codon positions,
respectively. The codon ordering in the protein-coding gene of
the L-strand of Clupeoid mtDNA confirmed this evidence, since A
and C were preferred at the 3™ codon position with a strong anti-
G bias, while the gene on the H-strand showed opposite patterns.
The dominant role of mutation bias in the observed codon usage
bias was also revealed by the ENc plot (Chen et al. 2014). However,
other factors such as natural selection, selection for gene length,
and expression levels also likely modulate the selection con-
straints for codon usage bias in the genome (Jia and Higgs 2008;
Hershberg and Petrov 2008; Chen et al. 2014). The correlation
between preferred codons and the frequency of the correspond-
ing tRNA has been shown (Xia 2005) since tRNA is involved in
protein translation. Translational selection occurs when one codon
pairs more efficiently than another with the anticodon arm of the
corresponding tRNA (Zhang et al. 2017). Translational selection
acting on mtDNA may not act towards tRNA gene numbers, unlike
nuclear DNA, since the number of available tRNAs is limited to 1
for each amino acid, except for leucine and serine (two types of
tRNA to mtDNA) (Hershberg and Petrov 2008).

The frequency of codon usage in mitochondrial proteins is
related to the positions of tRNA along the mtDNA (for example,
the codons of tRNA near the control region where transcription
efficiency is high were used more frequently (Chang and Clayton
1986)). The codon CTA (Leu) was selected versus TTA (Leu) (which
was closer to the control region) for leucine and AGC (Ser) versus
TCA (Ser) for serine (only Ser and Leu have two tRNAs encoded in
the mitogenome) in the protein-coding genes of Clupeoids,
indicating the translation efficiency-associated limitation acting on
mtDNA codon usage (Satoh et al. 2010). Thus, the codon usage
pattern in Clupeoids favors efficient translation. In addition,
hydrophobic amino acids, which are abundantly used in the
synthesis of the mitochondrial membrane protein complex, were
preferred (Satoh et al. 2010). The exceptional use of Methionine
(with anticodon 5-CAT-3'instead of TAT, frequent codon ATA) and
Proline (with anticodon 5-AGG-3'instead of GGG, frequent codon
CCT) codon/anticodon, deviating from the common codon usage
bias may be related to the predominant role of selection
associated with translational initiation indicating that the transla-
tion initiation rate is more important than elongation (Xia 2005).

Mutation pressure, anticodon sites and tRNA position

Either strand-specific mutational bias (mutation hypothesis) or
selection in codon-anticodon adaptation (selection hypothesis)
have been proposed as two possible mechanisms shaping the
anticodon of tRNAs (Xia 2005; Satoh et al. 2010). We found that
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the anticodons of all tRNAs, regardless of their source strand (i.e.,
both L and H strands), are saturated with the maximum possible
G/T substitutions within the constraints of the vertebrate codon
table. A gradient also exists in the position of the tRNA between
OL, OH and the control region based on the GT content in their
anticodon sites. Both these observations negate the strand-
specific mutation bias model (mutation hypothesis) as the
possible mechanisms shaping the anticodons, but this may be a
pattern involved as an adaptation to deamination mutation
pressure. At the same time, the anticodon also follows the
selection hypothesis of anticodon versatility i.e., for two-fold
degenerate codon families ending with C or U, the apparent
anticodon wobble site will be G because G pairs with both C and
U. Whereas, for two-fold degenerate codons ending with A and G
and fourfold degenerate codons a wobble U will give the
anticodon more versatility than other nucleotides (Xia 2005). This
hypothesis was consistent with our result, except for tRNA Met
and Pro.

Deamination commonly occurs in single-stranded DNA exposed
during replication or transcription, resulting in A- to-G and C-to-T
mutations on the H-strand, making the H-strand richer in G and T
and consequent mutations in L-strand accumulate A and C
(Shadeland Clayton 1997; Lowell and Spiegelman 2000). Due to
the displacement mode of mtDNA replication, there is a gradient
in deamination pressure along the direction of L-strand replication
(lower to higher) between Oy-O and O,-Oy of vertebrate mtDNA
(Xia 2019). The evolutionary adaptation of Clupeoids to this
deamination-induced mutational pressure was evident from the
GT saturation of anti-codon sites (other than tRNA Met and Pro)
and their logical ordering along the mtDNA. Using tRNAs from
high GT anticodon sites from each anticodon family and arranging
them according to GT content along the mtDNA, colinear with the
deamination pressure exhibited between O, and Oy, can protect
tRNA anticodons from further mutation by deamination (Satoh
et al. 2010). Furthermore, Clupeoids retained a codon usage bias in
the protein-coding region with a strong anti-G bias and codon
abundance with A and C at the 3" codon position compared to
those with T. The frequency of codon usage in mitochondrial
proteins is related to the positions of tRNA along mtDNA (i.e.,
codons of tRNA near the control region were heavily used).
Therefore, the protein-coding region of Clupeoid mitogenomes
evolved into a codon usage pattern in which most of them are
complementary to the GT-saturated tRNA anticodons in the
mitogenome. This observation disproved the codon-anticodon
adaptation (selection) hypothesis that codon usage bias is
maintained by strand-specific mutational bias and that biased
codon usage drives anticodon evolution (Xia 2005; Satoh et al.
2010). From this, it can be concluded that the deamination-related
pressure may be stronger than the codon/amino acid-related
constraints in the vertebrate mitogenome, thus affecting the
anticodon composition and the order/position of the tRNA in the
genome. The codon usage pattern was evolved towards high
translational efficiency (codon/amino acid-related constraints), as
evidenced by a pattern in which most of them are complementary
to the GT-saturated tRNA anticodon sites (maintained by
deamination-related pressure) in their mitogenome and the usage
of codons of the tRNA genes located near the control region (fixed
by deamination pressure), where transcription efficiency was high.

The shift in codon usage between habitats; Marine and
Euryhaline/Freshwater Clupeoids

The observed codon usage bias in mtDNA was created and
maintained by the result of a balance between two forces:
mutational bias created by deamination mutation during their
replication (in addition to natural mutation and genetic drift) and
selection for translational optimization to meet the energy needs
(to maintain optimal physiological process) of organisms in their
habitat. Otherwise, the codons could have been fixed in the
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Clupeoid mtDNA (genes), since there is only one type of anticodon
in each mitochondrial-encoded tRNA, available for the synthesis of
most amino acids in the mitochondrial-encoded proteins (but the
start codon AUG is one exception as it is necessary for efficient
translation initiation). Codon preference in a gene results from a
balance between mutational bias and natural selection to
optimize translation (Rand and Kann 1998). Relatively high
expression of a gene is associated with a full pairing of its codons
with corresponding tRNA anticodons and tRNA abundance (Xia
2005). Acclimatization of marine fish to euryhaline and freshwater
has been demonstrated with a characteristic increased mitochon-
drial gene expression/protein production (Hwang and Lee 2007;
Lam et al. 2014; Zhang et al. 2017). Our analysis revealed that the
high level of RSCU, very high anti-G bias, and A affinity at 3™
codon position in the freshwater and euryhaline lineages
correlated well with high energy demand expected for fish in
euryhaline and freshwater systems. Thus, the observed difference
in codon preference in marine, euryhaline, and freshwater
lineages is the result of translational selection for highly expressed
mitochondrial protein-coding genes necessary during the transi-
tion or migration from sea to freshwater (Whitehead et al. 2012;
Hughes et al. 2017). The connection between codon usage bias
and increased gene expression/protein production (translational
selection) has been proven in many studies (Plotkin and Kudla
2011; de Oliveira et al. 2021; Liu et al. 2021; Zhao et al. 2021).
However, due to a lack of studies, the hypothesis about the
association between codon usage and habitat remains speculative
until proven experimentally. The codon adaptation index value
(based on Rattus norvegicus) of Clupeoid mitochondrial protein-
coding genes ranged from 0.5 to 0.6, indicating a comparatively
high expression level. Clupeoid fishes originated and diversified in
marine habitats and so the metabolic requirement (including
mitochondrial energy/ATP synthesis) and codon usage would be
optimized for the energy demands of marine habitat over millions
of years of evolution under various mutations and selection
pressures. This would have happened before the spread/adapta-
tion of Clupeoids to euryhaline/freshwater habitats. The high
effective population size of marine Clupeoids might have
contributed significantly to this optimization process. The shift in
habitat characteristics might have shifted the balance between
these two forces towards translational optimization, which would
be necessary to meet the high energy demands of the new
habitat while maintaining homeostasis. This observation is also a
conformation for the balancing force (mutational bias generated
by deamination mutation in addition to spontaneous mutation,
genetic drift, and selection for translational optimization) that
maintains codon usage bias in vertebrate mitochondrial DNA
(Rand and Kann 1998; Xia 2005; Satoh et al. 2010).

Relaxed purifying selection and Positive selection
The highest number of positively selected amino acid sites and
radical modifications were observed in genes ND2, ND4 and ND5,
although these sites were not associated with known functional
sites. The Clupeoid lineage converging to temperate waters
(lineages 2 and 4) and those converging at the marine to
freshwater transition had a relatively high number of radical
amino acid changes and candidate sites for positive selection/
unique amino acid substitutions (in ND2, ND4, ND5, and ND6).
However, the candidate sites for positive selection were dis-
proportionately concentrated in the complex | in many fishes
which may be related to the less conserved protein function
(Garvin et al. 2015a, 2015b; Caballero et al. 2015; Consuegra et al.
2015) indicating that complex |, which produce 40% of the proton-
pumping required for ATP synthesis is under relaxed purifying
selection and these selected sites can be considered as false
positives in Clupeoids.

Cytochrome c oxidase (complex IV), catalyzes the final step in
the mitochondrial electron transfer chain (Li et al. 2006). It is
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characterized by the intrinsic uncoupling property (Kadenbach
2003) that regulates coupling efficiency to produce ATP or heat,
and consequently radical amino acid changes in complex IV were
less. Freshwater-specific substitutions (probably of some func-
tional importance) were recorded in the CO2 of lineages 1 and 3
(at site #44). The amino acid cysteine (C, site #44) was common to
all freshwater Clupeoids in lineages 1 and 3 except P. richmondia.
In contrast, this amino acid was replaced by leucine (Tenualosa),
alanine (lineage 5, Engraulidae, Pristigasteridae, Dussumierriani),
and serine in all other lineages except E. thoracata (possess
cysteine as in freshwater lineages). P. richmondia is the Australian
catadromous herring derived from a marine ancestor, which may
account for the lack of this amino acid substitution. The presence
of cysteine (site #44) in freshwater-adapted E. thoracata (family
Engraulidae) may indicate possible reinvasion into marine or
estuarine habitats along the IWP region (Lavoue et al. 2013). All of
this evidence suggests that the presence of these specific
substitutions may be an ancestral polymorphism rather than
convergent evolution that offers an advantage during freshwater
colonization. The lineages 1, 2, and 3 were formed by one of the
three dispersal events crossing the K-Pg extinction boundary and
subsequent allopatric cladogenesis (Lavoue et al. 2013). Adapta-
tion to freshwater thus took place in different places and at
different times. The convergence of these amino acid substitutions
in CO2 may be associated with increased energy demands in a
freshwater environment, indicating the role of these proteins in
osmoregulatory processes.

Colonization of Clupeoids in different habitats would have created
a regime of positive directional selection in multiple mitochondrial
protein-encoding genes and codon usage, although functional
amino acid residues were maintained by strong purification selection.
The concentration of radical amino acid changes to the major base
nodes (node 73, 74, 75, 76 and77) like lineage converging at tropical
to temperate water transition, marine to freshwater transition, and
terminal branches of anadromous (T. ilisha, A. alosa, C.cultriventris, L.
grossidens) and catadromous (P. richmondia, E. fimbricata) species
support the hypothesis that selective constraints in genes (physio-
chemical changes in OXPHOS proteins) could be related to the
degree of metabolic constraints in varied habitats. The lack of
correlation between the number of radical physiochemical amino
acid changes (positive selection) with non-synonymous changes
(genetic distance) in the internal branches reinforced this observa-
tion. Due to the lack of recombination in the mitogenome, the high
level of genetic drift would have led to the rapid fixation of
nucleotide variations in small ancestral populations adapted to new
habitats. Such nucleotide fixation can even occur at deleterious
mutation sites, leading to the generation of patterns indistinguish-
able from those due to positive selection (Jacobsen et al. 2016). The
high number of radical amino acid changes in the internal branches
could also be generated by substitution saturation in the nucleotide
sequence (Philippe et al. 2011). The occurrence of the high
percentage of radical physiochemical amino acid changes in the
predicted region of the internal helix loop together with a moderate
correlation of the number of radical physiochemical amino acid
changes with non-synonymous changes (genetic distance) in the
terminal branches also indicates the dominant role of the relaxed
purifying selection or fixation of neutral/mildly deleterious changes
through genetic drift in the evolution of Clupeoids mtDNA protein-
coding genes (Jacobsen et al. 2016).

CONCLUSION

The epithelial cells in fish gills, mainly pavement cells (PVCs) and
mitochondria-rich cells (MRCs) play a key role in fish homeostasis (Lai
et al. 2015). Improved mitochondrial coupling efficiency (Brijs et al.
2017) together with a higher number of mitochondria in these cells
(Schreiber and Specker 2000) helps fish adapt to different habitats.
The high radical amino acid changes and lineage-specific
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substitutions in the Clupeoid mtDNA may indicate increased
mitochondrial coupling, which offers an advantage during freshwater
colonization. Furthermore, the evolution of codon usage patterns in
freshwater or brackish water lineages towards improved transcription
efficiency is a clear indication of increased mitochondrial function,
which provides better ion and water balance during adaptation to
the marine environment. This is the first empirical evidence for
codons evolving to adapt to anticodons in mtDNA. This study
provides molecular evidence that highlights the importance of
OXPHOS gene evolution in plasticity, colonization, and adaptation to
new habitats. Conclusions regarding some of the candidate sites for
positive selection observed in the Clupeoid mtDNA in the present
study are speculative. This requires further investigation using protein
models in programs such as Alfafold (Jumper et al. 2021) to
understand the impact of mutations at these sites on protein
function. We emphasize the need for experimental characterization
of specific mutations, codon usage patterns, and their impact on the
efficiency of oxidative phosphorylation and the resulting physiolo-
gical effects that will aid in predicting the response of organisms to
climate change.
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