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Abstract: The evolutionary history of emperors, particularly in the Atlantic and Indo-West Pacific
Oceans, remains largely unmapped. This study explores the maternal lineage evolution of Lethrinids
by examining the complete mitogenome of Lethrinus atlanticus, which is endemic to the Eastern
Atlantic Ocean. Utilizing advanced next-generation sequencing, we found that the mitogenome
spans 16,789 base pairs and encompasses 37 genes, including 13 protein-coding genes (PCGs), two
ribosomal RNAs, 22 transfer RNAs, and an AT-rich control region (CR). Our analysis indicates a
preference for AT base pairs in the L. atlanticus mitogenome (53.10%). Most PCGs begin with the
ATG codon, except for COI, which starts with GTG. Relative synonymous codon usage reveals high
frequencies for alanine, leucine, proline, serine, and threonine. The ratio of nonsynonymous to
synonymous substitutions suggests strong negative selection across all PCGs in Lethrinus species.
Most transfer RN As exhibit typical cloverleaf structures, with the exception of tRNA-serine (GCT),
which lacks a dihydrouracil stem. Comparative analysis of conserved sequence blocks across the
CRs of three Lethrinus species shows notable differences in length and nucleotide composition.
Phylogenetic analysis using concatenated PCGs clearly distinguishes all Lethrinus species, including
L. atlanticus, and sheds light on the evolutionary relationships among Spariformes species. The
estimated divergence time of approximately 20.67 million years between L. atlanticus and its Indo-
West Pacific relatives provides insights into their historical separation and colonization during the late
Oligocene. The distribution of Lethrinids may be influenced by ocean currents and ecological factors,
potentially leading to their speciation across the Eastern Atlantic and Indo-West Pacific. This study
enhances our understanding of the genetic diversity and phylogenetic relationships within Lethrinus
species. Further exploration of other emperor fish mitogenomes and comprehensive genomic data
could provide vital insights into their genetic makeup, evolutionary history, and environmental
adaptability in marine ecosystems globally.

Keywords: marine fish; mitogenome; phylogeny; lineage diversification; evolution; oceanology

1. Introduction

The mitochondrial genome, typically spanning 16-17 kbp, is highly conserved across
eukaryotic organisms due to its crucial role in cellular respiration [1]. However, its rel-
atively high mutation rate, resulting from fewer efficient mitochondrial DNA (mtDNA)

Int. . Mol. Sci. 2024, 25, 10700. https:/ /doi.org/10.3390/ijms251910700

https:/ /www.mdpi.com/journal/ijms


https://doi.org/10.3390/ijms251910700
https://doi.org/10.3390/ijms251910700
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-5488-4433
https://orcid.org/0000-0002-3202-6120
https://orcid.org/0000-0001-6825-5948
https://orcid.org/0009-0001-1065-4724
https://orcid.org/0000-0003-1357-5893
https://doi.org/10.3390/ijms251910700
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms251910700?type=check_update&version=2

Int. ]. Mol. Sci. 2024, 25, 10700

20f19

repair mechanisms compared to nuclear DNA (nDNA), makes it particularly valuable for
studying evolutionary relationships among organisms. Biologists analyze and compare the
structure and variations of mitochondrial genomes among different species to reconstruct
evolutionary histories and trace lineage diversification in vertebrates over time and across
various regions [2]. In addition to cladistic analyses, understanding the genetic makeup
and arrangement of genes within the mitogenome, encompassing 13 PCGs (protein-coding
genes), 2 rRNAs (ribosomal RNA genes), 22 tRNAs (transfer RNA genes), and a non-coding
AT-rich CR (control region), is essential for deciphering the roles of these genes [3]. To
date, over 15,000 Actinopterygii mitogenomes have been sequenced globally and added
to the GenBank database (https://www.ncbi.nlm.nih.gov/, accessed on 20 May 2024).
This dataset is enriched by the addition of 103 mitogenomes from Spariformes bony fishes
within the class Actinopteri, although it predominantly includes contributions from the
families Sparidae and Nemipteridae. This highlights the need for further mitogenomic
research on the lesser-studied families Lethrinidae and Centracanthidae within this group.

Emperor fishes and large-eye breams (family Lethrinidae) belong to the suborder
Percoidei and are classified within the superfamily Sparoidea, alongside Nemipteridae,
Sparidae, and Centracanthidae [4]. The evolutionary relationships among these families
were later reassessed based on morphological characteristics, leading to the subdivision of
Lethrinidae into the subfamilies Lethrininae and Monotaxinae, which are distinguished
by head scalation patterns and the counts of dorsal and anal fin rays [5]. Members of
Lethrinidae are characterized by strong jaws with unique dentition patterns and are de-
mersal fish, exhibiting three distinct trophic modes. Low-bodied species with conical
lateral teeth primarily feed on mobile prey, such as fish and certain crustaceans. High-
bodied species with molariform teeth typically consume slow-moving invertebrates like
molluscs, sea urchins, and some crustaceans. Other high-bodied species with conical teeth
mainly ingest slow-moving invertebrates, including soft-shelled or small hard-shelled
invertebrates [6,7].

To date, 46 valid species within the family Lethrinidae have been described globally, as
reported in Eschmeyer’s Catalog of Fishes database [8]. Most of these species are distributed in
the Indo-West Pacific Ocean, although the Atlantic Emperor, Lethrinus atlanticus, enigmatically
resides in the eastern Atlantic, suggesting the need for further research into its lineage diversi-
fication over time and space. The Lethrinids, particularly the genus Lethrinus, include many
species vital to commercial and subsistence fisheries worldwide [5]. Therefore, understanding
their biology and ecology at the molecular level is crucial for sustainable fisheries management,
necessitating accurate species identification and insights into their evolutionary history [9].
To elucidate genetic diversity, population structure, evolution, and the potential existence of
cryptic diversity, morphometric and cranial characters, along with genetic evaluations using
various mitochondrial genes, have been conducted on Lethrinids [7,10-13]. In addition to
mitochondrial markers, microsatellite markers have been employed to investigate the genetic
diversity of these reef-associated fishes [14]. Progress in molecular methodologies has facili-
tated the production of complete mitochondrial genome sequences for emperors, assisting in
illuminating the phylogenetic placement of tetraodontiform fishes within the broader group of
higher teleosts [15,16]. Beyond molecular research, ecological studies have assessed the impacts
of anthropogenic factors on Lethrinus species for conservation management and sustainable
use [17-19]. Furthermore, the reproductive biology, demographic structure, and stock status of
emperor fishes have been investigated to inform their effective management [20,21].

To date, the mitogenomes of four species within the family Lethrinidae have been
sequenced worldwide. These mitogenomes represent two subfamilies: Monotaxinae,
(Monotaxis grandoculis and Gnathodentex aureolineatus) and Lethrininae (Lethrinus obsoletus
and Lethrinus laticaudis) [16,22,23]. Therefore, mitogenomic evaluations of Lethrinids have
been limited to the Red and Indo-West Pacific Ocean. To enhance taxonomic coverage
and understand the evolutionary relationships within the Lethrinidae family, the present
study aims to sequence the mitogenome of L. atlanticus from the Atlantic Ocean. This study
has the following objectives: (i) to compare the genetic traits of mitochondrial genes in
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L. atlanticus and its congeners, (ii) to analyze the structures and variations of tRNAs and CRs,
(iii) to assess the maternal evolutionary relationships of Lethrinids with other Spariformes,
and (iv) to determine the divergence time and diversification patterns of Lethrinids in the
Indo-West Pacific and Atlantic marine biomes. Overall, integrating mitogenomic traits
and evolutionary insights into conservation plans will enable more effective management
of the Atlantic Emperor, helping to preserve its genetic integrity and ensure long-term
viability in the face of environmental and anthropogenic pressures. Such studies will also
help infer the matrilineal phylogeny of other Spariformes species and provide new insights
into the functions of different mitochondrial genes in the evolution of these enigmatic
reef-associated fish across marine environments.

2. Results and Discussion
2.1. Mitogenome Structure and Organization

The mitogenome of L. atlanticus (16,789 bp) was also determined in the present study
(GenBank Accession No. OQ420716) (Figure 1A). The complete length of L. atlanticus is high
in comparison with the other two species, L. laticaudis (16,758 bp) and L. obsoletus (16,779 bp).
All three Lethrinus species mitogenomes constituted 13 PCGs (12 in the positive strand and 1 in
the negative strand), 22 tRNAs (14 in the positive strand and 8 in the negative strand), as well
as 2 rRNAs and an AT-rich CR in the positive strand (Table 1, Figure 1B). The mitogenome of
L. atlanticus is AT biased (53.10%), with 27.20% A, 25.90% T, 17.02% G, and 29.88% C. Similarly,
AT bias (52.61% and 52.01%) was also observed in other species, L. laticaudis and L. obsoletus,
respectively. In the L. atlanticus mitogenome, the AT skew and GC skew were 0.024 and —0.274.
The present analysis also showed similar skewness in other Lethrinus species, with 0.026 AT
skew and —0.279 GC skew in L. laticaudis as well as 0.029 AT skew and —0.281 GC skew in
L. obsoletus (Table 2). A total of 11 intergenic spacers with a total length of 76 bp and
6 overlapping regions with a total length of 14 bp were observed in L. atlanticus mitogenome
(Supplementary Table S1). The distribution of the intergenic spacers is high in the other two
species, L. laticaudis (14 with 101 bp total length) and L. obsoletus (13 with 172 bp total length).
The distribution of overlapping regions is almost the same in L. atlanticus and L. obsoletus, but
is different in L. laticaudis (11 with 23 bp total length). In L. obsoletus, the longest intergenic
spacer (96 bp) was found between tRNA-Val (V) and 16S rRNA. The most extensive overlapping
region (7 bp) was consistently observed between ND4L and ND4 in the mitogenomes of all three
Lethrinus species (Supplementary Table S1). The genetic differences observed within the com-
plete mitochondrial genomes of Lethrinus species offer valuable perspectives into their energy
metabolism and evolutionary patterns, aligning with similar results in other fish species [24,25].
This research provides a vital understanding of the structural features of Lethrinus mitogenomes,
thereby enriching our comprehension of the functions encoded by mitochondrial genes.

Table 1. List of annotated genes, including their boundaries, sizes, and intergenic nucleotides (IN) for L.
atlanticus mitogenome. Genes placed on the negative strand in the mitogenome are highlighted in gray.

Genes Start Stop Size (bp) IN Start Codon Stop Codon Anti-Codon
tRNA-Phe (F) 1 68 68 0 TTC
12S rRNA 69 1024 956 0
tRNA-Val (V) 1025 1098 74 0 GTA
16S rRNA 1099 2899 1801 0
tRNA-Leu (L2) 2900 2973 74 0 TTA
ND1 2974 3945 972 4 ATG TAG
tRNA-Ile (1) 3950 4019 70 -1 ATC
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Table 1. Cont.

Genes Start Stop Size (bp) IN Start Codon Stop Codon Anti-Codon
tRNA-GIn (Q) 4019 4089 71 -1 CAA
tRNA-Met (M) 4089 4158 70 0 ATG

ND2 4159 5204 1046 0 ATG TA—
tRNA-Trp (W) 5205 5277 73 0 TGA
tRNA-Ala (A) 5278 5346 69 1 GCA
tRNA-Asn (N) 5348 5420 73 37 AAC
tRNA-Cys (C) 5458 5526 69 0 TGC
tRNA-Tyr (Y) 5527 5596 70 1 TAC
CcoI 5598 7148 1551 1 GIG TAA
tRNA-Ser (52) 7150 7220 71 3 TCA
tRNA-Asp (D) 7224 7295 72 7 GAC
con 7303 7993 691 0 ATG T- —
tRNA-Lys (K) 7994 8068 75 1 AAA

ATP8 8070 8237 168 13 ATG TAA

ATP6 8251 8933 683 0 ATG TA—

comt 8934 9718 785 0 ATG TA—
tRNA-Gly (G) 9719 9790 72 0 GGA

ND3 9791 10,139 349 0 ATG T-—
tRNA-Arg (R) 10,140 10,208 69 0 CGA
ND4L 10,209 10,505 297 -7 ATG TAA
ND4 10,499 11,879 1381 0 ATG T-—
tRNA-His (H) 11,880 11,948 69 0 CAC
tRNA-Ser (S1) 11,949 12,018 70 4 AGC
tRNA-Leu (L1) 12,023 12,095 73 0 CTA
ND5 12,096 13,934 1839 —4 ATG TAA
ND6 13,931 14,452 522 0 ATG TAG
tRNA-Glu (E) 14,453 14,521 69 4 GAA

CYTB 14,526 15,666 1141 0 ATG T——
tRNA-Thr (T) 15,667 15,738 72 -1 ACA
tRNA-Pro (P) 15,738 15,806 69 0 CCA
Control region 15,807 16,789 983

Table 2. Nucleotide composition of mitogenomes across different Lethrinus species.

Species Name Size (bp) A% T% G% C% A+T% AT-Skew GC-Skew
Complete mitogenome
L. atlanticus 16,789 27.20 25.90 17.02 29.88 53.10 0.024 —0.274
L. laticaudis 16,758 26.98 25.63 17.10 30.30 52.61 0.026 —0.279
L. obsoletus 16,779 26.77 25.24 17.26 30.73 52.01 0.029 —0.281
Protein-coding genes (PCGs)
L. atlanticus 11,425 24.7 27.8 16.4 31.1 52.5 —0.058 —0.308
L. laticaudis 11,423 245 27.4 16.6 31.6 51.9 —0.061 —0.311
L. obsoletus 11,425 24 26.9 16.9 322 51 —0.056 —0.313
Ribosomal RNAs (rRNAs)
L. atlanticus 2757 30.9 21.3 21 26.8 52.3 0.184 —0.122
L. laticaudis 2761 30.9 21.6 211 26.4 52.5 0.179 —0.111

L. obsoletus 2664 314 21.7 20.7 26.2 53 0.183 —0.118
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Table 2. Cont.
Species Name Size (bp) A% T% G% C% A+T% AT-Skew GC-Skew
Transfer RNAs (tRNAs)
L. atlanticus 1562 27.3 26.9 24.3 21.5 54.2 0.008 0.063
L. laticaudis 1552 27.3 27.6 24 21.1 54.9 —0.007 0.063
L. obsoletus 1563 27.3 26.7 24.2 21.8 54 0.012 0.051
Control Region (CR)
L. atlanticus 983 31.2 30.6 14.9 23.3 61.9 0.010 —0.221
L. laticaudis 944 30.8 30.8 15.7 22.7 61.7 0.000 —0.182
L. obsoletus 970 29.7 30.2 16.9 23.2 59.9 —0.009 —0.157
Lethrinus atlanticus
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Figure 1. (A) The spherical representation of the mitogenome of L. atlanticus is provided, annotated
using MitoAnnotator. Various color arcs delineate the occurrence of PCGs, tRNAs, rRNAs, and CR.
(B) The linearized representation of the complete mitogenomes showcases the resemblance with the
ancestral vertebrate gene order across the three Lethrinus species. (C) Global distribution pattern of
L. atlanticus and other Lethrinus species within the marine environment. The sampling locality of
L. atlanticus is denoted by a blue pin.
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2.2. Protein-Coding Genes

The entire length of L. atlanticus PCGs was 11,425 bp, which is 68.05% of the complete
mitogenome. The total length of PCGs was similar in L. atlanticus and L. obsoletus, but lower
(11,423 bp) in L. laticaudis. All three Lethrinus species PCGs were AT biased (50.95% to 52.48%).
The AT and GC skews ranged from —0.061 (L. laticaudis) to —0.056 (L. obsoletus) and —0.313
(L. obsoletus) to —0.308 (L. atlanticus). Most of the PCGs are initiated with an ATG start codon
excluding the COI gene, GTG in L. atlanticus and L. obsoletus, but ATT in L. laticaudis. The PCGs
of L. atlanticus are terminated by TAG (ND1 and ND6), TAA (ATPS, COI, ND4L, and ND5),
and incomplete stop codons (ATP6, COII, COIll, ND2, ND3, ND4, and CYTB). Almost all of
the PCGs of L. laticaudis terminated with the TAA stop codon, except ND3 and ND6 by TAG,
and the other PCGs with an incomplete stop codon. In L. obsoletus, five PCGs (ATP8, COI, ND1,
ND4L, and ND6) were terminated with TAA, ND5 was terminated with TAG, and others ended
with an incomplete stop codon (Supplementary Table S2). Incomplete termination codons like
these may be potentially supplemented with TAA during RNA processing, as proposed in
earlier studies [26]. As seen in various fish species, the distinguished genetic differences may
potentially prompt distinct selection pressures among PCGs [27,28]. These PCGs are crucial for
ATP synthesis, oxidative phosphorylation, and the encryption of proteins demanded in electron
transport pathways. Consequently, the inclusion of complete mitochondrial genomes from
various emperors could aid in exploring distinctions in gene expression and energy operation.

2.3. Relative Synonymous Codon Usage and Substitutions Pattern

Codons representing individual amino acids were observed to remain conserved
across all PCGs in the compared Lethrinus species. An investigation of relative synonymous
codon usage (RSCU) indicated a predominant occurrence of alanine, proline, serine, leucine,
and threonine within the PCGs of L. atlanticus, while cysteine, aspartic acid, glutamic acid,
lysine, and tryptophan were less prevalent (Figure 2A). Similar distributions of amino acid
richness were noted in the other two Lethrinus species (Supplementary Tables S3 and S4).
Notably, the RSCU analysis disclosed a noteworthy reduction (<0.5) in the occurrence of
specific codons—TTG for leucine, TCG for serine, CCG for proline, ACG for threonine,
GCG for alanine, CAG for glutamic acid, and AAG for lysine—in L. atlanticus (Figure 2B,
Supplementary Table S3). In comparison with L. atlanticus, L. laticaudis shows a similar type
of significant reduction in the occurrence of the codons in proline, threonine, alanine, and
an additional GGT codon in glycine; however, in L. obsoletus the decreasing trends in the
frequency of the codons were observed only in leucine, serine, proline, threonine, alanine,
and lysine (Figure 2B, Supplementary Table S3). Codon distribution per thousand codons
(CDspT) values for all the amino acids exhibited identical results ranging from 12.884 in
cysteine (L. obsoletus) to 157.99 in leucine (L. laticaudis) (Figure 2C).

The Darwinian selection hypothesis remains integral in explaining the evolutionary
kinetics of genes experiencing positive selection, thereby acting a fundamental function
in species differentiation [29,30]. Scrutiny of synonymous (Ks) and Nonsynonymous (Ka)
substitution rates within PCGs furnishes insights into the assortment and adaptive molecu-
lar evolution in craniates, including fish [31]. The Ka/Ks ratio aids as a well-established
metric for assessing selective pressure and evolutionary associations at the molecular level,
and is pertinent across both uniform and diverse species [32]. In this research, we explored
the evolutionary rates among homologous gene pairs by computing Ka/Ks substitutions
for L. laticaudis and associating them with those of L. obsoletus. The Ka/Ks ratio varied from
0.0030 £ 0 in COI to 0.2663 =+ 0.179 in ATPS, following this sequence: COI < CYTB < COIII
< COII < ND3 < ND1 < ND4L < ND2 < ND5 < ND4 < ATP6 < ND6 < ATPS (Figure 2D). Most
PCGs displayed Ka/Ks values below ‘1’, representing strong negative selection within the
examined Lethrinus species, signifying that those mutations were predominantly substi-
tuted by synonymous substitutions (Supplementary Table S5). This opinion highlights
the role of natural selection in eliminating deleterious alterations with negative selective
effects, consistent with broader patterns detected in other vertebrates [31,33]. Therefore,
the comparative investigation of Ka/Ks across Lethrinus species’ mitochondrial genomes
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offers insights into the shades of natural selection influencing species’ evolutionary trajec-
tories. This examination contributes to unraveling the complicated relationship between
mutations and selective pressures, clarifying their collective impact on protein evolution.
The interplay of strong negative selection in PCGs significantly enhances the evolutionary
adaptability of Lethrinus species, promoting genetic stability and resilience while facilitating
the emergence of new species through ecological colonization. By preserving essential
functions and eliminating deleterious mutations, this selection process allows for special-
ized adaptations to diverse marine environments. Understanding the specific mechanisms
of negative selection in fish species can provide crucial insights into their evolutionary
history and inform conservation strategies, particularly in the context of rapidly changing
environmental conditions.
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Figure 2. (A) The codon usage abundance in mitochondrial genomes of Lethrinus species, including
L. atlanticus; (B) a comparative analysis of relative synonymous codon usage (RSCU) across Lethrinus
species, where collective RSCU values are plotted on the y-axis against codons for each amino acid on the
x-axis; (C) codon distribution per thousand codon values for all amino acids in the mitochondrial genomes
of the three Lethrinus species; and (D) a box plot illustrating the pairwise deviation of the nonsynonymous
(Ka)/synonymous (Ks) ratio for PCGs in the mitogenomes of the three Lethrinus species.
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2.4. Ribosomal RNA and Transfer RNA Genes

In comparison with three Lethrinus species, the total length of rRNAs ranged from
2664 bp (L. obsoletus) to 2761 bp (L. laticaudis). The rRNA genes are AT-biased ranged from
52.27% (L. atlanticus) to 53.04% (L. obsoletus). The AT and GC skews ranged from 0.179
(L. laticaudis) to 0.184 (L. atlanticus) and from —0.122 (L. atlanticus) to —0.111 (L. laticaudis)
respectively. The studied species (L. atlanticus) contained 22 tRNA genes in their respective
mitogenome. In L. atlanticus, the total length of tRNAs was 1562 bp, which shared 9.3% of
the complete mitochondrial genome. In comparison with other Lethrinus species, the entire
length of tRNA ranged from 1552 bp (L. laticaudis) to 1563 bp (L. obsoletus). The Lethrinus
species tRNA genes were AT biased, ranging from 54% (L. obsoletus) to 54.9% (L. laticaudis)
and AT skew ranged from —0.007 (L. laticaudis) to 0.012 (L. obsoletus). In L. atlanticus, the
predominant transfer RN As exhibit conventional cloverleaf secondary structures, except
for tRNA-serine (GCT), which lacks a dihydrouracil (DHU) stem (Supplementary Figure
S1). Wobble base pairings were detected in 14 tRNAs of Lethrinus atlanticus, with the most
prominent occurrences observed in trnA and trnE. Specifically, wobble base pairings were
identified in the DHU stem of six tRNAs, the T\ C stem of four tRNAs, the anticodon stem
of five tRNAs, and the acceptor stem of ten tRNAs (Supplementary Figure S1). Wobble
base pairing, a significant aspect of RNA structure, frequently substitutes for GC or AT
base pairs because of its thermodynamic stability. Homogeneity in the anticodons of all
22 tRNAs was observed across all Lethrinus species (Supplementary Table S6). These traits
play pivotal roles in various biological processes [26,34]. RNA-binding proteins selectively
recognize and bind to distinct G-U sites by discerning chemical features that set them apart
from Watson—-Crick and other mismatched pairs [35]. Additionally, the rearrangement of
tRNAs and the presence of substantial length heteroplasmy in the cluster of five tRNAs
(WANCY region) offer insights into the evolution of mitogenomes [36,37]. Therefore, a
comprehensive exploration of tRNAs is essential for understanding the structural and
functional attributes of fish mitogenomes [2,32].

2.5. Characteristics of Control Region

The CR of L. atlanticus spans 983 bp, comprising 5.86% of the complete mitochondrial
genome. Compared to other Lethrinus species, the length of the CR ranges from 944 bp
(L. laticaudis) to 983 bp (L. atlanticus). The CRs exhibit an AT bias, ranging from 59.9%
(L. obsoletus) to 61.85% (L. atlanticus), with AT skews ranging from —0.009 (L. obsoletus)
to 0.010 (L. atlanticus). A thorough examination of the mitogenomes of three Lethrinus
species, informed by previous studies [2], reveals the presence of four conserved sequence
blocks (CSBs)—CSB-D, CSB-I, CSB-II, and CSB-III in the CR of L. atlanticus and the other
two Lethrinus species. This pattern is uniform with findings in other teleost mitochondrial
genomes [28,32]. Comparative analyses reveal significant nucleotide variability within
the conserved blocks. CSB-II is the longest at 49 bp, while CSB-1, CSB-1II, and CSB-D
are 41 bp, 34 bp, and 27 bp long, respectively (Figure 3). Specifically, CSB-D shows
notable nucleotide variability with 12 variable base pairs (44.44%), whereas CSB-I, CSB-II,
and CSB-III are predominantly conserved, with 78.05%, 79.6%, and 79.42% conserved
sites, respectively (Figure 3). Furthermore, the extended termination-associated sequence
(ETAS) region, characterized by a plethora of repeats, appears as the utmost dynamically
variable part within the CR. It is distinguished by exact motifs that give rise to stable
hairpin loops. However, unlike other fish species, the CR of Lethrinus species lacks tandem
repeats in the ETAS region. Beyond these conserved elements, the CRs of Lethrinus species
contain extremely polymorphic base pairs, which serve as a robust marker for species
differentiation and the elucidation of phylogeography in fish, phenomena extensively
observed in other fish species [38,39]. Moreover, the intricate mechanisms in the CR,
such as genetic arrangement through double replications, dimer-mitogenomes, as well as
random and non-random loss, significantly lead to understanding the structural variety of
mitogenomes and the complexities inherent in mitogenome evolution.
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CSB-D Linearized representation of control regions (CRs)
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Species
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1. Lethrinus atlanticus
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1. Lethrinus atlanticus
2. Lethrinus obsoletus
3. Lethrinus laticaudis

0000000 070070007 00000000700000 000000
TGCATAAATTTATCTCAAGAGCATAACGTGTGGTCCTTACC
TGCATAA-CTGATATCAAGAGCATAAGGTGTGACCCTTACC
TGCATAA-CTGATTTCATGAGCATAAGGTGTGACTCTTACC

TCGTAAAACCCCCC-TACCCCCCTACACTCCTAAGATCTCTAACACTCC
TCGCAAAACCCCCC-TACCCCCCTACACTCCTAAGATCTCTGCTAGTCC
TCGTTAAACCCCCCCTACCCCCCCACACTCCTAAGATCTTGGGTAATCC

TGAAAACCCCCCCGTAAACAGGAAAGACCCTTTA @consevesites
TGAAAACCCCCC-GTAAACAGGAAAGTCCCTAGG Variable sites
TG AAAACCCCCCCETAAACABGCAAAGCATCTTGCAG

Figure 3. Schematic evaluation of the nucleotide composition and length of different conserved
domains among L. atlanticus and two other Lethrinus species’ CR. Variable and conserved nucleotides
are indicated by blue and yellow circles, respectively, with gaps represented by a dash symbol. The
linearized representation of the CR is showed in inset.

2.6. Major Phylogenetic Relationship of Spariformes

The ML and BA topologies, constructed using concatenated PCGs, distinctly separate
all Spariformes species, elucidating their evolutionary relationships (Figure 4,
Supplementary Figure S2). Species from various taxonomic lineages, spanning both family
and subfamily levels, display distinct monophyletic clustering patterns. Three Lethrinus
species (L. atlanticus, L. laticaudis, and L. obsoletus) within the subfamily Lethrininae display
a cohesive clustering pattern and a sister relationship with other Monotaxinae subfamily
members, aligning with previous evolutionary hypotheses on Lethrinidae [40,41]. Sur-
prisingly, a single species from the family Centracanthidae, Spicara maena, clustered with
the Sparidae clade, warrants further investigation in future analyses considering multiple
mitogenomic sequences of Centracanthus and Spicara species. In this major matrilineal
phylogenetic relationship of Spariformes, the topologies indicate that species within the
family Lethrinidae are evolutionarily close to those in the family Nemipteridae (threadfin
breams) (Figure 4, Supplementary Figure S2).

Nevertheless, this investigation highlights the usefulness of complete mitogenomes
in discerning and explaining the evolutionary associations among Spariformes species, a
consistency observed in other Teleostei studies [28,32]. Extensive genomic datasets provide
a worthwhile understanding of time-calibrated phylogeny, adaptation to varying salinity
levels, and the process of speciation [42]. However, previous evolutionary interpretations
of Lethrinidae have predominantly relied on partial mitochondrial or nuclear gene se-
quences [7,40,43,44]. Acknowledging the vital role of genomic data in conservation genetics
and fisheries management [45], this study recommends the generation of further large-scale
genomic datasets focusing on this group, particularly members of the Lethrinidae and
Centracanthidae families. Such efforts will enhance our understanding of the evolution,
diversification, and adaptation of these reef-associated fishes in marine environments. In
addition to the mitogenomic exploration of Spariformes, employing a large-scale phyloge-
nomic approach will provide a more accurate evolutionary depiction of these lineages
within marine ecosystems [46].



Int. ]. Mol. Sci. 2024, 25, 10700

10 of 19

28

97

Subfamily Family Order

0Q420716 Lethrinus atlanticus
AP009165 Lethrinus obsoletus
KU530221 Lethrinus laticaudis
OM302214 Gnathodentex aureolineatus
AP009166 Monotaxis grandoculis
LC557138 Pentapodus setosus
KT692978 Scolopsis vosmeri
MH995531 Scolopsis ciliata

Lethrininae

QepIULILET

I Monotaxinae

100

100 LC549804 Nemipterus furcosus

OR546136 Nemipterus balinensoides
MK978155 Nemipterus hexodon
MT795184 Nemipterus randalli
AB355917 Nemipterus bathybius
KU933270 Nemipterus virgatus

100

79

aepuaydisN

78|rg9
47

100 KJ473717 Nemipterus japonicus

MH593823 Dentex angolensis
NC 029479 Dentex tumifrons
KT724963 Evynnis tumifrons
MK978157 Dentex hypselosomus
OR609365 Polysteganus undulosus
MZ892909 Argyrops bleekeri
EF107158 Parargyrops edita
AP002949 Pagrus major
MG653592 Pagellus erythrinus
0Q190459 Pagrus pagrus
AB124801 Pagrus auriga

sawuojeds

aepueds

100

Tree scale: 1 ——

MG727892 Dentex dentex
MG653593 Dentex gibbosus
OR582685 Stenotomus chrysops
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OP035230 Archosargus rhomboidalis
OP056932 Calamus calamus
OR546139 Calamus penna
AP009164 Spicara maena
MG736083 Pagellus acarne
AB305023 Pagellus bogaraveo
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LC707238 Acanthopagrus pacificus
JQ746035 Acanthopagrus schlegelii
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OR546138 Diplodus holbrookii
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Figure 4. Maximum Likelihood (ML) topology built using concatenated 13 PCGs, effectively distin-
guishing L. atlanticus from other Lethrinus species. The cladogram also offers perceptions into the
evolutionary relations across diverse taxonomic levels (subfamily and family) within the Spariformes
order. ML bootstrap supports are annotated at each node (black values), indicating the statistical
support for individual branch in the topology.
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2.7. Lineage Diversification of Lethrinidae in Atlantic

Taking into account the early Eocene crown age indicating the split between Monotaxinae
and Lethrininae subfamilies within the Lethrinidae family approximately 48.5 million years
ago (MYA), our TimeTree analysis indicates that L. atlanticus, known as the Atlantic Emperor,
diverged from its congeners during the late Oligocene around 20.67 MYA (Figure 5). These
findings align with observed patterns of diversification in Lethrinids and other marine organ-
isms [47,48]. However, within the Monotaxinae subfamily, the split between Mornotaxis and
Gnathodentex occurred during the Miocene epoch, roughly 28.14 MYA (Figure 5). This variance
in divergence times compared to previous research may result from incomplete data on other
species within this lineage [40,41]. It is worth noting that, while most Lethrinus species have
broad distributions in the Red Sea and Indo-West Pacific, L. atlanticus is restricted solely to the
Eastern Atlantic. Therefore, studying the evolution and diversification of these reef-associated
fishes requires considering genetic connectivity, divergent selection, and potential demographic
and ecological opportunities. Integrating ML-based TimeTree computation with marine ecologi-
cal factors is crucial to understanding the evolutionary scenarios of the Atlantic Emperor and
their diversification and colonization in the Eastern Atlantic.

Lethrinus laticaudis

100 12.45

100 Lethrinus obsoletus

20.67

seuIULY}eT]

oepIULIY}ST

Lethrinus atlanticus

Gnathodentex aureolineatus

L 28.14

SBUIXBJOUOJ\

Monotaxis grandoculis

Nemipteridae
+
outgroup | Spaiidae
Centracanthidae

40

y } f | Divergence Time (MYA
i : (MYA)
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OI0ZON3D

3IN300INd
ENERCRC]}]
HOOd3

L3N3001s131d| AHVN

Figure 5. Maximum Likelihood-based TimeTree, elucidating the approximate divergence time of
L. atlanticus from other congeners. The approximate divergence times are displayed in red, with
bootstrap supports indicated at each node by black values. The red rhombus shape denotes the
calibration points derived from prior research, specifically the split (48.5 Ma) between the two
subfamilies (Monotaxinae and Lethrininae) within the Lethrinidae family.

The separation of L. atlanticus during the late Oligocene confronts a significant envi-
ronmental change on Earth [49]. This era experienced alterations in the environment and
oceanic settings, transitioning from the relatively stable warmth of the early Cenozoic to
later impulsive and cooler conditions [50]. Elevated temperatures throughout this epoch
led to rising sea levels through glacial ice melting and salt-water expansion [51]. Addition-
ally, tectonic activities during the Oligocene and Miocene epochs reshaped ocean basins
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and seafloor topography, affecting oceanic currents and marine habitats. Consequently,
reef systems differed significantly from today, with many current land areas submerged
beneath shallow marine waters. This period witnessed substantial natural evolution, with
the appearance of modern marine species contributing to the diverse biodiversity in new-
world oceans [52]. Diversification was influenced by factors such as fluctuating oceanic
temperatures, fluctuating sea levels, and the makeup of new ecological niches [53].

The speciation of L. atlanticus with other Indo-West Pacific congeners may have
evolved due to ecological selection within the pelagic ecosystems. Historically, hydro-
graphic and climatic circumstances in the North and South Atlantic Seas have diverged
gradually due to the Coriolis effect accelerated by Earth’s rotation. In the North Atlantic,
distinct oceanic gyres form due to oceanic current circulation, with the warm Gulf Stream
current running away northward and the cold Canary current flowing southward, con-
tributing to the development of the North Atlantic gyre. On the contrary, the Southern
Atlantic features counterclockwise current flow, was prevailed by the anticyclonic sub-
tropical gyre, and is confined by several major oceanic currents [54]. Despite differences
in hydrography, the Red Sea and Indo-West Pacific exhibit similar characteristics due to
the high saline effluence from the Red Sea to the Indian Ocean, facilitating the thriving of
numerous emperor species [55]. The earlier divergence time of L. atlanticus compared to
other Lethrinus species during the late Oligocene suggests a possible origin of emperors in
the Atlantic Ocean, subsequently diversifying into the Red Sea and Indo-West Pacific. The
oceanic currents and salinity of the Atlantic Ocean may induce the limited distribution of
L. atlanticus to continental shelf-associated reef ecosystems in western Africa, while other
Lethrinus species possibly evolved during the Miocene and settled in the Red Sea to the
Indo-West Pacific Ocean due to the effect of the Antarctic Circumpolar Current.

2.8. Conservation Implication of Lethrinids

Over the last twenty years, the impacts of climate change and extreme temperature
events have profoundly affected marine biodiversity and ecological functions worldwide,
leading to substantial declines in fisheries’ incomes and livelihoods [56]. The dearth
of comprehensive life history information for many species presents challenges in accu-
rately assessing their vulnerability to overexploitation and the efficacy of multi-species
management strategies [57,58]. In addition to the pervasive impacts of climate change,
anthropogenic activities continuously pose menaces to reef fish, including Lethrinids,
throughout all marine ecosystems [59-63]. Despite these challenges, marine fishes such
as emperors remain relatively understudied on a global scale, with significant gaps in
biodiversity assessment and genetic data generation [64,65]. Given the conservation impor-
tance of emperors, the presence of a single species restricted within a limited range in the
Atlantic Ocean emphasizes the need for governed harvesting within the fishery manage-
ment framework [66]. Adaptations in fishery management may require shifts in fishing
locations, target species, and the protection of Marine Protected Areas (MPAs), spotlighting
the necessity for flexible exploitation exercises and management strategies for Atlantic fish
in the West African reef system. However, the known climate change projections suggest
an increase in freshwater runoff in the eastern Atlantic, affecting river basins such as the
Congo, Gambia, Niger, Senegal, and Volta. This anticipated rise in runoff may reduce
salinity levels, potentially limiting the dispersal of several marine species. This changing
scenario increases concerns about the possible local extinction of fish species associated
with local reefs, seagrass beds, estuaries, and mangroves, emphasizing the imperative need
for inclusive conservation measures.

3. Materials and Methods
3.1. Sampling and Species Identification
The Atlantic Emperor, L. atlanticus, sample was caught from the Eastern Atlantic

near the coast of Cameroon, Africa (Figure 1A). Species identification was confirmed
based on morphological characteristics outlined in the previous literature [67,68]. Key
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features include a body depth surpassing head length, jaws extending to the vertical line
through the anterior or posterior nostril, a flat or slightly concave interorbital area, the
third to fifth dorsal spines being the longest, the longest anal ray approximately equaling
the soft anal base, five scale rows between the lateral line and median dorsal spines, an
unscaled inner base of the pectoral fin, and small, pointed lateral teeth of the jaws. A
sufficient amount of muscle tissue was carefully excised from the ventral thoracic region
and stored in 90% ethanol for subsequent molecular experiments. A voucher specimen was
stored in 10% formaldehyde at the Ministry of Livestock, Fisheries and Animal Industries
(MINEPIA), Yaounde, Cameroon. The experimental protocol received approval from
the IACUC (Institutional Animal Care and Use Committee) code PKNUIACUC-2022-72,
ensuring compliance with ethical standards and minimizing harm to the subject fish. The
global distribution range of L. atlanticus and related species was mapped using IUCN data
(.shp files) (Figure 1A).

3.2. DNA Extraction and Sequencing

Genomic DNA extraction utilized the AccuPrep® DNA isolation kit manufactured
by Bioneer in Daejeon, Republic of Korea, adopting standard procedures. The quantity
and quality of the extracted DNA were evaluated by using a NanoDrop Microvolume
spectrophotometer (Thermo Fisher Scientific D1000, Waltham, MA, USA). The complete
mitogenome of L. atlanticus underwent sequencing on the NovaSeq platform at Macro-
gen (https://dna.macrogen.com/) in Daejeon, Republic of Korea, employing Illumina
technology. The sequencing library was developed following the TruSeq Nano DNA
High-Throughput Library Prep Kit protocol (Illumina, Inc., San Diego, CA, USA). Initially,
100 ng of extracted genomic DNA was fragmented through an adaptive focused acous-
tic tool (Covaris, Woburn, MA, USA), generating DNA molecules with blunt ends and
5'-phosphorylation. Complying with the end-repair process, DNA fragments were selected
via a bead-based method, altered by introducing a single ‘A’ base, and subsequently lig-
ated by using TruSeq DNA UD Indexing adapters. The resulting products underwent
purification and polymerase chain reaction (PCR) enrichment to yield the final library.
The quantification of the library was conducted using quantitative PCR (qPCR), following
the standard protocol guide (KAPA Quantification Kits for Illumina Sequencing), and
quality assessment was executed using the 4200 TapeStation D1000 screentape (Agilent
Technologies, Santa Clara, CA, USA). Finally, the paired-end (2 x 150 bp) sequencing was
carried out by Macrogen on the NovaSeq platform (Illumina, Inc., San Diego, CA, USA).

3.3. Mitogenome Assembly

To trim adapters and eliminate low-quality bases, more than 20 million raw reads were
screened utilizing the Cutadapt tool (https:/ /cutadapt.readthedocs.org/, accessed on 12 June 2024)
employing a Phred quality score (Q score) threshold of 20. The targeted mitogenome was
assembled from high-quality paired-end reads using Geneious Prime version 2023.0.1.
The reference mitogenome of L. obsoletus (GenBank Accession No. AP009165) was utilized
with default mapping algorithms during the assembly process. Validation of the assembled
mitogenome was performed by scrutinizing overlapping regions with MEGA X [69]. The
boundaries and strand orientations of each gene were confirmed using MITOS Version 1.1.6 in
conjunction with Galaxy Version 1.1.6 [70,71]. Additionally, validation of fish mitochondrial
genome annotation was conducted using the MitoAnnotator webserver (http://mitofish.
aori.u-tokyo.ac.jp/annotation/input/, accessed on 12 June 2024) [3]. To corroborate the
translated amino acid sequences of each PCG, screening was conducted using the Open
Reading Frame Finder web tool (https://www.ncbi.nlm.nih.gov/orffinder/, accessed on
12 June 2024), based on the vertebrate mitochondrial genetic code.

3.4. Validation of Control Region

To verify the entirety of the CR, a new primer pair (5-CGTTGCAATTCTTACATGAATTGG-
3" and 5-CCTGATACCGGCTCCTTGTC-3') was custom-designed. PCR amplification was
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carried out utilizing the TaKaRa Verity Thermal Cycler, with a reaction mixture consisting of
1 U Taq polymerase, 1X PCR buffer, 10 pmol of each primer, 2.5 mM dNTPs, and 1 uL template
DNA of L. atlanticus. Purification of the amplified product was conducted using the AccuPrep®
PCR/Gel Purification Kit (Bioneer, Daejeon, Republic of Korea). Subsequently, the amplicon was
further amplified using the BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems,
Foster City, CA, USA) and bidirectionally sequenced on the ABI PRISM 3730XL DNA analyzer
at Macrogen. The overlapping regions of the CR and the annotated mitogenome were aligned
using MEGA X, following the removal of noisy base pairs with SeqScanner version 1.0 (Applied
Biosystems Inc., Foster City, CA, USA). The final mitogenome sequence of L. atlanticus was
deposited in GenBank to obtain an accession number.

3.5. Characterization and Comparative Analyses

The MitoAnnotator online tool (http:/ /mitofish.aori.u-tokyo.ac.jp/annotation/input/,
accessed on 12 August 2024) was utilized to generate the circular representation of the
assembled mitogenome. This study aimed to conduct comparative analyses of the structure
and variations in the L. atlanticus mitogenome, contrasting it with the mitogenomes of two
other Lethrinus species: L. obsoletus (Accession No. AP009165) and L. laticaudis (Accession
No. KU530221) [16,22] (Supplementary Table S7). Intergenic spacers between adjacent
genes and overlapping regions were identified manually. Nucleotide compositions of PCGs,
rRNAs, tRNAs, and CR were determined using MEGA X. Base composition skews were
calculated using established formulas: GC-skew = [G — C]/[G + C] and AT-skew = [A —
T]/[A + T] [72]. Initiation and termination codons of each PCG were confirmed using the
vertebrate mitochondrial genetic code through MEGA X. The comparative analysis also
included the computation of RSCU, determination of the relative abundance of amino acids,
and assessment of CDsPT using DnaSP 6.0 [73]. Nonsynonymous (Ka) and synonymous
(Ks) substitutions between L. atlanticus and other congeners were examined using DnaSP
6.0. Additionally, the gene boundaries of tRNA and rRNA genes were confirmed using the
tRN Ascan-SE Search Server 2.0 and ARWEN 1.2 [74,75]. Structural domains within the CR
were identified and compared through CLUSTAL X alignments, as outlined in previous
studies [2,76].

3.6. Mitogenomic Phylogenetic Analyses

To enlighten the evolutionary relationships among Lethrinus species, thorough phyloge-
netic analyses were undertaken utilizing mitochondrial genomes from 43 Spariformes species
spanning diverse families. This included representatives from Lethrinidae (4 species), Cen-
tracanthidae (1 species), Nemipteridae (10 species), and Sparidae (28 species), all obtained
from the GenBank database (Supplementary Table S7). Lobotes surinamensis’s mitochondrial
genome sequence (Accession No. AB355912) from the order Lobotiformes was chosen as the
outgroup taxon. For phylogenetic tree construction, a concatenated dataset comprising 13 PCGs
was assembled utilizing iTaxoTools 0.1 [77]. The model selection process ‘GTR + G + I" was
performed through PartitionFinder 2 on the CIPRES Science Gateway v3.3 and JModelTest v2.
This model was identified as optimal for all PCGs, with the lowest BIC (Bayesian information
criterion) scores [78-80]. The maximum likelihood (ML) phylogenetic tree was built using the
1Q-Tree web server and PhyML 3.0, incorporating 1000 bootstrap samples [81,82]. The Bayesian
(BA) phylogenetic tree was generated using Mr. Bayes 3.1.2, with nst = 6, and employing one
cold and three hot metropolis-coupled Markov chain Monte Carlo (MCMC) chains. The analysis
was run for 10,000,000 generations, sampling trees every 100th generation, and discarding the
initial 25% of samples as burn-in [83]. The ML and BA trees produced were visualized via the
iTOL v4 web server (https:/ /itol.embl.de/login.cgi, accessed on 12 June 2024) [84].

3.7. Divergence Time Estimation and TimeTree

The RelTime ML method was employed to calculate the divergence times of lineages
within the subfamily Lethrininae and the family Lethrinidae [85]. This analysis aimed to
approximate the divergence time between L. atlanticus, confined to the Atlantic Ocean, and


http://mitofish.aori.u-tokyo.ac.jp/annotation/input/
https://itol.embl.de/login.cgi

Int. ]. Mol. Sci. 2024, 25, 10700

15 0f 19

References

two other congeners (L. laticaudis and L. obsoletus), with broad distributions from the Red Sea
to the Indo-West Pacific. RelTime is known for its computational efficiency and accuracy in
estimating TimeTrees, making it particularly suitable for larger datasets [86]. This approach
was chosen to alleviate the substantial computational time required by BA methods [87,88].
The TimeTree was constructed using the ML phylogeny, with a single calibration constraint
applied to the divergence between the two subfamilies Monotaxinae and Lethrininae
(44-80 Ma). This constraint was based on one of the most well-supported nodes in emperor
fishes, as corroborated by previous studies and the TimeTree of Life (https://timetree.org/,
accessed on 12 June 2024) [7,40,43,89]. Upon inputting the sequence data, the ML topology
(nwk format) served as the baseline tree. After assigning the outgroup taxa, the TimeTree
computation integrated calibration constraints using the calibration editor.

4. Conclusions

This study conducts a thorough investigation of the complete mitochondrial genome
of L. atlanticus, elucidating its genetic configuration, structural association, and evolutionary
path. Moreover, it explores the phylogenetic connections, offering insights into the evolu-
tionary relations among Lethrinus species and their wider placement in the Spariformes
lineage. The discussion extended to divergence timelines and diversification patterns,
providing perspectives on the emergence and speciation of L. atlanticus in the Atlantic Sea,
alongside L. laticaudis and L. obsoletus in the Red Sea and Indo-West Pacific. The intricate
relationship between hydrographic factors, oceanic currents, and environmental param-
eters significantly influenced the evolutionary dynamics of these emperor fishes in the
marine environment. Considering the possible implications for conservation, this research
emphasized the importance of a comprehensive understanding of marine ecosystems and
the impacts of climate change and anthropogenic activities on these reef-associated species.
In summary, the current exploration of the mitochondrial genome and evolutionary chroni-
cle of the Atlantic Emperor offers worthwhile insights into its genetic characteristics and
potential environmental adaptations in the Eastern Atlantic Ocean.
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