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Abstract: Background: The Merulinidae family belonging to the order Scleractinia is
mainly distributed in the Indo-Pacific and Caribbean regions and often constitute the
most dominant species of coral reefs. Mitochondrial genome is a key tool for studying
the phylogeny and adaptation. Only a few studies have conducted the characteristics
analyses of mitochondrial genome in the Merulinidae family. Methods: Therefore, we used
high-throughput sequencing technology to describe the mitochondrial genome of Platygyra
daedalea, a member of this family. Bioinformatics was used to analyze the composition
characteristics of the mitochondrial genome of 10 Merulinidae species. Results: The
mitochondrial genome of P. daedalea had a total length of 16,462 bp and a GC content of
33.0%. Thirteen unique protein-coding genes (PCGs), two transfer RNA (tRNA) genes,
and two ribosomal RNA (rRNA) genes were annotated. Each species of Merulinidae had
13 unique PCGs in the mitochondrial genome. In contrast, the number of tRNAs and
rRNAs significantly varied in Merulinidae species. Collinearity and gene rearrangement
analyses indicated that the mitochondrial evolution of species in the Merulinidae family
was relatively conserved. Divergence time analysis indicated that Merulinidae originated
in the Oligocene, whereas the Platygyra genus originated in the Miocene. The formation
and intraspecific divergence of coral species were consistent with geological changes in the
ocean. Conclusions: The results of this study help better understand the characteristics of
the mitochondrial genome in the Merulinidae family and provide insights into the utility
of mitochondrial genes as molecular markers of phylogeny.

Keywords: coral reef; divergence time; phylogenetic; gene composition

1. Introduction
Coral reefs are among the most important ecosystems on Earth owing to their high

productivity and rich biodiversity. Coral reefs significantly contribute to marine fishery
productivity by providing a breeding environment, habitat, and shelter for many marine or-
ganisms, while also protecting coastlines, supporting human economic development [1–6].
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However, global coral reefs have undergone large-scale degradation due to human ac-
tivities, climate warming, ocean acidification, and pollution [7–10]. The phylogeny and
biodiversity of scleractinian corals provide critical insights for formulating effective coral
reef ecosystem conservation policies [11,12].

The mitochondrial genome is typically characterized by a compact structure, strong
maternal inheritance, low rates of genetic recombination, and a highly conserved gene
arrangement. These features make it has been widely used for the analysis of phylogeny
and biodiversity of scleractinian corals [10,13–17]. The family Merulinidae (Edwards and
Haime, 1857) belongs to the order Scleractinia that has the highest number of genera (24)
and second highest number of coral species (154) [18]. These species, mainly distributed
in the Indo-Pacific and Caribbean regions, are often among the most abundant and dom-
inant members of coral reefs [18]. Nuclear or mitochondrial markers have been used to
analyze the phylogenetic relationships of a small number of species in the Merulinidae fam-
ily [14,19,20]. However, limited research has been conducted on the evolutionary history of
the Merulinidae.

Platygyra daedalea (Ellisand Solander, 1786), a species of the Merulinidae family, is
widely distributed in the Indo-Pacific [21] and is the dominant species in some parts of
the South China Sea [22,23]. It is a hermaphroditic and self-incompatible species that
reproducess exually through broadcast spawning [24,25] and has a strong resistance to high
temperature stress [26]. Mitochondrial genes have a significant impact on the metabolic
pathways and functions of organisms, therefore, environmental stress may affect the evolu-
tion of mitochondrial genes and drive adaptation in species with stress resistance [16,27].
However, information about mitochondrial genome of P. daedalea or Merulinidae fam-
ily is limited. In this study, we sequenced and assembled the mitochondrial genome of
P. daedalea using next-generation sequencing technology, and analyzed and annotated its
basic structure. Furthermore, we analyzed phylogenetic relationships and divergence
time of P. daedalea and other species of the Merulinidae family. This study establishes
a basis and reference for the exploration of mitochondrial genomes in other species of
the genus Platygyra and provides new molecular evidence for evolutionary studies of the
Merulinidae family.

2. Methods
In April 2022, a 5 cm3 P. daedalea sample was collected at a depth of 2m Changjiang

(19.41952253◦ N, 108.79193102◦ E), Hainan Island, China. The sample was identified as
P. daedalea based on the morphological characteristics described in China Animal Scientific
Database (http://www.zoology.csdb.cn/; 28 April 2022) and Corals of the World (http:
//www.coralsoftheworld.org; 28 April 2022).

Sample DNA was extracted using sodium dodecyl sulfate extraction and purified on
a spin column. The extracted DNA was sent to Wuhan Beina Biotechnology Co., Ltd. for
second-generation and third-generation sequencing. For second-generation sequencing,
the library was prepared according to TruSeq DNA Sample Preparation Guide (Illumina,
15026486 Rev.C; San Diego, CA, USA). After the library was qualified, Illumina NovaSeq
6000 platform was used for double-ended sequencing with a read length of 150 bp. For
third-generation sequencing, the library was prepared using Ligation Sequencing Kit
(Oxford Nanopore Technologies, Oxford, UK). After the library was qualified, PromethION
sequencer (Oxford Nanopore Technologies, Oxford, UK) was used for sequencing.

Raw data were filtered using fastp v 0.20.0 (https://github.com/OpenGene/fastp;
4 November 2023) [28].The mitochondrial genome of P. daedalea was assembled using
a mixed assembly strategy. First, MitoZ v 3.6 [29] was used to assemble non-reference
genome coral mitochondria from second-generation DNA sequencing data, generating the

http://www.zoology.csdb.cn/
http://www.coralsoftheworld.org
http://www.coralsoftheworld.org
https://github.com/OpenGene/fastp
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assembly of long scaffolds. Subsequently, GetOrganelle v 1.64 [30] was used to assemble
reference mitochondria from second-generation DNA sequencing data, resulting in the
assembly of long scaffolds, the MitoZ v 3.6 assembly results were used as a reference.
Then, the second-generation sequencing assembly results were used as reference sequences
to filter the third-generation raw sequencing data using Minimap2 v 2.28 [31], and the
third-generation DNA sequencing data were assembled into coral mitochondria using Flye
v 2.9.2-b1786 [32] to obtain the third-generation sequencing assembly results. The assembly
results of the second- and third-generation sequencing were aligned, the starting point
alignment was readjusted, and the assembly results of the second-generation sequencing
were used as the basis to extend the third-generation sequencing data to obtain a circular
coral mitochondrial genome. The mitochondrial genome of P. daedalea was visualized
using OGDRAW v 1.3.1 [33] and annotated using MitoZ v 3.6 and the MFannot online
tool (https://megasun.bch.umontreal.ca/apps/mfannot/; 20 November 2023) [34]. The
PCGs of the mitochondrial genome were selected as a reference for Platygyra carnosa (Veron,
2000), a closely related species, and the annotation was manually checked for accuracy.
Protein-coding sequences of the genomes were extracted using PhyloSuite v 1.2.2 [35].
Codon preference analysis was performed on the PCGs of the mitochondrial genome
using Codonw v1.3 (https://codonw.sourceforge.net/; 4 December 2023) [36], and relative
synonymous codon usagevalues were calculated. The results were visualized using the
relative synonymous codon usage, drawing on the online bioinformatic cloud platform of
Nanjing Jisi Huiyuan Biotechnology Co., Ltd., Nanjing, China.

MISA (v. 2.1) (https://webblast.ipk-gatersleben.de/misa/; 11 December 2023) [37],
TRF (v. 4.09) (https://tandem.bu.edu/trf/trf.unix.help.html; 11 December 2023) [38], and
REPuter network servers (https://bibiserv.cebitec.uni-bielefeld.de/reputer/; 11 December
2023) [39] were used separately to identify repetitive sequences including microsatellite
sequence, tandem, and scattered duplications. The results were visualized using Microsoft
Excel (2021) and Circos v. 0.69-9 [40].

Mitochondrial sequences of 47 scleractinian species were downloaded from the Gen-
Bank database, with Corallimorphus profundus (Moseley, 1877) and Corynaxis californica
(Carlgren, 1936) as outgroups [41]. Thus, overall, in combination with mitochondrial
DNA (mtDNA) sequences of P. daedalea that were obtained in this study, 50 mitochondrial
sequences were analyzed. MUSCLE v3.8.1551 [42] was used to compare the 13 PCGs
(ATP6, ATP8, COX1, COX2, COX3, CYTB, ND1, ND2, ND3, ND4, ND4L, ND5, and ND6)
in the 50 samples, and Gblocks 0.91b [43] was used to remove the ambiguous regions.
The processed PCGs were linked together to construct the phylogenetic tree. IQ-TREE
v. 1.6.12 [44] was used for the maximum likelihood (ML) tree inference. The detection of
base replacement models used IQ-TREE ModelFinder algorithm to select the optimal model.
According to the Bayesian information criterion (BIC), TVM+F+I+G4 was the optimal sub-
stitution model. Bootstrap was set to Ultrafast, Num of bootstrap was set to 100,000, and
the sampling frequency was 1000. The Bayesian tree (BI) used four Markov Chain Monte
Carlo algorithms to run 100,000 generations simultaneously with a sampling frequency of
1000 and subsequent removal of 25% of the aging samples. The BI was implemented using
PhyloSuite v1.2.2 [35].

Species divergence time was inferred using the sequences processed with MUSCLE
v3.8.1551 [42] and Gblocks 0.91b [43], as above. Three sets of fossil nodes were extracted
from Timetree (http://www.timetree.org/; 15 December 2023) as reference nodes for diver-
gence time analysis. The differentiation time of Acropora horrida (Dana, 1846) and Montipora
cactus (Bernard, 1897) fossils was 26.0–72.0 Ma, and the median time was 50 Ma. The
fossil differentiation time of A. horrida and Orbitella faveolate (Ellis and Solander, 1786) was
168.8–415 Ma, and the median time was 264 Ma. The fossil differentiation time of A. horrida

https://megasun.bch.umontreal.ca/apps/mfannot/
https://codonw.sourceforge.net/
https://webblast.ipk-gatersleben.de/misa/
https://tandem.bu.edu/trf/trf.unix.help.html
https://bibiserv.cebitec.uni-bielefeld.de/reputer/
http://www.timetree.org/
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and C. profundus was 263.1–451.7 Ma, with a median time of 363 Ma. Divergence time infer-
ence was performed using the above mentioned 13 PCG sequences from 50 species using
BEAST v2.6.2 [45]. Strict Clock was used as the inference method, and 10,000,000 generation
inspections were performed during the Markov Chain Monte Carlooperation. During the
process of the collegiate tree, statistical analyses were conducted for every 1000 generations.
The top 25% of the trees were discarded as aging trees, and the remaining trees were
considered to indicate the branching time represented by the tree structure and nodes.
Tracer v 1.7.1 [46] was used to view the tree file with an effective sample size exceeding 200.
Finally, FigTree v1.4.4 was used to view the tree results and adjust them.

To further analyze the mitochondrial genome of Merulinidae, we performed a collinear-
ity analysis and selective pressure analysis using the 10 species for which the mitochondrial
genomes have been published. A perl script was used to obtain the gene arrangement
order of the 11 species (10 Merulinidae species and Echinophyllia aspera (Ellis and Solander,
1786) as the outgroup), and Adobe Illustrator CS6 v 1.0 was used to draw a gene rearrange-
ment map. Genome sequence ML trees of the 11 species were constructed using IQ-TREE
v. 1.6.12 [44]. The optimal model was selected by detection of base replacement models
using the IQ-TREE ModelFinder algorithm. According to the BIC, the optimal substitution
model was TVM+F+R2. Bootstrap was set to Ultrafast, Num of bootstrap was set to 100,000,
and the sampling frequency was 1000. The collinearity analysis graph was obtained using
AliTV v 1.0.6 (https://alitvteam.github.io/AliTV/d3/AliTV.html; 14 February 2024) [47].

Using the mitochondrial genome of P. daedalea as a reference sequence, mitochondrial
genome sequences of all 11 selected species were compared using Brig v1.6. The 13 PCGs
were aligned and formatted using ParaAT v 2.0 [48] with default parameters. Subsequently,
the Ka/Ks Calculator v2.0 [49] was used to calculate the Ka, Ks, and Ka/Ks values based on
the Yang–Nielsen method. In addition, the mitochondrial genomes were compared using
MAFFT v 7.429 [50], and the nucleotide variation (Pi) of the mitochondrial genome was
analyzed using DnaSp v6 [51] for sliding window analysis using the P. daedalea genome as
a reference. The window length and step size were set to 300 bp and 25 bp, respectively.

3. Results
3.1. Analysis of Mitochondrial Genome Characteristics

The total length of the mitochondrial genome of P. daedalea was 16,462 bp, with a
GC content of 33.0%. Thirteen unique PCGs, two tRNA genes, and two rRNA genes
were annotated (Figure 1). The PCGs included two ATP synthase genes (ATP6 and ATP8),
seven NADH dehydrogenase genes (ND1, ND2, ND3, ND4, ND4l, ND5, and ND6), three
cytochrome C oxidase genes (COX1, COX2, and COX3), and one panthenol-cytochrome
C reductase gene (CYTB). Comparisons of mitochondrial genes of P. daedalea with those
of 47 other scleractinian species revealed that the mitochondrial structure of scleractinian
corals was similar (Figure 2). Forty-eight scleractinian coral species had 13 unique PCGs,
and 47 scleractinian coral species had two rRNAs. However, the number of tRNAs greatly
varied among coral species: Favites pentagona (Esper, 1790), E. aspera, Porites rus (Forskål,
1775), Agaricia fragilis (Dana, 1846), Galaxea fascicularis (Linnaeus, 1767), and Stylophora
pistillata (Esper, 1792)contained more than two tRNAs.

https://alitvteam.github.io/AliTV/d3/AliTV.html
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Figure 1. Circular map of the complete mitochondrial genome of Platygyra daedalea. The outer colored
circle represents the mitochondrial genome, with different colors indicating distinct gene categories.
The inner circle displays GC content (dark gray) and AT content (light gray).

Repeated sequence analysis of the P. daedalea mitochondrial genome revealed 22 simple
sequence repeats (SSRs). Among these, 21 SSRs had single-base repeats, accounting for
95.45% of all SSRs (Figure 3A). A total of 171 pairs of interspersed repeated sequences
(IRSs), each with a length of 25 nucleotides or more, were observed in the mitochondrial
genome of P. daedalea (Figure 3B).

3.2. Phylogenetic Analysis of Mitochondrial Genome

We applied BI and ML methods to construct a phylogenetic tree by using nucleotide
sequences of 13 PCGs in the mitochondrial genome of 48 scleractinian species from 17 fam-
ilies (Figure 4). The topological structures of the phylogenetic trees constructed using
the BI and ML methods were similar. Forty-eight spieces were divided into two major
branches, one belonging to the robust and the other belonging to the complex branch. The
10 Merulinidae species were divided into two branches, one consisting of Orbicella and the
other consisting of Platygyra, Dipsastraea, Favites, and Hydrophora.

Based on the mtDNA sequences of 13 PCGs, we estimated the divergence time and
concluded that the family Merulinidae originated in the Oligocene (24.63–28.44 Ma), and
the genus Platygyra originated in the Miocene (10.9–13.34 Ma; Figure 5).

Gene rearrangement analysis showed that the genes of Merulinidae corals were ar-
ranged in a relatively consistent order, with the exception of those of P. carnosa, F.abdita,
and F. pentagona (Figure 6). The mitochondrial genes of Merulinidae species were
relatively conserved.
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Figure 4. Phylogenetic tree of 48 species of Scleractinia based on maximum likelihood and Bayesian inference analyses of 13 unique protein-coding genes. Numbers
at the significant nodes represent maximum likelihood bootstrap values and Bayesian posterior probabilities; the scale label presents the distance scale, with different
background colors representing different families; and the numbers in parentheses correspond to GenBank accession numbers of related strains.



Genes 2025, 16, 304 9 of 16Genes 2025, 16, x FOR PEER REVIEW  9  of  17 
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represents the 95% higher posterior density of divergence time. 

Figure 5. Divergence times of 48 species of Scleractinia inferred using BEAST. Numbers above the branches indicate divergence time. The size of the blue band
represents the 95% higher posterior density of divergence time.
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Figure 6. Gene arrangement analysis of the mitochondrial genome of the 10 species of Merulinidae. During the evolutionary process, the order of arrangement of
mitochondrial genes showed varying degrees of collinearity in different species, and some adjacent genes tended to form highly conserved gene clusters. The
variation in mtDNA between different genera and species in the Merulinidae family was relatively low and the arrangement and direction of conserved sequence
segments were relatively consistent with a high degree of collinearity; this indicated that they underwent less recombination during the independent evolutionary
process of each genus and species (Figure 7).
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Figure 7. Collinearity analysis of the mitochondrial genome of the 10 species of Merulinidae.

Mitochondrial genome sequences have been successfully used to clarify the evolu-
tionary relationships between various biological populations. In this study, there was
a significant difference between the topological structure inferred from the collinearity
analysis and that inferred from the phylogenetic analysis. In the analysis of collinearity, the
outgroup E. aspera entered the family Merulinidae. The two species within the genus Dip-
sastraea did not cluster together or with F. abdita. However, species within the Platygyra and
Orbicella genera were clustered together, as were F. pentagona and Hydnophora exesa, these
results were consistent with the phylogenetic tree results based on the analysis of PCGs.

The Ka/Ks values were all under 1, indicating that mitochondrial genes of P. daedalea
and other corals in the family Merulinidae were highly conserved during evolution. COX1
showed the highest nucleotide diversity, followed by COX3, whereas ND5 showed the
highest conservation (Figure 8; Table S1).
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Figure 8. (A) Ka/Ks ratios of protein-coding genes in 13 unique protein-coding genes of Platygyra
daedalea. (B) Sliding window analysis of the mitochondrial genome of the 10 species of Merulinidae
using the DnaSP v6 program.

4. Discussion
4.1. Characteristics of the Merulinidae mtDNA Structure

In this study, we compared the PCG, tRNAs, and rRNAs of 48 scleractinian corals
and found that the number and gene type of PCGs and rRNAs of scleractinian corals were
relatively conserved, but the number and type of tRNAs greatly varied. The difference
between the mtDNA of scleractinian coral and that of other metazoan species is mainly
in the tRNAs. For example, most arthropods and vertebrates have 37 coding genes, 22 of
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which are tRNAs [52,53]. Most scleractinian corals have only two tRNAs, namely, tRNA-
Met and tRNA-Trp [14,41,54]. Only a few scleractinian corals have multiple tRNAs. In
previous studies, rRNAs were also found to be relatively conserved, while the number
and structure of tRNAs considerably varied [15]. The mtRNAs of the Merulinidae species
also conform to this structural feature, and there are only two tRNAs in eight of the
10 Merulinidae species analyzed in this study. Corals are one of the most basic metazoans,
and other metazoans may have evolved to have more tRNAs to perform more complex
mitochondria functions.

The number of PCGs in most Arthropods and vertebrates is 13, but there are changes
in the number of PCGs in many species of cnidarians. Moreover, the cnidarian mtDNA
encodes many additional PCGs, such as the octopus specific mutS protein [15]. In this
study, the number of PCGs of scleractinian coral, as a member of the cnidarians species,
is relatively conservative, and the number of PCGs of the 48 scleractinian coral species
is 13, which is similar to that in other higher metazoans. The mitochondrion genomes of
Merulinidae species are basically consistent in terms of genome structure, gene number,
type, and order. There is a significant rearrangement of genes in the evolution of the
spinocytic animals’ mitochondrion genomes, contrasting with the high level of conservation
in the Merulinidae species. This conservation indicates evolutionary constraints that are
prevalent in the mitochondrion genomes of scleractinian corals [14].

4.2. Intraspecific Divergenceof Merulinidae

The process and mechanism of speciation and divergence is the key to understanding
the phenomena of biodiversity in nature, and the time of species divergence is the key
to understanding the mechanism of speciation. Park et al. [15] studied the molecular
divergence time of Cnidaria based on the mitochondrial DNA sequences of 13 PCGs, and
the results showed that cnidarians originated 741 Ma. However, although divergence time
analysis and fossil evidence provide insights into the phylogenetic relationships within
some taxa of scleractinian corals, the most recent common ancestors of coral families and
genera remain unknown [14,55,56]. In this study, our results suggest that Merulinidae
originated in the Oligocene, Platygyra originated in the Miocene, and intraspecific differ-
entiation of Platygyra occurred in the Pleistocene. We estimate that the time scale of the
genetic differences is consistent with the geological and climatic conditions of the respec-
tive geographical regions. For example, the South China Sea experienced rupture in the
eastern part during the Oligocene and Miocene (32 Ma) and ridge transition (23.5 Ma),
change in expansion direction (20 Ma), and cessation of expansion (15.5 Ma), which were
consistent with the origin time of Merulinidae and Platygyra [57]. During the late Oligocene
to the early Miocene, scleractinian corals exhibited rich diversity, coinciding with a globally
stable cold period in climate history [58,59]. The diversity of corals decreased in the Late
Miocene, during which many major geological and climatic changes took place around the
globe, and many terrestrial animals and plants also underwent speciation and divergence.
Further, Pleistocene climate change is an important factor in the formation and divergence
of numerous terrestrial and marine fauna [58–62]. Therefore, the speciation and divergence
of scleractinian corals are closely related to paleoclimatic and paleogeological changes.

5. Conclusions
Among the published studies of scleractinian corals, few studies reported the evolu-

tionary analyses at the family, genus, and species levels, and most corals lack universal
molecular markers with suitable resolution. The entire mitochondrial genome is widely
used as a molecular marker in the systematics of animal and plants pecies. In the present
study, we used a combination of second- and third-generation sequencing approaches to
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sequence the complete mtDNA of P. daedalea, which is the second complete genome of the
genus Platygyra. By comparing the mitochondria of 48 scleractinian corals, we showed that
their gene structure was relatively conserved. Thirteen unique PCGs and two rRNAs were
found in the genome of scleractinian corals, however, the number of tRNAs greatly varied
among different species. The molecular clock model estimated that Merulinidae originated
in the Oligocene, Platygyra originated in the Miocene, and intraspecific differentiation of
Platygyra occurred in the Pleistocene. In mtDNA genomes of 10 Merulinidae family species,
the Ka/Ks values were less than 1, the variation in mtDNA between genera and species
was relatively low, the order and direction of conserved sequence segments were relatively
consistent, and the degree of collinearity was high, indicating that mtDNA underwent less
extensive reorganization during the independent evolution of each genus and species. The
present study provides new insights for the systematics and evolutionary studies of the
mitochondrial genomes of P. daedalea and members of the Merulinidae family.
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