%éé biology

Special Issue Reprint

Integrating Science into
Aquatic Conservation

Edited by
Cong Zeng and Deliang Li

mdpi.com/journal/biology

ml\DPI

F



Integrating Science into Aquatic
Conservation






Integrating Science into Aquatic
Conservation

Editors

Cong Zeng
Deliang Li

/
rM\D\Py Basel o Beijing ¢ Wuhan e Barcelona e Belgrade e Novi Sad e Cluj ¢ Manchester
/



Editors

Cong Zeng Deliang Li

Shanghai Jiao Tong University Hunan Agricultural University
Shanghai Changsha

China China

Editorial Office

MDPI

St. Alban-Anlage 66
4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal
Biology (ISSN 2079-7737) (available at: https://www.mdpi.com/journal/biology/special_issues/

aquatic_conservation).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-7258-0221-0 (Hbk)
ISBN 978-3-7258-0222-7 (PDF)
doi.org/10.3390/books978-3-7258-0222-7

© 2024 by the authors. Articles in this book are Open Access and distributed under the Creative
Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms
and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license.


 https://www.mdpi.com/journal/biology/special_issues/aquatic_conservation
 https://www.mdpi.com/journal/biology/special_issues/aquatic_conservation
https://doi.org/10.3390/books978-3-7258-0222-7

Contents

Binbin Shan, Gang Yu, Liangming Wang, Yan Liu, Changping Yang, Manting Liu and
Dianrong Sun

Genetic Signature of Pinctada fucata Inferred from Population Genomics: Source Tracking of the
Invasion in Mischief Reef of Nansha Islands

Reprinted from: Biology 2023, 12, 97, d0i:10.3390/biology12010097 . . . . .. ... ... ... ..

Jinliang Hou, Jianguo Xiang, Deliang Li and Xinhua Liu

Prediction of Potential Suitable Distribution Areas of Quasipaa spinosa in China Based on
MaxEnt Optimization Model

Reprinted from: Biology 2023, 12, 366, d0i:10.3390/biology12030366 . . . . .. .. ... ... ...

Jiaying Lu, Yuanjie Chen, Zihan Wang, Feng Zhao, Yisen Zhong, Cong Zeng and Ling Cao
Larval Dispersal Modeling Reveals Low Connectivity among National Marine Protected Areas
in the Yellow and East China Seas

Reprinted from: Biology 2023, 12, 396, d0i:10.3390/biology12030396 . . . .. ... ... ... ...

Jing Chen, Jinbiao Jiao, Xuemei Yuan, Xiaohong Huang, Lei Huang, Lingyun Lin, et al.
Complete Mitochondrial Genomes of Four Pelodiscus sinensis Strains and Comparison with
Other Trionychidae Species

Reprinted from: Biology 2023, 12, 406, d0i:10.3390/biology12030406 . . . . .. ... ... .. ...

Jiaxin Gao, Chunhou Li, Dan Yu, Teng Wang, Lin Lin, Yayuan Xiao, et al.

Comparative Mitogenome Analyses Uncover Mitogenome Features and Phylogenetic
Implications of the Parrotfishes (Perciformes: Scaridae)

Reprinted from: Biology 2023, 12, 410, doi:10.3390/biology12030410 . . . . ... ... .. ... ..

Feng Zhao, Yue Liu, Zihan Wang, Jiaying Lu, Ling Cao and Cong Zeng

Genetic Diversity and Connectivity of Ocypode ceratophthalmus in the East and South China Seas
and Its Implications for Conservation

Reprinted from: Biology 2023, 12, 437, d0i:10.3390/biology12030437 . . . . .. ... ... ... ..

Nattakan Ariyaraphong, Wongsathit Wongloet, Pish Wattanadilokchatkun,

Thitipong Panthum, Worapong Singchat, Thanyapat Thong, et al.

Should the Identification Guidelines for Siamese Crocodiles Be Revised?  Differing
Post-Occipital Scute Scale Numbers Show Phenotypic Variation Does Not Result from
Hybridization with Saltwater Crocodiles

Reprinted from: Biology 2023, 12, 535, d0i:10.3390/biology12040535 . . . . .. ... ... ... ..

Min Xie, Jinwei Gao, Hao Wu, Xiaofei Cheng, Zhou Zhang, Rui Song, et al.

Molecular Characterization and Expression Pattern of leptin in Yellow Cheek Carp (Elopichthys
bambusa) and Its Transcriptional Changes in Response to Fasting and Refeeding

Reprinted from: Biology 2022, 11, 758, d0i:10.3390/biology12050758 . . . . . . ... ... .. ...

Vasily I. Radashevsky, Vasily V. Malyar, Victoria V. Pankova, Jin-Woo Choi, Seungshic Yum
and James T. Carlton

Searching for a Home Port in a Polyvectic World: Molecular Analysis and Global Biogeography
of the Marine Worm Polydora hoplura (Annelida: Spionidae)

Reprinted from: Biology 2023, 12, 780, d0i:10.3390/biology12060780 . . . . .. ... ... ... ..



Jinfa Zhao, Chunhou Li, Teng Wang, Juan Shi, Xiaoyu Song and Yong Liu
Composition and Long-Term Variation Characteristics of Coral Reef Fish Species in Yongle
Atoll, Xisha Islands, China

Reprinted from: Biology 2023, 12, 1062, doi:10.3390/biology12081062 . . . . ... ... ... ...

Franziska Hacker, Francesca Terranova, Gavin Sean Petersen, Emma Tourtigues,

Olivier Friard, Marco Gamba, et al.

Effect of Environmental Variables on African Penguin Vocal Activity: Implications for Acoustic
Censusing

Reprinted from: Biology 2023, 12,1191, doi:10.3390/biology12091191 . . . . . ... ... ... ..

Qin Tang, Yong Liu, Chun-Hou Lj, Jin-Fa Zhao and Teng Wang
Comparative Mitogenome Analyses Uncover Mitogenome Features and Phylogenetic
Implications of the Reef Fish Family Holocentridae (Holocentriformes)

Reprinted from: Biology 2023, 12, 1273, d0i:10.3390/biology12101273 . . . . . ... ... .. ...

Shantanu Kundu, Flandrianto Sih Palimirmo, Hye-Eun Kang, Ah Ran Kim, Soo Rin Lee,
etal.

Insights into the Mitochondrial Genetic Makeup and Miocene Colonization of Primitive
Flatfishes (Pleuronectiformes: Psettodidae) in the East Atlantic and Indo-West Pacific Ocean

Reprinted from: Biology 2023, 12,1317, d0i:10.3390/biology12101317 . . . .. ... ... ... ..

vi



About the Editors

Cong Zeng

Cong Zeng is an associate researcher and doctoral supervisor at Shanghai Jiao Tong University
and an adjunct researcher at the Polar Research Institute of China. His research focuses on the
conservation and sustainable use of aquatic organisms, and he has presided over a number of
projects, including the National and Provincial Natural Science Foundation. So far, he has won the
Shen Nong China Agricultural Science and Technology Award, published more than 60 papers, and
authored 5 patents.

Deliang Li

Deliang Li is a Professor and doctoral supervisor at Hunan Agricultural University and is
also an expert of Hunan Province modern aquatic industry technical systems. He has presided
over more than 10 national and provincial research projects such as the National Natural Science
Foundation, the Science and Technology Innovation Project of the Ministry of Science and Technology,
the public welfare industry research project of the Ministry of Agriculture, and the key research and
development project of the Science and Technology Department of Hunan Province. He has also

published more than 30 research papers and obtained 2 patents.

vii






Preface

As a key support for human survival and development, how to protect aquatic ecosystems
is a hotspot of global concern. This Special Issue was built with the hope of providing scientific
references for the conservation of aquatic organisms and ecosystems. Papers cover both freshwater
and marine ecosystems, focusing on a single species and multiple species or specific ecosystems.
For single-species studies mainly used molecular tools and statistic models to focus on the
evolutionary relationships among species, the differentiations among populations within species,
and the responses of species to the environment changes. The results of these studies shed light on
the evolution, spatial dispersal, and future changes of these species and provided recommendations
for the management of population dynamics in these study populations. In multi-species research,
biophysical modeling, acoustic technology, and ground surveys were mainly used to predict
biodiversity in ecosystems, spatial distribution of different species, and population connectivity
among communities. The results of these multi-species studies revealed the spatial patterns of
biodiversity, community composition, and ecological corridors from different perspectives, which
offer a direct reference for the selection and delineation of marine protected areas. In summary, these
papers utilized different tools to reveal the changes or threads faced by important components of
water ecosystems from the micro to macro level and provide scientific advice for the conservation

and management of protected animals and ecosystems on different spatial scales from local to global.

Cong Zeng and Deliang Li
Editors
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Simple Summary: In the present study, we employed population genetics analysis to investigate
possible origins of the introduced Pinctada fucata population in the Mischief Reef of the South China
Sea, as well as diversity and structure of the P. fucata populations. Population genomics data clearly
revealed a closer genetic relationship between the Mischief Reef introduced population and the
Lingshui population, indicating that Lingshui may be the potential geographical origin. Furthermore,
several selected genomic regions and genes of the introduced population were identified, some of
which may play important roles in the adaptation of temperature and salinity tolerance.

Abstract: Among the anthropogenic stresses that marine ecosystems face, biological invasions are
one of the major threats. Recently, as a result of increasingly intense anthropogenic disturbance, nu-
merous marine species have been introduced to their non-native ranges. However, many introduced
species have uncertain original sources. This prevents the design and establishment of methods
for controlling or preventing these introduced species. In the present study, genomic sequencing
and population genetic analysis were performed to detect the geographic origin of the introduced
Pinctada fucata population in the Mischief Reef of the South China Sea. The results of population
genetic structure analysis showed a close relationship between the Mischief Reef introduced pop-
ulation and the Lingshui population, indicating that Lingshui may be the potential geographical
origin. Furthermore, lower heterozygosity and nucleotide diversity were observed in the introduced
population in Mischief Reef, indicating lower genetic diversity than in other native populations. We
also identified some selected genomic regions and genes of the introduced population, including
genes related to temperature and salinity tolerance. These genes may play important roles in the
adaptation of the introduced population. Our study will improve our understanding of the invasion
history of the P. fucata population. Furthermore, the results of the present study will also facilitate
further control and prevention of invasion in Mischief Reef, South China Sea.

Keywords: Mischief Reef; Pinctada fucata; introduced population; geographic origin; population
genetics

1. Introduction

Marine ecosystems are threatened by a number of anthropogenic stresses, including
overexploitation of living resources, pollution, climate change, biological invasion and
others [1]. Numerous studies have documented that, among these pressures, bioinvasion
is one of the major threats that may cause significant changes and degradation of marine
biodiversity [2,3]. In general, a biological invasion occurs when species are outside their

Biology 2023, 12, 97. https:/ /doi.org/10.3390 /biology12010097
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native range, expanding their original ecological spaces and impacting local biodiversity
and resources [4]. In recent decades, marine bioinvasions have become increasingly fre-
quent as a result of anthropogenic disturbance, leading to species translocations through
aquaculture, hull fouling, ballast water, etc. [5,6]. The introduction of invasive aquatic
species into new habitats has been identified as one of the greatest threats to the world’s
oceans [7]. Given the accelerating global threat to marine ecosystems, researchers and
managers are increasingly focused on tracking, preventing and managing invasions.

Pearl oysters belonging to the genus Pinctada (Bivalvia: Pteriidae) are widely dis-
tributed between the Indo-Pacific and Western Atlantic tropical and subtropical shallow-
water areas, most of which are associated with reef environments [8]. Pinctada fucata (Gould,
1850), also named P. martensii, is an economically important bivalve native to the coastal
waters of the Tropic of Cancer and the Tropic of Capricorn in the Pacific Ocean [9]. It is
predominantly cultured for pearl production in China, Japan and Korea [10-12].

Mischief Reef is located in the eastern Nansha Islands of China (Figure 1). In recent
decades, with increased development in this area (reclamation, aquaculture and fishery),
another species of Pinctada can be found in this area. Wang [13] and Chen [14] reported
that Pinctada maculata was a unique species of the genus Pinctada in the Nansha Islands sea
area. However, during a recent sampling at Mischief Reef, P. fucata was found in extreme
abundance. According to the local fishermen, the occurrence of P. fucata in Mischief
first occurred in 2016 (Figure S1). Even though Mischief Reef is within the theoretical
distribution range of P. maculata, it is still a non native speices. Similar to many other
notable invaders, P. fucata has not caused significant ecological or economic problems in its
native area. However, as a potential invader, it is unknown whether the introduction and
potential subsequent spread of P. fucata will damage the ecosystem of Mischief Reef or not.
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Figure 1. The sample sites in the present study. Stars represent the sampling sites.

In the management of marine ecosystems, reconstructing the complex history of
invasions is essential and plays a crucial role in preventing subsequent spread [15,16]. A
crucial piece of information in the reconstruction of the invasion history is the investigation
of invaders’ geographical origin [17]. Furthermore, if the sources and pathways responsible
for the introduction could be investigated, then a monitoring and control strategy could be
established [3]. However, in practice, such investigation is extremely difficult via ecological
surveys or other observational approaches. For bivalve species, their soft tissues and shell
morphology are not suitable for identifying source populations or cryptogenic taxa [18].
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The development and common application of molecular markers in evolutionary and
ecological studies has facilitated the tracking of original sources of these invaders, some-
times with surprising precision [16,19]. Recent years have seen a dramatic rise in the tracing
of the biogeographical history of many invasive species in marine systems [20-22]. For
instance, combined population genetic and phylogeographic analyses provided evidence
of multiple complex invasions of the European green crab Carcinus maenas on almost every
continent with temperate shores [20]. Another notable case was the invasion of the Pacific
oyster Crassostrea gigas in NW Europe. Molecular approaches have been effectively utilized
when exploring the invasion histories of Pacific oysters [22].

In the present study, we used a population genomics approach utilizing restriction-site
associated DNA (RAD) sequencing and comparative genomics to detect the geographic
origin of invasive P. fucata in Mischief Reef, describing the present invasive population’s
genomic diversity. Furthermore, we aimed to identify selected genomic regions and genes
of the introduced population of P. fucata and identify some genes related to environmental
adaptation. Our study will improve understanding of the invasion history of P. fucata in
Mischief Reef.

2. Materials and Methods
2.1. Sampling and Sequencing

From 2017 to 2018, a total of 74 P. fucata individuals were obtained from four geographic
sites, including the native range (Zhanjiang, n = 24; Lingshui, n = 14; Haiphong, n = 18) and
non-native range (Mischief Reef, n = 18) (Figure 1). All specimens were frozen at —80 °C
and genomic DNA was extracted from adductor muscle using a TTANGEN TIANamp
Marine Animals DNA Kit. Briefly, the RAD-seq library was prepared following the protocol
after DNA quality assessment [23]. Then, sequencing was performed on the BGISEQ-500RS
(BGI, Shenzhen, China) using a 100-bp paired-end strategy.

2.2. Alignment and Variation Calling

BWA-mem (version: 0.7.17, https:/ /github.com/lh3/bwa, accessed on 24 October
2017) was applied to align the clean reads (default parameters) to the P. fucata reference
genome sequence [24]. Then, these reads were sorted by the SAMtools “sort” func-
tion (version: 1.9, https:/ /github.com/samtools/samtools/releases, accessed on 19 July
2018) [25]. GATK tools version 4.1.2.0 (BaseRecalibrator, HaplotypeCaller and Com-
bineGVCFs, https:/ / github.com /broadinstitute/gatk /releases, accessed on 24 April 2019)
was utilized to identify and call high-quality SNPs, with refinement stages similar to those of
Todesco et al. [26,27]. Finally, GATK-VariantFiltration was used to filter high-quality SNPs
by the following criteria: MQ < 40.0, QD < 2.0, FS > 60.0, SOR > 12.0, MQRankSum < —12.5,
ReadPosRankSum < —8.0.

2.3. Population Genetics Analysis

For all P. fucata populations, 8, 8, and Tajima’s D values were calculated for the
assessment of genetic diversity using a sliding window approach and the step and window
sizes were set as 5 kb and 10 kb, respectively [28,29]. To measure the differentiation between
the four P. fucata populations pairwise, the fixation index (Fsr) values were also calculated
in the same windows [30]. We assessed the genetic relationships between the P. fucata
population from Mischief Reef and other populations. Principal component analysis
was conducted via PLINK (version 2.0, www.cog-genomics.org/plink/2.0/, accessed on
29 January 2022) and GCTA (version 1.93.0, https://yanglab.westlake.edu.cn/software/
gcta/#Download, accessed on 9 December 2019) [31]. To estimate the genetic diversity
of the P. fucata population, PLINK (version 2.0) was also used to calculate the expected
heterozygosity (H,) and observed heterozygosity (H,). Furthermore, admixture analysis
was performed to detect population structure by using ADMIXTURE (version: 1.3.0) [32].
The number of ancestral clusters was assumed to range from 2 to 10.
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We also evaluated the genetic connectivity between the four populations by exam-
ining the gene flow between them. The analysis was performed based on the directional
migration method by estimating the relative migration rates derived from G, Ny, and
D [33-35]. The relative migration rates and network were determined by using the func-
tion divMigrate from the R package diveRsity, with a bootstrap value of 1000 and a filter
threshold of 0.2 [36].

Furthermore, we used VCF2Dis (version 1.47, https:/ /github.com /BGI-shenzhen/
VCF2Dis, accessed on 25 July 2022) to calculate the pairwise genetic distances (p distance).
Then, PHYLIPNEW (version 3.69, http:/ /evolution.genetics.washington.edu/phylip.html,
accessed on 2 October 2019) was utilized to construct an NJ tree (Neighbour-Joining
tree). The squared Pearson’s correlation coefficient (r?) was calculated to evaluate the
linkage disequilibrium (LD) in four P. fucata populations. The analysis was performed
by using PopLDdecay version 3.40 (https://github.com/BGI-shenzhen/PopLDdecay/
releases, accessed on 16 January 2019) [37]. Then, we measured LD decay based on the
distance of each pair of SNPs and 72 values.

2.4. Potential Selected Regions in the Introduced Population

To identify selected genomic regions and genes of the introduced population of P. fucata,
we screened the SNPs called across the introduced population and its potential original
population (Lingshui population). Then, we estimated pairwise differentiation between the
two populations and Tajima’s D, Fsy and ROD (1 — 6 mischief/ 0 n-Lingshui) Were calculated
by using a sliding window approach. The window size was 10 kb and the step size was
5 kb. In our study, an empirical threshold of 5% was set to identify outlier windows of Fsr
(top 5%), Tajima’s D (bottom 5%) and ROD (top 5%) values. The outlier windows were
considered candidate regions for selection with the following criteria: the top 5% of Fsr
values or the top 5% of ROD values with the bottom 5% of negative Tajima’s D values.

3. Results
3.1. Variant Calling and Population Genetic Diversity

With the sequencing of 74 samples from four sites (Figure 1), we generated a total of
1207.53 million reads (16.32 million reads per sample) after quality filtering (Supplementary
Table S1). Then, all clean reads were mapped against the Pinctada martensii reference genome
(ftp:/ /parrot.genomics.cn/gigadb /pub/10.5524/100001_101000/100240/, accessed on 18
October 2021). The average mapping rate was 94.89% (range from 93.63% to 95.15%). In the
present study, we selected the top 30 samples with the highest sequencing coverage for cali-
bration. SNPs with a missing rate less than 50% and MAF greater than 0.01 were utilized for
the downstream analysis. Then, we obtained 3,476,259 SNPs. Of these SNPs, 254,373 SNPs
(7.32%) were aligned to exonic regions, 1,017,991 SNPs (29.28%) were aligned to intronic
regions and 1,956,307 SNPs (56.28%) were aligned to intergenic regions. Among the 254,373
SNPs in exonic regions, 100,402 were nonsynonymous and 147,749 were synonymous.

The genetic diversity of the four populations was assessed by estimating the nucleotide
diversity. As shown in Table 1, the Lingshui and Haiphong populations exhibited the
highest genetic diversity, both with 8, and 0 values of 0.005. Among the four populations,
the 6, and 6 of the nonlocal population (Mischief Reef) were lowest, showing a lower
gene diversity than in the other three populations (Figure 2A). The results of heterozygosity
showed the highest genetic diversity in the Haiphong population and the lowest genetic
diversity in the Mischief Reef population.

Table 1. Population genetic parameters of the four populations.

H, H, O 0, Tajima’s D
Mischief 0.2377 0.0942 0.0037 0.0034 —0.2932
Zhanjiang 0.2403 0.0967 0.0044 0.0045 0.0347
Lingshui 0.2502 0.1233 0.0049 0.0045 —0.3231
Haiphong 0.2622 0.1556 0.0048 0.0051 0.2054
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Figure 2. Population genetic diversity and structure of four P. fucata populations. (A). 8, values
of different chromosomes of the four P. fucata populations. (B). PCA plot of the first two principal
components based on all SNPs. (C). The neighbor-joining phylogenetic tree of all samples. (D). The
structure analysis graph under different K values.

3.2. Population Genetic Structure

The results of PCA showed a clear genetic relationship among the four P. fucata
populations (Figure 2B). The top three principal components (PCs) explained 4.62%, 3.19%
and 2.94% of the variation, respectively. In the plot, the populations from Lingshui and
Mischief Reef were clustered into a group and those from Zhanjiang and Haiphong were
classified into two separate groups. In addition, an NJ phylogenetic tree was constructed
(Figure 2C). The topological structure of the tree showed that the Mischief Reef population
was more similar to the Lingshui population than the other two populations, indicating
a close relationship between the Lingshui population and the introduced population at
Mischief Reef.

To further investigate the relationships between the introduced population and other
populations, we performed admixture analysis with an assumed number of ancestral
clusters from two to six (Figure 2D). The results showed that the cross-validation error
(CV error) reached the smallest value when the ancestral cluster number was set as two
(Figure S2). However, we considered the estimated cluster number (K = 2) unsuitable
for two reasons. First, only Haiphong clearly formed an independent group and the
introduced population in Mischief Reef was undistinguishable from the Lingshui and
Zhanjiang populations. Furthermore, the CV error gap between K = 2 and K = 3 was
not very significant and the second-order rate of change increased after K = 3. Thus, the
clear genetic relationship when the ancestral cluster number was three provides a more
biologically suitable argument than the more conservative number. The fixation index (Fst)
was then calculated to measure the genetic difference between the Mischief Reef population
and other local populations (Table 2), indicating a closer genetic relationship between the
two populations than others.



Biology 2023,12, 97

Table 2. Fixation index (Fsr) between different populations.

Hainan Mischief Reef Zhanjiang
Lingshui
Mischief 0.048
Zhanjiang 0.069 0.095
Haiphong 0.087 0.118 0.102

The relative migration network constructed based on divMigrate analysis indicated
gene flow between the four P. fucata populations (Figure 3). High and moderate gene flow
between the Mischief Reef, Zhanjiang and Lingshui populations were observed. Gene
flow between Haiphong and other populations was weak. Among these populations, the
Mischief Reef and Lingshui populations showed the strongest migration rates, indicating a

closer relationship than between the other populations. However, no strong directionality
could be detected.

Relative migration network

(ngsrm

3 -
i \ N A

Figure 3. Relative migration network among the four populations based on different index.

The bottleneck effect can greatly change the allele frequency of sites in the population,
which is the main reason for the drastic change in Linkage disequilibrium (LD) in a short
time [38]. The results of linkage disequilibrium analysis showed that, both over a longer
distance (>20 Kb) and over a short distance (<20 Kb), the Mischief Reef population had
the lowest 2 value with the fastest LD decay rate among the four populations (Figure 4).

Meanwhile, the Haiphong population had the slowest decay rate, indicating potential
artificial domestication.
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Figure 4. Linkage-disequilibrium decay for different distances of the four populations.

3.3. Population Genetic Structure

In the present study, the values of Tajima’s D for populations were significantly
different. Among these populations, only the Tajima’s D of the Zhanjiang population was
close to zero. For the Lingshui population and Mischief Reef population, the values were
significantly lower than zero, showing potential selective sweeps.

Furthermore, we identified selected genomic regions and genes of the introduced
population of P. fucata. As shown in Supplementary Table S2, 448 regions were under
selection, containing a total of 481 genes. Of these genes, 82 genes were among the top 5% in
terms of Fgr values, 436 genes were among the top 5% in terms of ROD values and 37 genes
were among the top 5% of both Fst values and ROD values. Among the 481 genes, 416 genes
were annotated to the N1, KEGG or GO database (Supplementary Table S3). Ultimately,
we found some notable genes, including the heat shock transcription factor 1 gene, an
endoglucanase gene, a sodium channel protein genes and others (Supplementary Table S2).

4. Discussion

In recent decades, numerous invasions of bivalve species have occurred worldwide
due to their high fecundity, rapid growth, high filtration rates, early sexual maturation
and interactions with human activities [39,40]. The activities of introduced bivalve species,
for instance, shell production, bioturbation and filter feeding, may change ecosystem
processes and functions and affect biodiversity and the environment [7,41]. Therefore,
bivalve invasions have become a serious ecological problem around the world.

The process of invasion can be divided into three distinct phases: initial introduction,
establishment and spread in the introduced range [42]. As shown in our investigation,
P. fucata in Mischief Reef is now in the establishment phase. Although the population
does not currently cause any ecological problems in Mischief Reef, P. fucata has dispersed
beyond its original distribution range. It could be considered a Stage III invasive species
in Mischief Reef according to the definition of Collauti and Maclsaac, due to fact that the
P. fucata population has the potential to establish itself in the Mischief Reef [43].

4.1. Population Genetic Structure and the Potential Origin of the Mischief Reef Population

In the present study, we analysed the population genetic structure of three native
P. fucata populations and an introduced nonlocal P. fucata population. Our work aimed to
detect the potential origin of the Mischief Reef population and assess the genetic status of
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the introduced population. In our study, we selected Lingshui and Zhanjiang populations,
because ships or humans from these two sites display more intensive activities. Thus, we
considered that the two sites were the potential original source. As shown in Figure 2B, the
Mischief Reef population and Lingshui population were clustered into a group, indicating
a closer relationship than that of Mischief Reef population with others. Furthermore, both
the topology of the NJ phylogenetic tree and the Fsr values clearly provided evidence for
the close relationship of the Mischief Reef and Lingshui populations. Takeuchi et al. [44]
indicated that the western Pacific population could be divided into a southern population
(China) and a northern population (Japanese mainland). Overall, the Fsr values were
low, supporting the results of a previous study [45]. Nevertheless, the Fs7 values between
Lingshui and Mischief Reef were significantly lower than those between other pairs of
populations in our study, suggesting that the Lingshui population may be a potential
original resource of the introduced population in Mischief Reef. In the structure analysis,
K = 2 was identified as the most suitable number of clusters. Unfortunately, under the
suggested cluster number, only Haiphong could be identified from the mixed population.
Then, some clusters coherent with geographical location emerged when the cluster number
was increased. The Zhanjiang population first separated from the remaining mixed pop-
ulations when the cluster number was three. Nevertheless, the Mischief Reef population
could not be separated clearly from the Lingshui population when the cluster number
was increased continually. Furthermore, the results of gene flow analysis showed a high
gene flow between Lingshui and Mischief Reef populations. Overall, all the results of
population genetic structure supported the hypothesis that the population in Mischief Reef
was potentially introduced from Lingshui.

Previous studies have shown that detecting the precise origin of an introduced popu-
lation can be extremely challenging [16,45]. In addition to effective approaches, a large area
sampling effort is also required to ensure that the real origins are included [16]. Further-
more, numerous studies have indicated that multiple introductions and multiple origins
might be a common phenomenon in most invasions [46]. However, the introduced popula-
tion in Mischief Reef was less likely to have multiple origins, partly because of political
sensitivity. Moreover, in the Mischief Reef population, we did not observe higher genetic
variation caused by multiple introductions. Due to the limited sampling size and area,
our study has limitations and we could not precisely detect the origin of the Mischief Reef
population. However, we reported the presence of the P. fucata population in Mischief
Reef in the South China Sea for the first time and provided references for further studies
reconstructing its introduction history and novel insights into oyster invasions.

4.2. Population Genetic Diversity and LD in P. fucata Populations

In the present study, the nucleotide diversity (6) of the P. fucata populations at the
whole-genome level was 0.0034-0.0051, indicating significantly higher genetic diversity
than in other studies [47]. Huang et al. [48] estimated that cultured P. fucata popula-
tions in Lingshui and Zhanjiang showed expected heterozygosity values of 0.2636 and
0.2374, respectively. In our study, the expected heterozygosity of the four populations
was 0.2377-0.2622. Thus, the genetic diversity of the four populations in our study was
moderate. However, the Mischief Reef population showed lower nucleotide diversity than
the other populations in the present study. Notably, our data clearly revealed lower genetic
diversity in the introduced population than in the potential original population. This result
is consistent with previous studies of introduced populations [16]. It is well known that
introduced populations experience the loss of genetic variation during the founding event
as a result of founder effects and bottlenecks [43,49,50].

As a critical parameter in population genetics, LD could provide deep insight into
the complex population history, including selection, hybridization and mutation, of the
introduced population during invasion [50]. Unexpectedly, we did not observe a dramatic
increase in LD in the introduced population with respect to the native P. fucata populations.
Furthermore, relatively rapid LD decay was observed in the Mischief Reef population.
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Previous studies indicated that a dramatic increase in LD was a common phenomenon in
most crop domestication and some invasive organisms [51,52]. We speculated that there
were abundant individuals that contributed to the introduction and funding of the Mischief
Reef population. Therefore, an increase in LD was not found in the present study. On
the other hand, an LD decrease can be attributed to population size and recombination
rate [53]. Some researchers have demonstrated that introduced populations may undergo a
high level of recombination with mutation as a result of rapid population expansion [50,54].
Hence, we attribute the LD decrease to the rapid expansion of the Mischief Reef population.
Furthermore, since the LD decay in the introduced population was rapid, we suspect that
the population in Mischief Reef may not have undergone strong natural selection during
founding.

4.3. Potential Selected Regions in the Introduced Population

The allele frequency and nucleotide diversity differentiation between populations
provide important genetic evidence of selection processes [55]. Meanwhile, Tajima’s D
represents the frequency of rare variants at a genomic locus. These parameters indicate
whether the regions and genes are under selection. In our study, the Tajima’s D values of
nonnative population and its potential origins were negative and significantly lower than
those of other native populations. The results indicated an excess of rare nucleotide site
variants compared to the expectation under a neutral model of evolution [56].

Furthermore, we found some genes that were under selection in the introduced
population, including the heat shock transcription factor 1 gene, an endoglucanase gene,
a serine/threonine-protein phosphatase gene, a sodium channel protein and other genes.
However, due to the limited number of selected genes, enrichment pathway analysis could
not be performed. According to previous studies, salinity and sea surface temperature are
the major factors affecting the distribution of P. fucata populations [44,57]. The selected
genes are related to temperature and salinity tolerance. Thus, we speculate that these genes
play important roles in adaptation to the different environment of Mischief Reef, such as
higher salinity and more stable temperature compared with those in Lingshui.

5. Conclusions

In the present study, we analysed the population genetic structure and diversity of
three native P. fucata populations and an introduced nonlocal P. fucata population. Our
results revealed a closer relationship between the Mischief Reef introduced population and
the Lingshui population, indicating that Lingshui may be the potential geographical origin.
Furthermore, our data revealed lower genetic diversity in the introduced population than
in the potential original population. In the introduced population, we also identified some
selected genomic regions and genes related to temperature and salinity tolerance. Our
study will facilitate further aquatic conservation and protection in Mischief Reef, South
China Sea.
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the present study.
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Simple Summary: In this study, in order to understand the distribution and optimal living environ-
ment of Quasipaa spinosa in China, we made predictions about the impacts of different environmental
climates on its habitat. Our results show that our model is highly reliable. The mountainous areas in
southern China with sufficient water supply are the main suitable areas for this species. The future
reduction in emission concentration will be friendly to the ecological environment in the suitable
areas of this species, better protecting the reproduction of its natural population.

Abstract: Quasipaa spinosa is a large cold-water frog unique to China, with great ecological and
economic value. In recent years, due to the impact of human activities on the climate, its habitat has
been destroyed, resulting in a sharp decline in natural population resources. Based on the existing dis-
tribution records of Q. spinosa, this study uses the optimized MaxEnt model and ArcGis 10.2 software
to screen out 10 factors such as climate and altitude to predict its future potential distribution area
because of climate change. The results show that when the parameters are FC = LQHP and RM =3,
the MaxEnt model is optimal and AUC values are greater than 0.95. The precipitation of the driest
month (biol4), temperature seasonality (bio4), elevation (ele), isothermality (bio3), and the minimum
temperature of coldest month (bio6) were the main environmental factors affecting the potential
range of the Q. spinosa. At present, high-suitability areas are mainly in the Hunan, Fujian, Jiangxi,
Chongging, Guizhou, Anhui, and Sichuan provinces of China. In the future, the potential distribution
area of Q. spinosa may gradually extend to the northwest and north. The low-concentration emissions
scenario in the future can increase the area of suitable habitat for Q. spinosa and slow down the
reduction in the amount of high-suitability areas to a certain extent. In conclusion, the habitat of
Q. spinosa is mainly distributed in southern China. Because of global climate change, the high-altitude
mountainous areas in southern China with abundant water resources may be the main potential
habitat area of Q. spinosa. Predicting the changes in the distribution patterns of Q. spinosa can better
help us understand the biogeography of Q. spinosa and develop conservation strategies to minimize
the impacts of climate change.

Keywords: Quasipaa spinosa; MaxEnt; ArcGIS; potential habitat; environment variable

1. Introduction

The geographical distribution of species is the result of adaptation to climate, topog-
raphy, soil, biology, migration history, and human activities during the long evolutionary
process, which reflects the evolutionary history of species, population expansion, and
the ability to adapt to the environment [1]. In recent years, habitat destruction due to
human disturbance and global climate change has led to the migration, rapid decline, or
disappearance of amphibian species [2]. Therefore, it is of great significance to study the
suitable areas of species to protect their habitats in situ. The application of niche models
to predict and evaluate species habitats is becoming a new hot topic [3,4]. There are more
than 10 species distribution models (SDMs) that have been reported, but the MaxEnt model
is low cost, simple to operate, short to run, and can simulate the fitness range of species
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well with a very small number of samples (1 > 5) [5]. At present, it is also widely used
in the prediction research of amphibian habitats, such as Odrrana hainanensis [2], and five
species of Scutiger [6], and others such as Rana Zhenhaiensis [7], Buergeria oxycephala [8],
Nanorana parkeri [9], Plethodon [10], and Quasipaa boulengeri [11], and so on.

Quasipaa spinosa, commonly known as stone frog, rock frog, etc., belongs to Anura,
Dicroglossidea, and Quasipaa [12]. As a large frog, it breeds in cold water streams and
is mainly distributed in the hills of southern China and mountainous areas of northern
Vietnam [12-16], which has a special ecological and biological status. Due to overfishing,
the wide application of chemical pesticides and environmental changes, the wild population
of Q. spinosa has decreased dramatically [17]. It has been designated as a vulnerable species
by the International Union of the Conservation of Nature (IUCN) Red List and the Red List
of Chinese Species [18].

As an important economic frog with high nutritional value and homology of medicine
and food, Q. spinosa is honored as the “King of Hundred Frogs” [15,19,20]. In the last ten
years, the market demand of Q. spinosa has been rising, and the price of Q. spinosa has
increased 20-30 times from 1980s to now [18], which has promoted the rapid development
of Q. spinosa breeding in China, becoming one of the most important industries for poverty
alleviation in mountainous areas. Although artificial breeding has relieved the pressure
of hunting for the wild population to some extent, the effect has been limited [21]. At
present, research on Q. spinosa focuses on gut microbiology [13,14,22], diseases [23,24],
genetic transcriptomes [25,26], and captive breeding [16,27-29]. It is very important to
better protect and reasonably utilize the existing wild Q. spinosa resources to achieve
a win-win situation for environmental protection and resource utilization. These have now
become a new hot spot in fisheries resources research.

In this paper, we applied a MaxEnt optimization model and ArcGIS technology
to comprehensively analyze the key environmental factors affecting the distribution of
Q. spinosa, with the aim of understanding the current distribution of its habitat suitability,
exploring its habitat range, and predicting its potential geographical distribution in order
to provide reference for the conservation of Q. spinosa diversity, habitat restoration, and
biogeography research.

2. Materials and Methods
2.1. Data Collection and Processing

The distribution points information of Q. spinosa in this study comes from the Global
Biodiversity Information Facility (GBIF; https://www.gbif.org/, accessed on 6 March
2022) [30]. After retrieval, a total of 1779 distribution records of Q. spinosa was ob-
tained. Through https:/ /jingweidu.51240.com/, the longitude and latitude information of
Q. spinosa was determined, and the data without detailed geographic location, duplicate
specimens, and location deviations were excluded. Finally, 130 geographical distribution
points of Q spinosa were screened. We converted the obtained sample point data into .csv
format and used ArcGIS 10.2 to draw a map of Q. spinosa distribution in China (Figure 1).

Human footprints data were downloaded from the Socioeconomic Data and Applica-
tions Center (SEDAC, https:/ /sedac.ciesin.columbia.edu, accessed on 22 April 2022) [31].
Altitude and 19 bioclimatic variables in current (1970-2000), future 2050s (2041-2060), and
future 2070s (2061-2080) were downloaded from WorldClim (http:/ /www.worldclim.org/).
The future (2050s, 2070s) climatic variables were selected from two of the four greenhouse
gases (RCP2.6 and RCP8.5) under the general climate system mode proposed in the fifth
assessment report of IPCC—AR5—representing the lowest and highest scenarios of green-
house gas emissions [32]. The Chinese province boundary map was downloaded from
the Institute of Geographic Sciences and Natural Resources Research, Chinese Academy
of Sciences (http:/ /www.resdc.cn/). All data have a unified resolution of 2.5 min, the
coordinate system was WGS 1984, and was converted to “asc” with ArcGIS 10.2 software
(Environmental Systems Research Institute, Inc., America).
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Figure 1. Confirmed coordinate distribution of Quasipaa spinosa in China.

In order to minimize the bias fitting of the model, the ENMTools package (Package)
was used to perform correlation analysis on 21 environmental factors [33]. When the corre-
lation was greater than |0.8 |, the variables with small contribution rates were removed.
Finally, 10 significant factors were screened out (Table 1).

Table 1. Various parameters of the main environmental variables of Q. spinosa.

Environmental Variables Description Unit PC (%) PI (%)
ele Elevation m 5.5 8.2
bio2 Mean Diurnal Range °C 3.9 3.2
bio3 Isothermality - 3.4 20.0
bio4 Temperature Seasonality - 2.6 40.9
bio5 Max Temperature of Warmest Month °C 0.6 0
bio6 Min Temperature of Coldest Month °C 1.9 9.6
biol4 Precipitation of Driest Month mm 79.3 11.7
biol5 Precipitation Seasonality - 1.6 2.9
biol8 Precipitation of Warmest Quarter mm 0.7 1.9
people Human Foot - 0.5 1.7
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2.2. Species Distribution Modeling, Optimization, and Evaluation

Optimized maxent model was implemented in the R programming environment using
the package ENMeval [34]. We set 5 regularization multiplier values (3, 1, 2, 3, 4, and 5) and
adopted 6 features (H, L, LQ, LQH, LQHP, and LQHTP), among which L, Q, H, P,and T
were linear, quadratic, hinge, product, and threshold, respectively [35,36]. Finally, the best
model parameter combination with the lowest Akaike Information Criterion Correction
(AICc) value (delta. AICc = 0) was obtained for the establishment of MaxEnt model.

Q. spinosa distribution occurrence data and selected environmental variables were
loaded into the MaxEnt model. The data were randomly divided: 75% of the location
point data were used as a training model, with the remaining 25% used for validating the
MaxEnt model [37,38]. By default, the maximum number of iterations was set as 10,000,
the model was repeated for 10 times, and the predicted results were output in “Cloglog”
format and “asc” file type [39]. The maximum number of iterations after optimization is
420. The prediction effect was tested by AUC under the receiver operating characteristic
curve (ROC) [40]. AUC value between 0.5 and 0.6 was considered to be unqualified, 0.6~0.7
was poor, 0.7~0.8 was average, 0.8~0.9 was good, and 0.9~1.0 was excellent [34]. When
the TSS value was <0.4, the predictive power of the model was considered “poor”, while
0.4-0.8 was considered “good” and 0.8-1 was considered “excellent” [41].

2.3. Classification of Suitable Living Grade of Q. spinosa

The average value of MaxEnt simulation results in each period was imported into
ArcGIS 10.2 software, and the model distribution area was divided into suitability grades
and visualized [42]. The habitat suitability index was divided into four levels: high-
suitability area, medium-suitability area, low-suitability area, and non-suitable area by
the Nature Breaks (Jenks) method. They were represented by different colors: red is high-
suitability area, yellow is medium-suitability area, green is low-suitability area, and white
is non-suitable area. We used ArcGIS raster tools to count the area of suitable areas.

3. Results
3.1. Model Optimization and Accuracy Evaluation

The MaxEnt model was used to simulate the potential distribution areas in different
scenarios currently and in future (2050s and 2070s) according to the AICc (the minimum
information criterion) for the screened 130 Q. spinosa distribution points and 10 environ-
mental variable layers. The optimal parameter combination of FC = LQHP and RM =3 is
obtained after the optimization of the ENMeval program package. At this time, AICc is
the smallest and delta.AICc = 0. The optimized AICc and the difference between the AUC
value of the training set and the AUC of the test set are both lower than the default settings
(Table 2).

Table 2. Evaluation metrics of MaxEnt model generated by ENMeval.

Type FC B delta. AICc avg. diff. AUC
Default LQHPT 1 101.9003 0.1211
Optimized LQHP 3 0 0.1008

FC: feature combination; RM: regulatory multiplier; AICc: LQPH: linear features (L) + quadratic features (Q) +
product features (P) + hinge features (H); LOH: linear features (L) + quadratic features (Q) + hinge features (H);
delta. AICc: the minimum information criterion AICc value; avg. diff. AUC: difference between the AUC value.

The MaxEnt simulations for modern and future (2050s and 2070s) time periods with
optimal parameters are performed, and the AUC results are shown in Figure 2. The values
of the area under the receiver operating characteristic curve were all greater than 0.95
(Table 3). The true skill statistics were all greater than 0.8 (Table 3). In conclusion, the
optimized MaxEnt model has high reliability in the prediction results of the potential
suitable areas of Q. spinosa. The 10 environmental factors used for modeling included
8 climate factors, 1 terrain factor, and 1 anthropogenic factor (Table 1).
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Figure 2. AUC value of Q. spinosa predicted by MaxEnt model.

Table 3. Evaluate the AUC and TSS index values of the MaxENT model.

Current 50s-RCP2.6 50s-RCP8.5 70s-RCP2.6 70s-RCP8.5
AUC 0.962 4+ 0.0073 0.958 + 0.0073 0.958 + 0.0073 0.959 + 0.0072 0.959 4+ 0.008
TSS 0.817 + 0.014 0.813 + 0.009 0.804 4+ 0.010 0.822 + 0.015 0.818 4+ 0.015

Note: The values in the table are expressed as “mean + standard deviation”.

3.2. The Importance of Environmental Variables

Percent contribution (PC) and permutation importance (PI) are the main indicators
for evaluating the importance of environmental variables. The larger the index value,
the higher the importance of environmental variables. The top 5 environmental variables
with percent contributions are precipitation of the driest month (bio14, 79.3%), elevation
(ele, 5.5%), mean diurnal range (bio2, 3.9%), isothermality (bio3, 3.4%), and temperature
seasonality (bio4, 2.6%), accounting for 94.7% in total. The top 5 environmental variables
with permutation importance are temperature seasonality (bio4, 40.9%), isothermality (bio3,
20.0%), precipitation of the driest month (biol4, 11.7%), minimum temperature of the
coldest month (bio6, 9.6%), and elevation (ele, 8.2%), accounting for 90.4% of the total.

The Jackknife test results show (Figure 3F-H) that test gain, regularized training gain,
and AUC are basically the same without variables and with all variables. When only
variables are used, the top five factors with the largest test gain, regularized training gain,
and AUC are precipitation of the driest month (bio14), mean diurnal range (bio2), minimum
temperature of the coldest month (bio6), precipitation of the warmest quarter (biol8), and
temperature seasonality (bio4), indicating that these five environmental factors have the
greatest impact on the distribution of Q. spinosa. In conclusion, the precipitation of the
driest month, temperature seasonality, elevation, isothermality, and minimum temperature
of the coldest month are the dominant variables affecting the distribution of Q. spinosa.

17



Biology 2023, 12, 366

Cloglog output

500 000 4500 6000 7500
ele Altitude (m)

output

Cloglog

0 400 800 1200 1600 2000 0 a0 20 -0 0 10 2 0 40 80 120 160

bio 6 Min Temperature of Coldest Month (°C) bio 14 Precipitation of Driest Month (mm)

F @With only variable W Without variable @With all variables G @With only variable ®Without variable ®With all variables H @With only variable W Without variable  ®With all variables

bio9 £ bioy

bio8 T biod

ariable

biod

bio3

bio2 L)
]

biol4 = biol4

onment V;

s

Environment Variables

biol2 biol2 biol2

02 04 06 08 1 12 14 16 18 02 04 06 08 1 12 14 16 18 065 071 075 08 085 09 095
Test gain Regularized training gain AUC

Figure 3. Response curves and Jackknife test of the environment variables. (A-E) Respectively repre-
sent the response curves of isothermality, temperature seasonality, min temperature of coldest month,
precipitation of driest month and Altitude. (F-H) The contribution of each environmental factor to
each scenario using the Jacknife test in In test gain, regularized training gain and AUC, respectively.

The environmental variables (>0.63) were the most suitable for the survival of
Q. spinosa when the precipitation of the driest month was 28.4-166.1 mm, the altitude
was 79.6-635.8 m, the minimum temperature of the coldest quarter was 0.1-9.0 °C, the tem-
perature seasonality was 584.0-821.3, and the isothermality was 21.2-28.0 (Figure 3A-E).

3.3. Current and Future Potential Suitable Areas and Their Spatiotemporal Changes

The distribution range of the potential suitable habitats of Q. spinosa in the future is
generally the same, mainly in Hunan, Hubei, Guangxi, Fujian, Zhejiang, Anhui, Jiangxi,
Guizhou, Guangdong, Sichuan, Taiwan, Hong Kong, and other provinces (Figure 4a—e).
According to the MaxEnt simulation results, the modern potential total suitable area of
Q. spinosa is 1.65 x 100 km?, accounting for 17.19% of the total land area in China, including
the high-suitability area of 4.9 x 10° km?, accounting for 5.10%; the medium-suitability
area of 6.3 x 10° km?, accounting for 6.56%; and the low-suitability area of 5.3 X 10° km?,
accounting for 5.52% (Table 4; Figure 4f). In the future 2050s, the proportion of the to-
tal suitable area for the frog under high-concentration (RCP8.5) and low-concentration
(RCP2.6) emission scenarios will be 17.92% and 18.33%, respectively. In the future 2070s,
the proportions of the total suitable area of Q. spinosa under the high-concentration (RCP8.5)
and low-concentration (RCP2.6) emission scenarios will be 17.29% and 17.71%, respectively,
which are higher than the modern 17.19% (Table 4). In the future 2050s and 2070s, the
proportion of suitable areas under the high-concentration emission scenario (RCP2.6) is
larger than that under the low-concentration emission scenario (RCP 8.5).

Table 4. Area statistics of suitable areas for Q. spinosa under different climate scenarios.

Low Suitability Medium Suitability High Suitability All

Circumstances Area
(x10% km?)

Percentage Area Percentage Area Percentage/% Area Percentage
(%) (x10* km?) (%) (x10* km?) 8El7e (%10 km?) (%)

Current 53
2050s-RCP 2.6 67
2050s-RCP 8.5 66
2070s-RCP 2.6 61
2070s-RCP 8.5 64

5.52 63 6.56 49 5.10 165 17.19
6.98 58 6.04 47 4.90 172 17.92
6.88 67 6.98 43 4.48 176 18.33
6.35 64 6.67 41 4.27 166 17.29
6.67 61 6.35 45 4.69 170 17.71

Note: The area percentages are the ratios of the suitable areas of different grades to the national land area
(960 x 10* km?) under different climate scenarios.
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Figure 4. Potential distribution area of Q. spinosa under different scenarios. (a—e) Predicted distribu-
tion map of different suitable areas of Q. spinosa at current, 2050s and 2070s. (f) Statistical maps of
different suitable areas of Q. spinosa in China at different periods.

Compared with the current time period, the proportion of high-suitability areas in
the 2050s and 2070s was reduced. Under the future low-concentration emission scenario
(RCP2.6), the area of the low-suitability area first increased and then decreased, but was
higher than that of the present time; the area of the medium-suitability area was the smallest
in 2050s and the largest in 2070s; and the high-suitability area showed a decreasing trend.
Under the future high-concentration emission scenario (RCP8.5), the areas of medium- and
low-suitability areas both increased first and then decreased but were higher than that
of the current generation; and the areas of high-suitability areas decreased first and then
increased, but were lower than that of the current generation.

Compared with the current potential distribution range of Q. spinosa, the newly added
potentially suitable areas of 2050s-RCP2.6, 2050s-RCP8.5, 2070s-RCP2.6, and 2070s-RCP8.5
were all larger than the lost areas, increasing by 60,000, 20,000, 130,000, and 80,000 km?,
respectively, accounting for 3.64%, 1.21%, 7.88%, and 4.85% of the modern area, respectively
(Table 5). In the future, the potential suitable area of Q. spinosa showed a trend for migration
to the northwest and north, and the potential suitable area in the south gradually decreased.
In the future 2050s and 2070s, the loss areas are mainly in Yunnan, Guizhou, Guangdong,
Taiwan, Jiangsu, and other provinces, and the newly added areas are mainly in Sichuan,
Gansu, and Qinling (Figure 5). Under the future low-concentration emission scenario (RCP
2.6), Yunnan is both the main increase area and the main loss area of suitable habitat. Under
the high-concentration emission scenario (RCP 8.5), more suitable habitats of Q. spinosa
were lost in Yunnan, and the loss area increased with time (Figure 5).

19



Biology 2023, 12, 366

Table 5. Spatial variations in suitable habitat for Q. spinosa in different periods.

Area (x10* km?) Rate of Change (%)
Circumstances
Gain Loss Change Gain Loss Change
2050s-RCP2.6 14 8 6 8.48 4.85 3.64
2050s-RCP8.5 9 7 2 5.45 4.24 121
2070s-RCP2.6 18 5 13 10.91 3.03 7.88
2070s-RCP8.5 14 6 8 8.48 3.64 4.85

Note: The rate of change is the percentage of the area of each period and the area of the contemporary suitable
area. The current Q. spinosa area of the potential suitable habitat is 165 x 10* km?,
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Figure 5. Spatial transformation pattern of Q. spinosa suitable area in different periods. (a) Green-
house gas emission concentration is lowest in 2041-2060; (b) greenhouse gas emission concentration
is highest in 2041-2060; (c) greenhouse gas emission concentration is lowest in 2061-2080; (d) green-
house gas emission concentration is highest in 2061-2080. The increase and loss of suitable areas are
derived and compared to current area.

Under the low-concentration emission scenario (RCP2.6), the increase in the area of
suitable areas increased from 3.64% in the 2050s to 7.88%. Under the high-concentration
emission scenario (RCP8.5), the area ratio increases from 1.21% in the 2050s to 4.45% in
the 2070s. Under the low-concentration emission scenario in the future 2070s, the area of
suitable habitats will increase the most (Table 5).
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4. Discussion
4.1. Rationality of Model

Currently, among the reported species distribution models, the MaxEnt model has bet-
ter stability and higher accuracy, and has less distortion in dealing with group temperature
and precipitation factors [43—45]. Amphibians are ectothermic animals, and the external
environment, especially temperature, precipitation, and so on, is the main restricting factor
for their growth and development [46-48]. In this paper, temperature, altitude, and precipi-
tation related to the characteristics of amphibians are selected as the main climatic factors,
and climatic extreme values are selected to make related predictions. This study uses the
ENMeval program package to optimize MaxEnt to reduce the degree of overfitting and
sampling bias, improving the prediction accuracy [49,50]. The model prediction results
shows that the AUC and TSS values of the current and future time periods (2050s and
2070s) are all greater than 0.95 and 0.80, respectively, indicating the high accuracy and
distinguishing ability of the prediction results. The results of the optimized MaxEnt model
showed that the potential suitable habitats of the vulnerable species Q. spinosa were mainly
in the provinces south of the Qinling Mountains in China, which was basically consistent
with the reported distribution range of Q. spinosa [51-54].

4.2. Main Environmental Factors Affecting the Distribution of Q. spinosa

Q. spinosa is a water-dwelling frog [55], which mainly inhabits the areas beside streams
in mountainous areas, and temperature and water sources have an important impact on
its survival [56]. Altitude is closely related to temperature changes to a certain extent.
The results of the Jackknife, AUC, PC, and PI tests indicated that the importance of pre-
cipitation in the driest month, temperature seasonality, elevation, isothermality, and the
mean temperature of the coldest quarter played a major role in affecting the distribution of
Q. spinosa. This is similar to Rana hanluica [57] and Buergeria oxycephala [8], but the pre-
cipitation factor has a lower gain on the distribution model of Buergeria oxycephala, which
may be related to the lower water dependence of its adult frog habitat. The distribution of
Odrrana hainanensis is less affected by temperature, humidity, and sunshine, which may be
related to the fact that its study area is located in the equatorial tropics [2]. While Q. spinosa
is a cold-water frog with a small suitable temperature range and a distribution area mainly
located in the subtropical region, large changes in temperature and precipitation have
a great impact on its distribution. The main factors influencing their potential distribution
varied among the five species of Scutiger [6]. The precipitation of the warmest quarter
and temperature seasonality are the main factors affecting the potential distribution of
Rana heaviness [7]. In summary, different species have different ecological requirements,
and the main environmental factors affecting their potential distribution are also different.

This study is basically consistent with the findings of Zou et al. [58]. The results show
that the most suitable habitat altitude of Q. spinosa is 79.6-635.8 m. However, Liu [55]
found that the distribution range of Q. spinosa was 150-1000 m above sea level, while Fei
et al. [59] found that it was 300-1500 m, and Liang et al. [60] found that it was 700-800 m.
The reason may be related to climate change in recent years, sample bias, and different
sampling intensities. When the altitude was lower than 79.6 m or higher than 635.8 m,
the suitability of Q. spinosa decreased dramatically. The lower elevations in the south are
mainly plains, where human dwellings congregate, and water is plentiful, but summer
temperatures are high. Higher altitudes, however, are not conducive to the survival of
Q. spinosa due to the low temperatures and low biodiversity combined with the lack of
water and food. From the 1950s to 2007, the annual precipitation in the central region of
South China decreased year by year, and the temperature showed an upward trend [61].
The changes in temperature and precipitation were related to the altitude [62—-64], which led
to the change in the habitat altitude of Q. spinosa. When the mean diurnal range is 3.5-7.7 °C
and the max temperature of the warmest month is 29.5-34.3 °C (Figure 6), it is most suitable
for the survival of Q. spinosa, which is basically consistent with the reports [16,51]. Southern
China is dominated by a subtropical monsoon climate, with rain and heat in the same
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Figure 6. Response curve of the partial environment variables. (A—-C) Respectively represent the
response curves of mean diurnal range, max temperature of warmest month and precipitation of
warmest quarter.

In this study, the human footprint refers to the pressure humans put on the environ-
ment. This factor has little effect on the distribution of Q. spinosa, which may be due to the
fact that the human capture factor is not included in this environmental data and the living
area of Q. spinosa is mainly near mountain streams.

4.3. Changes in Potential Suitable Areas

Compared with the current time period, under the two emission scenarios in the
future, the area of low-suitability areas increased more than that of high-suitability areas,
and the area of potentially suitable areas showed an overall upward trend. Under the
low-concentration emission scenario, the area of suitable habitat for Q. spinosa showed
an increasing trend, and maintaining the low-concentration emission scenario would
expand the suitable habitat distribution range of Q. spinosa; however, the high-suitability
area gradually decreased. Under the high-concentration emission scenario, the size of the
suitable area first increased and then decreased. Although the area of the high-suitability
area increased in the 2070s, it was still smaller than the current time period.

The prediction results of the optimization model showed that the distribution area
of Q. spinosa tended to expand to the north and northwest in the future, which is mainly
reflected in the increase in the potentially suitable areas in Qinling, Sichuan, Gansu, and
other provinces. During the past century of climate change in China, the eastern region
showed a decreasing trend for precipitation as a whole [65], the accumulated temperature in
the southern region showed an increasing trend, the high-accumulated-temperature region
gradually decreased from the southeast to the northwest, and the annual precipitation
in the central region of the south decreased year by year [61]. Q. spinosa is a cold-water
frog with an optimal survival temperature of 22-26 °C, and 80% of its life cycle is in water.
Mountainous areas have good water retention, with the reduction of ice and snow providing
water replenishment, which explains the expansion direction of the future suitable area for
Q. spinosa and the reduction in high-suitability areas.

4.4. Resource Conservation of Q. spinosa

Based on the goal of striving to achieve peak carbon by 2030 and carbon neutrality by
2060 (referred to as the “dual carbon” goal) [66], China’s energy structure is continuing to
transition to green energy. Although carbon emissions continued to grow for the fourth
consecutive year, with an increase of 0.6%, the carbon emission intensity decreased by 1%,
and the overall carbon emission per unit of GDP showed a downward trend and is now
only 0.7 (2018) [67]. For carbon emissions trading, relevant policies have been issued to
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standardize the operation of the carbon market [68]. From the perspective of economic and
social development status and energy structure, China’s carbon neutrality goal still faces
many challenges and uncertainties [69]; however, China is committed to improving the
ecological environment and promoting harmonious coexistence between man and nature.
China’s carbon peak by 2030 and carbon neutrality by 2060 can be expected.

Global warming, the increase in harsh climates, and man-altered mountains and rivers
have greatly affected the ecological balance of biological habitats. Q spinosa feeds on live
insects [27,70], and climate change may indirectly affect the survival and distribution of its
prey organisms, leading to the frog migrating to more suitable habitats. Comprehensive
analysis shows that the changes in environmental climate since modern times have caused
some changes in the habitat of Q. spinosa, and it tends to be in areas with an altitude of
about 600 m, small temperature differences, and excellent water sources.

The following suggestions should be helpful for the conservation of Q. spinosa re-
sources. First of all, under the “dual carbon” goal, the state should further strengthen the
coupled management of resources and establish and improve a sustainable forest resource
management mechanism, which is of great significance to further improve the natural
ecosystem. Secondly, the state should put Q. spinosa on the list of protected animals in
China, prohibiting the sale and capture of wild Q. spinosa. Thirdly, the state should fur-
ther clarify the prohibited types and prohibited areas of pesticides, or limit the amount
of use. Finally, we need to take multiple measures to protect the natural population of
Q. spinosa, such as in situ protection, ex situ protection, proliferation and release, etc.
Priority protection can only be achieved when the whole of society works together.

5. Conclusions

In this study, the MaxEnt model for Q. spinosa provided satisfactory results. The
prediction results can provide an important reference for wild Q. spinosa development and
protection. Frog diversity conservation and biogeographical research are enriched by our
results. Q. spinosa is mainly distributed around the streams in the mountains of southern
China. Climate is one of the important factors for the distribution of Q. spinosa. In the
future, maintaining a low-carbon life could alleviate climate deterioration and protect the
habitat of spiny chestnut frogs. In addition, improving mountain and wildlife protection
strategies is also important.
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Simple Summary: In this study, a biophysical model was developed to assess the ecological connec-
tivity of national marine protected areas in the Yellow and East China Seas. The results showed that
ocean dynamics, pelagic larval duration, and distribution patterns had significant effects on larval
dispersal. The existing national marine reserves in the Yellow and East China Seas did not form a
well-connected network, and nearly 30% of them were isolated. The only connections were mostly
from north to south. Four marine protected areas (all in coastal Zhejiang) emerged as key nodes for
ensuring multi-generational connectivity. Due to the selection of study species with weak to strong
potential dispersal, the results of this study can be applied to other organisms with similar life history
characteristics, and can provide scientific reference for future reserve planning in coastal China.

Abstract: Marine protected areas (MPAs) are vital for protecting biodiversity, maintaining ecosystem
integrity, and tackling future climate change. The effectiveness of MPA networks relies on connectivity,
yet connectivity assessments are often skipped in the planning process. Here we employed a multi-
species biophysical model to examine the connectivity patterns formed among the 21 national MPAs
in the Yellow and East China Seas. We simulated the potential larval dispersal of 14 oviparous
species of five classes. Larvae of non-migratory species with pelagic larval duration (PLD) were
assumed to be passive floating particles with no explicit vertical migration. A total of 217,000 particles
were released according to spawning period, living depth, and species distribution, and they were
assumed to move with currents during the PLD. Most larvae were dispersed around the MPAs
(0-60 m isobaths) and consistent with the currents. Larval export increased with PLD and current
velocity, but if PLD was too long, few larvae survived due to high daily mortality during pelagic
dispersal. The overall connectivity pattern exhibited a north-to-south dispersal trend corresponding
to coastal currents. Our results indicated that the national MPAs in the Yellow and East China Seas did
not form a well-connected network and nearly 30% of them were isolated. These MPAs formed three
distinct groups, one in the Yellow Sea ecoregion and two in the East China Sea ecoregion. Four MPAs
(all in coastal Zhejiang) emerged as key nodes for ensuring multi-generational connectivity. Under
the pressure of future climate change, high self-recruitment and low connectivity present significant
challenges for building well-connected MPA networks. We suggest adding new protected areas as
stepping stones for bioecological corridors. Focused protection of the Yellow Sea ecoregion could
have a good effect on the southern part of the population recruitment downstream. Conservation
management should be adjusted according to the life cycles and distributions of vulnerable species,
as well as seasonal changes in coastal currents. This study provides a scientific basis for improving
ecological connectivity and conservation effectiveness of MPAs in the Yellow and East China Seas.

Keywords: marine protected areas; connectivity; larval dispersal; biophysical modeling; network

1. Introduction

Marine ecosystems are the entities on which thousands of marine creatures depend
for survival and reproduction. Human activities and climate change have put increasing

Biology 2023, 12, 396. https:/ /doi.org/10.3390/biology12030396
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pressure on marine ecosystems, leading to a decrease in marine biodiversity [1]. Marine
protected areas (MPAs) are frequently established and powerful tools for conserving species.
However, global marine biodiversity has continued to deteriorate [2], indicating a great
need for more efficient MPA management. Building and improving ecological connectivity
between MPAs can effectively assist in forming a well-connected MPA network [3]. An
expanding body of empirical evidence has demonstrated the potential benefits of incor-
porating connectivity into conservation management [4,5]. Both the Aichi Biodiversity
Target 11 (https:/ /www.cbd.int/aichi-targets/target/11) (accessed on 3 August 2021) and
the 2030 action target three of the Convention on Biological Diversity have called for eco-
logical connectivity of MPAs as an essential criterion when evaluating the effectiveness of
MPAs and accomplishing biodiversity goals [6].

The overall connectivity of a protected area network is reflected by studying the
ecological connectivity of species in the protected areas, which is primarily affected by
larval dispersal [7]. Many marine organisms have a pelagic larval phase and a relatively
stationary adult phase, while the larval phase can be quite dispersive. Due to the fluidity
and continuity of the ocean, protected species will move about and disperse between
different habitats. The dispersal of larvae can greatly affect population dynamics [8].
Linkages between local populations are often maintained only through larval exchange
between habitat patches. This is a fundamental ecological process that structures marine
populations and confers ecosystems with resilience, and is thus important for planning
MPAs [9,10]. Pelagic larval duration (PLD), often known as the time larvae spend as
plankton and drift with currents, is the period between spawning and the juvenile stage
of marine life history. In general, the longer the PLD, the greater the dispersal potential
of the species, and the wider the distribution range; therefore, the larger the area to be
protected [7].

Larval labeling [11,12], otolith microchemical analysis [13-15], genetic parentage meth-
ods [4,16,17], and biophysical modeling [18,19] are popular methods for assessing ecological
connectivity in MPAs by studying larval dispersal. In the context of smaller spatiotemporal
scales, larval labels, genetic parental analysis, otolith microchemical analysis, and land-
scape analysis are efficient techniques. However, these methods require intensive sampling
and are usually expensive. Biophysical models can avoid such limitations and allow for
accurate descriptions of larval dispersal on spatial and temporal scales [7,8,20-23]. At the
beginning of MPA design, other methods are usually not applicable due to data and cost
constraints. Biophysical models are therefore the preferred method for assessing the ecolog-
ical connectivity of MPAs, especially at larger temporal and spatial scales [24]. The effects
of larval behavior and topography on larval dispersal along the coast as well as population
recruitment of the larval stages of species and connectivity between MPAs have been
demonstrated by a number of realistic numerical models of coastal oceans [10,23,25,26].
These are ecologically pivotal phases of the dispersal process, but they are all correlated to
some degree by the interactions of the characteristics of larvae (e.g., PLD) and the velocity
fields of a particular ocean region.

MPAs have been in place in China for nearly six decades. As of 2021, 273 MPAs
had been established, although the effectiveness of China’s MPAs has been impeded by
accumulated issues over the years [27]. Most existing marine reserves were designed and
managed according to limited local systems, and as such only few MPAs have involved
ecological connectivity in marine conservation [28]. The connection patterns of existing
protected areas are still unclear. Although connectivity was not considered in the initial
construction of the reserves, it is likely that these MPAs are connected due to the move-
ment of planktonic larvae under the influence of strong coastal currents. Due to the rich
biodiversity and marine resources, MPA establishment in the Yellow and East China Seas
has made significant progress. The Yellow and East China Seas initially formed a national
MPA system with marine biodiversity protection as the core goal [29]. National MPAs have
the highest protection level and represent the highest conservation value for biodiversity,
but there are few studies on the connectivity assessment among these MPAs.
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In this study, we assessed the ecological connectivity among the national MPAs of
the Yellow and East China Seas, and examined whether the existing reserves have formed
a well-connected network. By simulating potential larval dispersal patterns of species
with different life histories and distribution characteristics, we investigated the importance
of individual MPAs in strengthening ecological connectivity. This study incorporated
multi-species and ecological connectivity into MPA planning, aiming to provide a scientific
basis for improving the effectiveness of marine biodiversity conservation.

2. Materials and Methods
2.1. Study Region

Based on the consideration of comparing the connectivity between the Yellow Sea
ecoregion and the East China Sea ecoregion, this study primarily focused on the continental
shelf waters of the Yellow and East China Seas. The study area ranged from Lianyungang,
Jiangsu Province, in the north to Dongshan County, Fujian Province, in the south (Figure 1).
The study focused on 21 national MPAs (accounting for 27.3% of total national MPAs in
China) and adjacent waters (24° N-36° N), involving fourteen special marine protected
areas (SMPAs) and seven marine nature reserves (MNRs). MNR, in which extractive
activities are highly restricted, and SMPA, including marine parks, in which multiple
resource use is allowed. The ocean currents in the Yellow and East China Seas are from
coastal currents (the Yellow Sea Coastal Current, the Yangtze Diluted Water, the Zhejiang—
Fujian Coastal Current, and the Taiwan Warm Current) and the Kuroshio Current and
its branches.

SN Js-1 Haizhou Bay National Marine Park
j g JS-2 | Yancheng National Reserve for Rare Birds
"o L3 Dafeng Elk MNR
34°N7 i :,m'w [[Is-4 Xiaoyangkou National Marine Park
2.7 s Liyashan SMPA
SH-1 Chongming Dongtan Bird MNR
32°N +|SH-2 Jiuduansha Wetland MNR
ZJ-1 Shengsi National Marine Park
VAR Putuo National Marine Park
30°NA | |23 Jiushan Archipelago MNR
7J-4 Hua'ao Island National Marine Park
i & VAR Yushan Archipelago SMPA
7J-6 Yueqing Ximen Island SMPA
2N 1 i zJ-7 Yuhuan National Marine Park
: o VAR Dongtou National Marine Park
739 Nanji Archipelago MNR
26°N+ %,C‘ [|FJ-1| Fuyao Archipelago National Marine Park
FJ-2| Minjiang River Estuary Wetland MNR
FI-3 Changle National Marine Park
24°N © Central points of MPAs | [y 4 Haitan Bay National Marine Park
/ FJ-5| Meizhou Island National Marine Park
12(I)°E I2é°E 124]1°E 12(l)°E

Figure 1. Distribution of 21 national MPAs and major currents in the Yellow and East China Seas.
The blue points are the central points of MPAs. Arrowhead lines show the current directions. Dashed
arrowhead lines are the possible directions of YSCC, YDW, and ZFCC in summer [30-33]. YSCC: the
Yellow Sea Coastal Current; YDW: Yangtze Diluted Water; ZFCC: Zhejiang-Fujian Coastal Current;
TWC: Taiwan Warm Current; KC: Kuroshio Current. MNR and SMPA in right table were marine
nature reserves and special marine protected areas, respectively.
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2.2. Ocean Model Configuration

Larval dispersal between MPAs is strongly influenced by ocean currents and is also
a function of species’ life history [22]. For this reason, this study developed a biophysi-
cal modeling approach based on Regional Ocean Modeling System (ROMS) to quantify
potential larval dispersal between MPAs in the Yellow and East China Seas. ROMS is a free-
surface, terrain-following, three-dimensional nonlinear baroclinic ocean model widely used
for larval dispersal in connectivity modeling [23,34,35]. This model solves the Reynolds-
Averaged Navier-Stokes equations based on hydrostatics and Boussinesq approximation
in sigma terrain-following coordinates (S-levels) and a curvilinear orthonormal Arakawa C
grid over the vertical and horizontal axes, respectively [35]. The modeled area of this study
followed Chen (2020) [31] and was located at 117° E-135° E, 24° N-42° N, including the
Bohai Sea, the Yellow Sea, the East China Sea, the Korean Strait, part of the Sea of Japan,
and the Northwest Pacific Ocean [31]. The model grid mesh spanned 730 x 438 cells in the
horizontal direction (Figure S6) and contained 20 vertical layers. Horizontal grid density
was enhanced near the coast of mainland China. The horizontal resolution varied from
~1 km near the Yangtze Estuary to ~6 km near the east open boundary.

The bathymetric data came from two sources: (1) digital chart data with high accuracy
were used in the Yangtze Estuary, Hangzhou Bay, and Subei Shoal; (2) ETOPO1 data with a
resolution of 1/60° were used in other sea areas. Since this study focused on the continental
shelf area, the minimum depth of water was taken as 5 m. The maximum depth was
2000 m. The model northern and western boundaries were closed, and the eastern and
southern boundaries were open boundaries employing the Chapman scheme [36] and
the Flather scheme [37] for the free-surface and two-dimensional velocities, respectively.
The atmospheric forcing and boundary forcing data were acquired from the ECMWF (The
European Centre for Medium-Range Weather Forecasts) ERA-Interim reanalysis product
and the Copernicus global ocean analysis product. The tidal harmonic constants on the
open boundary were taken from the Global Tidal Database of Oregon State University
(http:/ /volkov.oce.orst.edu/tides/) (accessed on 7 March 2019) comprising 13 constituents
(M2,52,N2, K2, K1, O1, P1, Q1, M4, M54, MN4, MM, and MF). The time step for the inner
mode was 120 s, and the time step for the outer mode was 6 s. The model was continuously
integrated from the initial stationary state. The simulation time ranged from 1 January to
31 December 2016, because the particle dispersal dynamic in 2016 was close to the average
field in recent eight years (see Supplementary Materials). The verification results showed
that the model could simulate the dynamic characteristics of the currents in the Yellow and
East China Seas [31].

2.3. Lagrangian Particle Dispersion Model

A Lagrangian particle dispersion model-based ROMS was used to simulate larval
dispersal of different species. In the model, particles that moved passively with ocean
currents represented the larvae of species. These particles were released at specific locations,
times, and water depths according to their life history characteristics, regardless of active
swimming and vertical migration. To analyze the ecological connectivity of different
species in the Yellow and East China Sea national marine reserves, this study focused
on marine organisms distributed in the abovementioned areas with high conservation or
fishery value. Representative species for connectivity assessment were selected from (1) the
species assessed as critically endangered (CR), endangered (EN), or vulnerable (VU) in
the IUCN Red List of Threatened Species, and (2) the main economic species in The Atlas
of Main economic species in the East China Sea. A species could be selected if it met the
criteria of (1) living in one of the 21 MPAs in the Yellow and East China Seas, (2) belonging
to marine groups, (3) having a planktonic larval stage, and (4) having exhaustive life
history information.

The biological parameters of the model included life history, distribution information,
pelagic larval duration (PLD), living depth, and spawning window [38] that have been
demonstrated to play important roles in ecological connectivity. The data were collected
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from published articles and public databases (Table S1). To make the research more
general, study species were selected to represent other organisms with similar life history
characteristics (pelagic larval duration, living depth, and spawning season) and covering
as diverse a range of each biological parameter as possible. The process was completed
on 8 June 2022, resulting in 14 species (Table 1) in five classes (Actinopterygii, Actinozoa,
Crustacea, Holothuroidea, Cephalopoda). These species represented a range of dispersal
phenotypes (from shorter to longer dispersal distances). The PLD of the 14 species ranged
from 7 to 75 days and was set as the floats” release duration in the model. Timing of
spawning was defined as the time when spawning events happened during the entire year.

Table 1. The biological parameters of species included in the model.

Scientific Name Classification Category PLD (Days) Depth (m) Spawning Window
Nemipterus virgatus Actinopterygii Threatened 75 25 April-May
Sepiella maindroni Cephalopoda Economic 45 10 April-May
Epinephelus bruneus Actinopterygii Threatened 45 20 May-June
Larimichthys crocea Actinopterygii Threatened 33 15 April-May
Argyrosomus argentatus Actinopterygii Economic 33 50 June-August
Argyrosomus japonicus Actinopterygii Threatened 33 100 January-March
Evynnis cardinalis Actinopterygii Threatened 30 45 November-January
Apostichopus japonicus Holothuroidea Threatened 20 10 May-June
Scomberomorus niphonius Actinopterygii Economic 19 20 May-June
Portunus Trituberculatus Malacostraca Economic 17 20 April-June
Epinephelus akaara Actinopterygii Threatened 15 25 April-June
Anguilla japonica Actinopterygii Threatened 10 3 November—December
Penaeus japonicus Crustacea Economic 10 20 December—March
Acropora solitaryensis Anthozoa Threatened 7 5 April-May

Note: PLD: pelagic larval duration, Depth: experimental living depth, Spawning window: the species’ spawning
period in the Yellow and East China Seas. Species were classified into endangered and economic species according
to the number of distribution sites. The scientific names were displayed in order of PLD length.

All of these species only had one spawning window per year. The particles were
released at 12:00 a.m. in the middle day of the spawning window. The particles were
released according to the distribution of species [39]. Once a species was likely to occur in
any MPA, the central point (with a resolution of 0.0001°) of the MPA was set as the starting
point. For one species, 1000 particles were released from each starting point. Passive
particles with a constant size were released without vertical migration, ontogenetic changes,
or swimming capabilities between the depth of 5 and 100 m in terms of their habitats. The
position of particles was output every six hours. Both central points of MPAs and the
number of particles released for each species are displayed in Table 2. For example, for
Anguilla japonica that occurred in 21 MPAs, 21,000 particles were released from MPAs and
floated passively for 10 days. Although the influence of mortality on connectivity was
widely recognized [7], we had little information about the exact effects (i.e., sea temperature)
on larval mortality since the field-based data are limited. The mortality was usually set at
a fixed value in the studies of MPA connectivity [23,40]. It is known that the first stages
of larval life are characterized by a high daily mortality rate that ranges from 10% to
20% [40,41]. Thus, this study included mortality rates, and 15% of the particles of each
species were removed daily and at random to obtain effective connectivity information
during model output analysis.

Based on the data obtained from the abovementioned models, species dispersal tra-
jectories were drawn to determine whether the established MPA network could cover the
species’ corridors. The dispersal fluxes of 14 species to each protected area were calculated
to represent the accessibility of species to the protected area (taking the actual boundary of
MPAs as the range). The dispersal flux d(i) was defined as the particle abundance of each
species at 21 national MPAs. Dispersal fluxes of some species in MPA i were calculated by
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the fraction of the cumulative quantity of larvae particles entering MPA i, r(i) to the total
quantity of particles released from all k starting points.

d(i) = r(i)/ Lr(i) M

Table 2. The occurrence of study species and the number of released particles in each MPA.

MPA Area (km?) 3 g § E § § § 3 2 § S: § g )
< < 3 < 8 <
JS-1 514.55 v ¥ v ¥ Y Y ¢
JS-2 2472.6 v ¥ ¢ Y Y Y I ¢
1S3 780 v ¥ ¥ ¢ ¥ ¢ &
IS4 471 v ¢ ¥ ¥ ¥ ¢ ¢
IS5 15.46 v ¥ ¥ ¥ ¢ ¢
SH-1 24155 v ¥ ¢ ¢ ¢ ¥
SH-2 4232 v ¥ ¥ ¢ ¥ ¥
7)1 549 v ¢V ¥ ¥ ¥ Y Y ¥ Y Y Y Y &
7]-2 218.4 v ¢ Y Y Y Y Y Y Y Y Y
73 48478 v ¥ ¥ Y ¥ Y Y Y ¢ &
7J-4 44.19 v ¥ ¢ Y ¥ ¥ Y Y Y &
7J-5 57 v ¥ ¢ Y ¥ Y Y Y Y Y Y &
7J-6 30.8 v ¢ ¢ Y ¥ Y Y Y ¢ &
7J-7 306.69 v ¢ ¥ Y Y Y Y Y Y Y I
7J-8 311.04 v ¢ ¢ Y ¥ ¥ ¥ Y Y Y I &
7J-9 201.06 v v v Y Y Y Y Y Y Y Y Y ¥
FJ-1 67.83 v ¢ ¥ Y Y Y Y Y Y Y I
F-2 2.6 v ¢ ¢ Y Y ¥ ¥ Y Y Y I &
-3 24.44 v ¢ ¢ Y ¥ ¥ Y Y Y Y I
FJ-4 349 v ¢ ¥ Y Y Y Y Y Y Y Y Y S
FJ-5 69.11 4 v ¢ ¢ Y ¥ ¥ Y Y Y Y I
Distribution points 2 5 11 11 14 14 15 19 21 21 21 21 21 21

Number of Released particles 2000 5000 11,000 11,000 14,000 14,000 15,000 19,000 21,000 21,000 21,000 21,000 21,000 21,000

However, higher larval abundance in one national MPA could only indicate that the
accessibility of the area for that species was better, and this would not explain population
recruitment of species and connection probability c(ij) between MPAs. Therefore, further
analysis of self-recruitment rate selfr(i) and subsidy recruitment rate subr(i,j) of the pro-
tected area needed to be included. Here, each protected area was regarded as a node in the
network. The connection probability was the proportion of larvae departing from MPA i
that arrived in MPA j [42]. The self-recruitment rate was defined as the proportion of larvae
that originated from a MPA and reached the same MPA. The subsidy recruitment rate of a
single MPA was the proportion of larval replenishment coming from other MPAs summed
over all MPAs and species [8]. The connectivity probability revealed the relative contri-
bution of every MPA to surrounding protected areas in terms of recruitment, i.e., sources
and sinks of the population recruitment. Protected areas with high source intensity could
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promote biodiversity conservation of both protected species and economically important
species, and thus they were crucial for the entire MPA network [43].

selfr(i) = c(i, i)/ Zc(i,]') ()
]

subr(i, ) = Y_e(i,j)/ el ] ®

J#i i
Patterns of larval abundance at the end of the pelagic larval duration demonstrated
the potential larval dispersal. Since MPAs’ size, location, time since establishment, fishing
restrictions, and regulation enforcement are important factors affecting larval dispersal [44,45],
larval export was likely to vary among MPAs. Because of the lack of data, this study only
involved MPA size, and the MPAs in the pattern were drawn with weights in terms of their sizes.
Graph theory was used to quantify each national MPA’s ecological connectivity within
the network [8,43]. Graph theory is widely used to measure and visualize connectivity
patterns between reserves in a lot of related research [7,8,20,21,23]. Nodes and edges of
the graph were defined by MPAs and larval trajectories, respectively [46]. Two network
node importance metrics were illustrated: (1) Degree centrality of node i was the number of
nodes connected to node i. The assumption was that the crucial MPAs were those that had
many connections. The more connections an MPA had, the stronger its influence. Since the
connection between two protected areas was directional, we used indegree and outdegree
of graph theory to quantitatively analyze the role of each MPA in larval recruitment. They
referred to the set of MPAs connected immediately upstream (Indegree of nodes) and
downstream (Outdegree of nodes). (2) Betweenness centrality of node i was the sum of all
the shortest paths connecting nodes x and y across node 7, according to Andrello et al. [8]

and Treml et al. [43]: '
be(i)= ¥ Oy (i) )

xtyti Iy
where Txy is the total number of shortest paths between node x and node y, and Txy (i)
is the number of those passing across the node i. When incorporating connectivity into
the design of an MPA network, analysis of the effect that every MPA plays in promoting
connectivity has been demonstrated to be significant [47]. As an MPA is connected with
other MPAs in a multi-step way, each act as an essential node to transfer genes and
individuals between MPAs that are not directly connected. The roles of such central
MPAs were identified by betweenness centrality [48]. As a result, betweenness centrality
demonstrates the significance of each node in acting as a corridor for propagating larvae
across the network [46,48] and is related to the landscape ecology concept of “stepping
stones” [42]. Degree centrality and betweenness centrality are therefore two complementary
node-level metrics that quantify the connectivity of single MPAs in relation to their closest
neighbors (degree centrality) or to all nodes within the network (betweenness centrality) [8].
The network connectivity variables were obtained by the equal-proportion addition of
threatened species and economically important species. All metrics were calculated by the

igraph package in R [49].

3. Results
3.1. Larval Dispersal

The entire flow field simulated by the model (Figure 2) was consistent with the results
of previous studies [30,31]. The velocity of most of the study areas was 0.1-0.2 m/s. The
dominant current of the Yellow Sea ecoregion (i.e., YSCC) was much weaker than that of
the East China Sea ecoregion. Outside the mouth of the Yangtze River, the YDW generally
flows to the northeast during the southerly winds in Seasons 2 and 3. In Season 1, the runoff
of the Yangtze River decreases greatly, and under the northerly winds the YDW flows
southward along the coast. ZFCC was dominant along the coast of Zhejiang and Fujian
provinces in the East China Sea ecoregion. Because this flow was located close to the MPAs,
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it may be the ocean current that has the greatest impact on population connectivity between
protected areas in the study region. The upstream area of ZFCC (near the Yangtze River and
the Hangzhou Bay) had the highest velocity, especially during Season 4 (October-February)
due to the stable and strong northeast winds. The TWC is the current occurring on the east
side of the East China Sea coastal current and south of the Yangtze Estuary. This current
flowed to the northeast along the coast of Fujian and Zhejiang almost all year round, except
in Season 4 when the surface layer was easily affected by the northerly monsoon and the
flow direction turned southward.

Most of the particles were scattered within the 40 m isobath and radiated outward from
the released points. As a result of a combination of biological characteristics, ocean currents
and habitat distribution, the potential dispersal path of different species varied widely
(Figures S1-54). Similar to previous studies, for most species, the longer the planktonic
larval stage, the wider the larval dispersal range, and the higher the degree of connectivity
between protected areas [21]. However, when the PLD was too long, for example, in
Nemipterus virgatus with the longest PLD (75 days), due to high daily mortality during
the floating period the survival rate of larvae decreased rapidly, and thus the ecological
connectivity of this specie was limited in the study area (Figure S1).
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Figure 2. Modeling quarterly mean velocity and direction of ocean currents in Yellow and East China
Seas: (a) January-March, (b) April-June, (c) July-September, and (d) October-December. The length
of the line indicates the average velocity, and the arrows indicate the current direction.
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Ocean current directions and the continental shelf appeared to account for the spatial
patterns of larval dispersal (Figure 3). Larvae could accumulate even though they floated
far from their original location (the Yangtze River estuary), where the continental shelf
was large (40-60 m isobath). The directions of ocean currents dominated larval transport.
Currents were likely to carry larvae for long distances to areas unsuitable for settlement.
Because the velocity of surface water was greater than in deeper layers, species living in
shallow water were more likely to reach distant MPAs. Although the larval concentration
of different species differed widely in the pelagic part, similar aggregation phenomena
existed in the nearshore reserve. The floating trajectory of the particles extended as far as
the 60 m isobath sea area, and the diffusion path was highly consistent with the direction
and intensity of ocean currents in four seasons.
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Figure 3. Total larval abundance at the end of pelagic larval duration. The color indicates the density
particles. Particles of all 14 species were superimposed and were given the same weight.

Since the national MPAs were usually close to the coast, larval dispersal was primarily
affected by coastal currents and the Kuroshio branches. Under the influence of the Yellow
Sea Coastal Current and the Taiwan Warm Current as well as the Kuroshio current branches,
the particles from the north and south gathered together in the Yangtze River estuary with
high abundance. The current velocity near the Yangtze River was relatively high. Because
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Nemipterus virgatus
Sepiella maindroni
Larimichthys crocea
Epinephelus bruneus
Argyrosomus argentatus
Evynnis cardinalis
Apostichopus japonicus
Scomberomorus niphonius
Portunus Trituberculatus

Acropora solitaryensis

Epinephelus akaara

Penaeus japonicus
Argyrosomus japonicus

Anguilla japonica

of the Yangtze-diluted water, particles had a clear trajectory from west to east and moved
northward from winter to summer. Due to the variation in the direction and velocity
of currents in the four seasons, the dispersion patterns of particles released in different
spawning seasons showed significant differences. Spawning from October to December
may be conducive to larval diffusion and enhanced species communication. Larval export
distance increased between Season 1 and Season 2 owing to the strengthening of coastal
current velocity (from south to north). Because of the fast flow at the Yangtze River estuary
from April to June, even though the PLD of Anguilla japonica was short, there was still
pronounced particle aggregation near the ocean currents.

The number of distribution points affected larval dispersal in this study. Due to the
wide distribution of economically important species, their dispersal fluxes in 21 MPAs were
larger than those of endangered species, especially Penaeus japonicus and Anguilla japonica
(Figure 4). Conversely, since Acropora solitaryensis only occurred at two MPAs according
to the assessment of suitable habitats (Table 2), the distribution characteristic resulted in
high concentration in a single area. High larval abundance was found in JS-2, JS-5, Z]-3,
ZJ-9, FJ-3, and FJ-5, indicating that the MPAs mentioned above were focal reserves with
higher species diversity. Despite the distribution points, species with short PLD had higher
abundance in the MPAs (e.g., Acropora solitaryensis, Epinephelus akaara, Penaeus japonicus,
and Anguilla japonica). When the PLD was > 45 days (the top three rows in Figure 4), larvae
followed the currents for longer periods of time, floating far beyond the MPA boundary
limits relative to their size, which reduced the proportions remaining in protected areas.
However, the high abundance of particles in a protected area could only indicate that the
MPA was highly accessible for certain species, and this could not explain the population re-
cruitment of species and connection among 21 MPAs in the network. Therefore, recruitment
rate calculation and directed network analysis were required.
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Figure 4. Dispersal fluxes of 14 species in each MPA. The species are arranged from top to bottom

according to the length of PLD.

3.2. MPA Ecological Connectivity Analysis

Under comprehensive consideration of different types of representative species in the
Yellow and East China Seas, the established MPAs did not form a connected protected
area network. The self-recruitment fraction of all protected areas was far higher than
the subsidized recruitment fraction and was highly variable among MPAs (Figure S5).
Self-recruitment fractions were distributed serially in the range of 0 and 1 (median 0.029,
interquartile range 0.0415). Six MPAs relied totally on self-recruitment (JS-1, JS-4, JS-5,
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36°N

SH-1, SH-2, FJ-5), while seven MPAs had zero self-recruitment (JS-3, ZJ-1, Z]-2, Z]J-4, Z]-7,
Z]J-8, FJ-4). Total self-recruitment indicated that the majority of larvae tended to stay in
the original reserves rather than migrate to adjacent protected areas that showed zero
self-recruitment. MPAs Z]-1, Z]-2, and Z]-8 relied only on subsidized recruitment. As a
consequence, the ecological connectivity of MPAs in the Yellow and East China Seas was
very low. MPA FJ-5 had the highest self-recruitment fraction (0.08). The highest subsidized
recruitment fraction was from MPA ZJ-8 to Z]J-9 (0.02). The high dispersal fluxes shown
in Figure 4 of MPA ]S-5, Z]-3, FJ-3, and FJ-5 were due to the larvae distributed in these
MPAs not leaving the MPAs or returning to the original MPAs, resulting in high rates of
self-recruitment.

Consistent with the results in Figure S5, the subsidized recruitment fraction between
connected MPAs (Figure 5) was always very low, mostly in the range of 0.0001-0.001
(median 0.00019, interquartile range 0.00077). Among the Yellow Sea ecoregion, JS-3
contributed high larval supplementation to JS-2, where the connection direction was from
south to north. No connection was observed between other protected areas in the region.
The population replenishment between MPAs located at the coast of Zhejiang in the
East China Sea ecoregion was clearly better than those of other provinces. Most larvae
were exported from northern protected areas to southern protected areas, and only four
connections were from south to north. Among the latter, MPA Z]J-2 to Z]-6 and ZJ-8 to ZJ-3
and ZJ-9 had the highest recruitment. As to Fujian province in the south of the East China
Sea ecoregion, MPA FJ-4 had larvae supplemented to FJ-2 and FJ-3 movement from south
to north.
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Figure 5. Schematic diagram of connections between MPAs and the network node importance
metrics. Circle sizes indicate the relative sizes of protected areas. The directions of the arrows
represent the direction of species particle dispersal. Dashed lines indicate from south to north, and
solid lines indicate from north to south. Thickness of the lines represents the subsidized recruitment
rate between MPAs. The network node importance metrics are shown in (a) Betweenness centrality,
(b) Indegree centrality, (c) Outdegree centrality, and (d) Degree centrality.

The degree of centrality (indegree and outdegree) and betweenness centrality varied
greatly across MPAs (Figure 5), indicating the importance of individual MPAs. The degree
pattern clearly showed that MPAs along Zhejiang province had a higher degree (Figure 5d)
and betweenness centrality (Figure 5a) among the 21 MPAs, probably due to their central
positions where the estuary of the Yangtze River met the coastal currents. MPA Z]J-2,
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Z]J-3, and ZJ-5 had the highest degree (which was four), making the most connections to
other protected areas. Having the highest outdegree (which was three), MPA Z]-2 was an
important source for the surrounding reserves (Figure 5c). Meanwhile, the degree of MPA
ZJ-5 was the same as the indegree (Figure 5d), i.e., its connections were all due to larval
supplementation from other protected areas. In particular, due to the frequent southward
connections, MPA Z]J-2 and ZJ-3 possessed high betweenness centrality. These MPAs thus
were inferred as key nodes to ensure the connectivity between the Yellow Sea and East
China Sea ecoregions. The highest betweenness centrality occurred in MPA Z]J-3 (which
was ten), showing that it was the most critical MPA in the entire network.

To summarize, MPAs in the Yellow and East China Seas did not form a systematic
protection network, as the connections between MPAs were always one-way only. There
were three MPA clusters located in Jiangsu, Shanghai, and Zhejiang, and Fujian coastal
areas. Jiangsu and Fujian MPA clusters only involved 2-3 MPAs, and all of the connections
were from south to north. The ecological connectivity was very low, and MPAs were
relatively isolated. The Shanghai and Zhejiang (SZ) MPA cluster covered at least nine
MPAs that had larval export or recruitment with other MPAs (Figure 5a). Moreover, the
MPAs of this cluster had the highest degree of centrality among all of the studied MPAs,
and five MPAs of the cluster were demonstrated to be crucial “stepping stones” (high
betweenness centrality), and thus ecological connectivity was highly strengthened by
frequent multidirectional connections. In addition, MPA Z]J-9 seemed to be the “hub” of
the Fujian MPA cluster and the SZ MPA cluster, as it was the closest geographically to
MPA FJ-1.

4. Discussion

MPAs are widely identified as useful tools in biodiversity conservation and sustainable
fisheries research, while their effectiveness relies on species larval export and ecological
connectivity between MPAs [4,5,26]. Taking representative species with fishery and con-
servation value as a case study, this paper has revealed that (1) the connectivity between
national MPAs in the Yellow and East China Seas was very low, and the system did not
form a connected network; (2) larval dispersal and connectivity were primarily affected by
coastal currents, PLD, and species occurrence; (3) individual MPAs can be crucial sources or
sinks of populations (high recruitment) and can be essential in maintaining the connectivity
of entire system (high degree and betweenness centrality).

4.1. Model Strengths and Limitations

Early studies on MPAs employed markers and sampling methods [12,14]. More
recently, genetic analysis and microchemical methods have been significant developments
and extended to deduce patterns of ecological connectivity and larval dispersal [15,16,26].
These methods incur high costs and involve high-intensity sampling and experiments for
analysis, and thus they can barely be used on wider spatial and time scales. In this context,
the advantages of biophysical modeling are highlighted due to their low cost, no sampling
requirement, and applicability to broad spatial and temporal scales with the support of
sufficient biological and hydrodynamic data. This study is the first evaluation of ecological
connectivity among several MPAs at the scale of entire seas in China.

Although there is a trend toward increasing the number and coverage of China’s MPAs,
biodiversity conservation is not working well [2]. One of the most mentioned problems
is the decentralization due to the lack of systematic planning and design that demands a
connectivity assessment of the whole system and the establishment of an effective MPA
network in China [28]. Sustainable population recruitment determined by larval dispersal
is more important for conservation diversity than MPA size and shape [20]. The model
presented in this paper can be taken as one of the first steps in attempting to achieve this
task by biophysical modeling.

Nonetheless, this study has four main limitations. First, although the horizontal grid
size of ROMS was narrowed near the coast (the resolution near the Yangtze River estuary is
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precise to 1 km), larval export and connectivity can be affected by ocean processes at much
smaller scales [50]. Models with a higher resolution can better simulate the demographics
of larval dispersal [51].

Second, the larval export was predicted under the hypothesis that larvae were passive
particles without growth or voluntary movement and behavior, while vertical migration,
active movement, and interaction with resident species can change the patterns of larval
dispersal [21,22]. The passive floating that only relied on currents may underestimate the
probability of recruitment [38]. Future models that fully considered the abovementioned
biological factors would be conducive to biological process research [52].

Third, due to the lack of latest data, the life cycle information of studied species was
mostly from the literature and research from past decades (Table S1). The biological data
from recent years will be beneficial for the prediction results that would be closer to the
actual larval export [7]. In addition, this study simulated the larval dispersal over one
year. Considering the impact of climate change and other environmental variables on
biological behaviors and hydrodynamic modes over decades, it is possible that there may
be significant differences in the connectivity patterns from year to year [53].

Finally, species can also spawn and reproduce in unprotected areas or in other MPAs
with lower conservation levels. The individuals from these spawning and nursery grounds
can also recruit the national MPAs involved in this study and strengthen the larval abun-
dance. From this perspective, the connectivity may be underestimated. Moreover, subsi-
dized recruitment depends on the productivity gap between protected areas and fished
areas [23]. Potential larval supply from outside the MPAs is unknown due to the lack of
productivity data both within and outside the MPAs. Thus, predicting whether the number
of larvae exported is adequate to lead to recruitment supply remains challenging.

In consideration of these restrictions, the present results should be taken with caution.
A model with a higher resolution, a better understanding of larval biology, and finer data
for productivity, biomass, and intensity of fishery could optimize the analyses and results in
this work [51]. This study conducted larval dispersal simulations on species with different
dispersal strategies and analyzed the effects of ocean currents, pelagic larval duration, living
depth, and spawning month on larval dispersal, taking into account survival rates. Instead
of assuming that all species occur in each MPA, simulation for larvae was carried out based
on previous suitable habitat studies on related species, with the goal to approximate actual
larval dispersal. In spite of all these restrictions, the results remained conservative, as this
work considered an optimistic scenario when assessing connectivity. That is, fisheries were
effectively confined in all MPAs in the Yellow and East China Seas, and the moderate larval
pelagic mortality was taken in the analyses.

4.2. Ecological Connectivity between the MPAs

The main result of this study is that the Yellow and East China Sea MPAs did not
form a well-connected network, as there was very low ecological connectivity. Larvae
spread to a limited number of adjacent MPAs, and most did not settle in the protected
areas. The number of connections generated by 14 species between 21 MPAs was only
33 (degree). In addition, 88% of connections were from northern to southern MPAs, and
MPAs in Jiangsu and Fujian only had northerly larval export. Six MPAs were totally
isolated, and 70% of the MPAs had connections, while most of these were unidirectional,
highlighting the weak connectivity. Moreover, the connectivity in the East China Sea was
much better than in the Yellow Sea ecoregion. The notable finding was that Zhejiang
MPAs had a relatively tight cluster involving important sinks and sources (indegree and
outdegree) compared with the coasts of other provinces. Apart from the small number
of connections between MPAs, the connection probabilities were always low. The low
connection probability (<0.001) indicated that the population migration caused by larval
dispersal was insufficient to influence demography [53] but may be sufficient for genetic
differentiation and evolution [8]. In this work, only 30% of the connection probabilities
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between MPAs in the Yellow and East China Seas were above this value, meaning that
these connections can be considered demographically relevant.

Most connections between MPAs were consistent with the direction of major coastal
currents in the Yellow and East China Seas. In spite of this, because the distribution data in
this study were derived from the results of suitable habitat model simulation, the conse-
quences of larval dispersal and recruitment were supposed to be interpreted as potential
settlement availability. Since the three major coastal currents (YSCC, YDW, ZFCC) possibly
change their directions during different seasons, the larval export of species with distinct
spawning times showed various patterns, especially in winter and summer. The MPAs
along the coasts of Zhejiang and Fujian provinces showed frequent bidirectional connec-
tions, although the southern direction connections dominated (Figure 5). We attributed this
to the fact that most of the studied species spawn from December to June, which are critical
period for marine fish breeding in the Yellow and East China Seas. The dominant coastal
current, ZFCC, is strong and southward in spring and winter but weak and northward in
summer and autumn. During the spawning time, southerly currents are strong. As a result,
most larvae flowed from the northern MPAs to the southern MPAs. Less directional con-
nectivity from southern to northern MPAs was observed in Jiangsu and Fujian provinces.
It seems the connections were determined by summer coastal currents that were probably
due to the greater distribution of species spawning in Season 2 in the MPAs.

MPAs located upstream of the coastal currents (Z]-3, ZJ-4, Z]-5) are important larval
sources for downstream reserves. Because these currents span long distances, after having
received larvae from upstream MPAs, these MPAs could act as sources of larvae for the
southern protected areas, ensuring sufficient connectivity in this zone. Larval abundance
was generally high in the waters around the Yangtze Estuary that is likely to be an area
with rich biodiversity due to the transport of sediments and nutrients by the currents [31].
This result highlights the need for the incorporation of these areas in the current MPA
zonation to improve the MPA effectiveness. ZJ-9 could act as a bridge between the Zhejiang
and Fujian coasts thanks to relatively high MPA density and the opposite flow of ZFCC in
summer and winter, leading to a Zhejiang MPA cluster. Compared with Zhejiang MPAs,
the low MPAs density of the other three provinces indicates that connectivity may depend
on the number and spatial arrangement of MPAs. In other areas of the globe where MPAs
are fewer, connectivity will be likely lower than in the East China Sea.

Populations of almost 50% of the MPAs were only replenished by locally bred larvae,
and there was no supply from other MPAs. Previous studies have also found low con-
nectivity and high self-recruitment using biophysical models for other seas [7,38]. Low
connectivity and high self-recruitment may lead to detrimental results in the adjustment of
nearby populations. A population that depends on self-recruitment can be demograph-
ically stable. However, even if new recruits are adequate, the lack of larval supply from
other populations can result in inbreeding depression, increasing the risk of population
extinction [54]. Moreover, since isolated populations cannot send new adaptive alleles
to other populations, weak connectivity may decrease the probability of the population
adapting to global climate change [55].

4.3. Future Planning of the MPA Network

China is currently implementing a strategy of “eco-civilization,” with MPAs expected
to be one approach to achieving sustainable marine ecosystems [56]. More protected
areas will be established along coastal China and some isolated nodes are likely to be
integrated, which is very promising to form networks of MPAs. MNRs are designed to
avoid disturbances by prohibiting human activities strictly, whereas SMPAs allow multiple
use of marine resources with limited extractive activities [28]. Ideally, MNRs are preferred
to maximize the connectivity, but SMPAs are more operational when considering social
and economic development.

Larval dispersal to surrounding areas hinges on MPA areas and spacing between
MPAs [57]. Expanding the area of these reserves and setting them closer together would
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be beneficial in enhancing the ecological connectivity of the southern Yellow and East
China Seas. MPA Z]J-2, Z]J-3, and ZJ-5 played crucial roles as sources or sinks of recruits
for surrounding MPAs as well as were key gateways in sustaining the connectivity of
the entire network (Figure 5). Taking them as the focus of MPA designation can have
spillover effects on the surrounding reserves that may effectively strengthen ecological
connectivity and improve the effectiveness of marine biodiversity protection in the entire
area. In addition, high self-recruitment MPAs should be given priority protection, for
example, MPA JS-2, JS-5, FJ-3, and FJ-5. Increasing their protection level with stricter fishing
bans can be effective to the conservation of biodiversity. Additional protected areas should
be placed in areas identified as being crucial for genetic diversity conservation, paving
stepping stones between existing MPAs and enhancing connectivity [25,58].

The need for customized and differentiated conservation strategies for different pro-
tected species should be emphasized [59]. The potential ecological corridors of 14 general
species types that this study considered are the reference sites from which new protected
areas can be established (Figures S1-54). For species with weak dispersal potential, strong
sessile ability, and scattered distributions such as Acropora solitaryensis and Apostichopus
japonicus, relatively small protected areas that cover the habitats they need would be rea-
sonable under the condition of saving conservation costs. Vulnerable species such as corals,
which are confined to a single protected area, usually live in the same area for their entire
life, and thus enhanced habitat protection and management in the original area can be
best. For species with strong dispersal potential and wide distributions such as Epinephelus
akaara, Anguilla japonica, and Larimichthys crocea, these circulate in multiple MPAs during
the planktonic larval stage, and thus it may be necessary to establish a large network of
protected areas to form an ecological corridor.

The population replenishment was generally from the northern protected areas to the
southern protected areas. Thus, new protected areas could be built at the ecological corri-
dors along the Yellow Sea ecoregion (Jiangsu coast) first. Focused protection of the northern
seas could lead to multi-step connections with protected areas in the south, promoting
population connectivity and gene exchange between the north and the south. Moreover,
the currents in the Yellow and East China Seas have strong seasonal differences, carrying
larvae in different directions. Therefore, more protected areas should be established along
the gateways according to the seasonal variation of connectivity and management plans
need to be adjusted in different seasons to balance development and conservation. It has
been reported that the Yellow and East China Seas have experienced warming at twice the
global average since 2011 [60]. Local populations in the northern parts of the Yellow and
East China Seas have possibly not adapted to the warmer water. The lack of population
recruitment from south, warm-adapted populations can weaken the species sustainability
in the north of Yellow and East China Seas. In climate change scenarios, genetic thermal
stress resistance is likely to be the basis for species to adapt to ocean warming. These
populations with higher resistance should be established in areas that can support more
vulnerable communities [55]. Therefore, it is essential to research the effects of ocean
warming and variation in current velocity and direction on larval floating and survival in
future studies [61].

Increasing numbers of studies have begun to use multiple methods [62,63]. This paper
revealed weak connections between the MPAs in the Yellow and East China Seas using
oceanographic dynamics and biological information, while approaches that capitalize on
the complementary strengths of genetic parentage datasets and biophysical models can
produce accurate larval dispersal patterns at regional scales [64]. Connectivity among MPAs
in the Yellow and East China Seas has hardly been the object of genetics studies. Thus, it
is necessary that future research identifies the hereditary stability of species protected in
MPAs to explain the geographic distribution of adaptive genetic variation.
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5. Conclusions

We used a biophysical model to simulate larval dispersal in national reserves in the
Yellow and East China Seas to assess connectivity between MPAs. Evaluating the larval
recruitment of study region and larval supply outside MPAs is challenging due to the lack
of information of larval biology, and the productivity and intensity of fishing in MPAs.
Our study revealed a high self-recruitment rate and weak connectivity of the present
MPAs system in the Yellow and East China Seas, demonstrating potentially deleterious
consequences for conservation effectiveness and population persistence. The connectivity
patterns are likely to be the results of ocean currents, species occurrence, and life cycle.
The future MPA design needs to establish a functioning network with better connectivity
within and between MPAs with the consideration of essential factors above, global climate
change as well as economic and social costs. Further studies are needed to combine
different methods to explore larval connectivity changes and their effects on the population
recruitment within and outside MPAs.
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Simple Summary: The Chinese soft-shelled turtle (Pelodiscus sinensis) is an economically important
aquatic reptile species with rich nutrition and medicinal value. However, the wild resources of
P. sinensis have been depleting due to natural and artificial factors in recent decades. Herein, we
report the complete mitochondrial genomes of four P. sinensis strains and analyzed the nucleotide
composition and variable site for the four mitogenomes. Using Ka/Ks and sliding window analyses,
we explored the genetic diversity and selection pressures of different mitochondrial genes in the
four P. sinensis strains. Through comparative analysis, the present study described the structural
variation of 22 tRNAs, replication origin region of the L-strand, and control region, indicating the
genetic variations among the four P. sinensis strains. Furthermore, the evolutionary relationship of
P. sinensis strains and other Trionychidae species was determined by phylogenetic analysis. Taken
together, our findings provide genetic information and an essential basis for understanding the
genetic variations and evolutionary relationship of P. sinensis strains, which will play an important
role in bioprospecting and conservation of P. sinensis.

Abstract: The Chinese soft-shelled turtle (Pelodiscus sinensis) is an important aquaculture reptile
with rich nutritional and medicinal values. In recent decades, the wild resources of P. sinensis have
been depleting due to natural and artificial factors. Herein, we report the complete mitochondrial
genome of four P. sinensis strains, including the Japanese (RB) strain, Qingxi Huabie (HB) strain,
Jiangxi (JB) strain, and Qingxi Wubie (WB) strain. The nucleotide composition within the complete
mitogenomes was biased towards A + T with a variable frequency ranging from 59.28% (cox3)
to 70.31% (atp8). The mitogenomes of all four strains contained 13 protein-coding genes (PCGs),
22 tRNAs, 2 rRNAs, 1 control region, and a replication origin region of the L-strand replication (OL),
which was consistent with most vertebrates. Additionally, the atp8, nad4l, nad6, and nad3 genes
possessed high genetic variation and can be used as potential markers for the identification of these
P. sinensis strains. Additionally, all PCGs genes were evolving primarily under purifying selection.
Through comparative analysis, it was revealed that most of the tRNAs were structurally different in
the T C stem, DHU stem, and acceptor stem. The length of the tandem repeats in the control region
was variable in the four P. sinensis strains, ranging from 2bp to 50 bp. Phylogenetic analysis indicated
that all P. sinensis strains clustered into one branch and were closely related to other Trionychinae
species. Overall, this study provides mitochondrial genome information for different P. sinensis
strains to support further species identification and germplasm resource conservation.

Keywords: Pelodiscus sinensis; mitochondrial genome; structural variation; control region;

phylogenetic relationship

1. Introduction

The Chinese soft-shelled turtle (Pelodiscus sinensis) belongs to the genus Pelodiscus
of the family Trionychidae, and it is recognized as an important economic species with

Biology 2023, 12, 406. https:/ /doi.org/10.3390/biology12030406
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nutritional value and medicinal value [1-3]. P. sinensis is widely distributed in East Asia,
including China, Korea, Japan, and Vietnam [4,5]. According to the geographical dis-
tribution, P. sinensis can be divided into different strains, including the Japanese strain,
Yellow River strain, Huaihe River strain, Poyang Lake strain, Taihu Lake strain, Southwest
strain, Taiwan strain, etc. [6]. In recent years, two new strains of P. sinensis (Qingxi Huabie
and Wubie strains) have been identified, which originated from Taihu Lake basin and are
unique local strains in Zhejiang Province [7]. Different P. sinensis strains have their own
traits, such as fast growth rate for the Japanese strain and light-yellow body color for the
Yellow River strain [6]. With the continuous improvement in life quality, the consumption
demand for P. sinensis has also been increasing. The state of world fisheries and aquacul-
ture in 2022 reported that the annual output of P. sinensis was 334.3 thousand tons in 2020,
accounting for 31.5% of aquatic animals (except finfish, crustaceans, and mollusks) [8].
In the past decades, the scale of artificial breeding of P. sinensis has been expanding, and
many breeding individuals in non-original wild habitats have escaped to natural waters,
causing serious damage to wild germplasm resources [9]. Meanwhile, due to over-fishing
and the destruction of the natural environment, the wild P. sinensis population has de-
creased sharply and almost dried up [10,11]. The P. sinensis has been listed in the United
Nations Red Book on Endangered Species (http://www.iucnredlist.org/details /39620/0)
(accessed on 20 October 2022). Until now, the classification of different P. sinensis strains has
mainly depended on morphological traits, and only a few studies have involved molecular
systematics, which plays a crucial role in germplasm resource conservation of P. sinensis.

To date, many methods have been developed for species classification and phylo-
genetic research based on DNA sequencing [12-14]. Among them, mitochondrial DNA
(mtDNA) is widely used for its unique advantages; it is rarely affected by gene recom-
bination, it strictly has maternal inheritance in vertebrates, and it has a high mutation
rate [15-17]. The rapid evolution of mtDNA implies that many sequence variations can be
identified among closely related species, which is an effective tool for species identifica-
tion [18]. For most vertebrates, the mitochondrial genome contains thirteen protein-coding
genes (seven subunits of complex I, one subunit of complex III, three subunits of complex
IV, and two subunits of complex V); two rRNAs (125 rRNA and 16S rRNA); one control
region (D-loop); and twenty-two tRNAs [19,20]. At present, many studies have reported
the phylogenetic relationship and species identification of Trionychidae species by mtDNA
analysis. For instance, Zhang et al. reported that Trionyx sinensis had a close relationship
with P. axenaria as determined by the mitochondrial cytb gene [21]. Liang et al. amplified
the mitochondrial coxI gene and found that the Huaihe River strain of P. sinensis was more
closely related to the Yellow River strain than the Japanese strain [22]. Using the mito-
chondrial D-loop, Li et al. demonstrated that the Tai Lake population and Hongze Lake
population of P. sinensis had a close genetic relationship [23]. Chen et al. used the mitochon-
drial 12S rRNA to identify P. axenaria as a new species [24]. Zhang et al. sequenced and
analyzed the partial sequences of nad4, cox1, nad5, and nad6 genes and further confirmed
the identification of P. sinensis strains [6]. However, most studies only involved some
gene fragments of the mitochondrial genome. Increasing evidence has revealed that the
complete mitochondrial genome could provide accurate insight into genetic differentiation
and species identification [25,26].

In the present study, we amplified and analyzed the complete mitochondrial genome
of four P. sinensis strains, including the Japanese strain, Jiangxi strain, Qingxi Huabie strain,
and Qingxi Wubie strain. To investigate the mitochondrial genome features and genetic vari-
ations of the four P. sinensis strains, the present study was designed as follows: (1) compare
and analyze the length, nucleotide composition, and variable sites of the four mitogenomes;
(2) explore the genetic diversity and selection pressures of different mitochondrial genes
in the four P. sinensis strains; (3) illustrate the structural variation of 22 tRNAs, the origin
of L-strand replication, and the control region among the four P. sinensis strains; (4) de-
termine the phylogenetic relationship of P. sinensis strains and other Trionychidae species.
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These results offer abundant genetic information for the four P. sinensis strains and will be
conducive to the conservation and utilization of germplasm resources of P. sinensis.

2. Materials and Methods
2.1. Sample Information

In this study, healthy P. sinensis samples with about 150 g weight, including the
Japanese (RB) strain, Jiangxi (JB) strain, Qingxi Wubie (WB) strain, and Qingxi Huabie (HB)
strain, were collected from a breeding base of Zhejiang province. The liver tissue of these
strains was collected and stored at —80 °C. The study was approved by the Institutional
Animal Care and Use Committee (IACUC) of the Zhejiang Institute of Freshwater Fisheries.

2.2. DNA Extraction, Sequencing, and Assembly

Genomic DNA was extracted using a genomic DNA extraction kit (Tiangen, Beijing,
China). The quantity and quality of DNA was detected by NanoDrop 2000 (Thermo Fisher
Scientific, Waltham, MA, USA) and agarose gel electrophoresis. According to the published
mitochondrial genome sequence of P. sinensis in GenBank (https://www.ncbi.nlm.nih.
gov/nuccore/AY687385.1) (accessed on 12 June 2022), the primers used to amplify the
complete mitochondrial genome of these strains were designed by Primer premier 5.0
software (Table 1) [27]. The amplification reactions were performed in a total volume of
50 uL, including 19 pL of ddH;O, 25 puL of 2 x Taq Master Mix (Takara, Shiga, Japan), 2 uL
of each primer (10 puM/L), and 2 pL of genomic DNA (120 ng/pL). The PCR cycle was
an initial denaturation at 95 °C for 3 min; 35 cycles of 95 °C for 30 s, 58 °C for 30 s, and
72 °C for 1 min/Kb (1 min per Kb amplification length); and a final extension at 72 °C for
5 min. PCR amplification products were detected by agarose gel electrophoresis. After
purification, the PCR product was sequenced by Sanger sequencing in Tsingke Biological
Technology (Beijing, China). The regions containing prominent repeats were amplified
into different fragments and then sequenced using the primer walking method. Cluster X
2.0 software [28] and BioEdit 7.0 software [29] were used to align and correct the obtained
sequences, and the complete mitochondrial genome sequence was obtained by SeqMan
software (DNAStar Inc., Madison, WI, USA) [30].

Table 1. Primers used for amplification of mitochondrial genome.

Forward Primer Sequence (5’ to 3') Reverse Primer Sequence (5 to 3') Product Length
Mt-1F AGTGAAAATGCCCTAAAAGTCACATC Mt-1R ATACTTATTGTTGCTAGGGGCTATGT 2000 bp
Mt-2F AATAACAGATGGGGTAAGTCGTAACA Mt-2R GTGAAGAAGGCTACAGCAATTAAGAT 2000 bp
Mt-3F GAGTTCAGACCGGAGC AATCCA Mt-3R CAGTTCCTGCGCCTGTTTCAAT 3500 bp
Mt-4F CTACATGGTTTGATAAGAAGGGGAGT Mt-4R ATTGGTGATATTGCGTCTTGAAATCC 2000 bp
Mt-5F CACTACACCAAACCTGAACCAAAGTA Mt-5R GATTGTGAATGGTGCTTCGTAGTATTC 2500 bp
Mt-6F CACACAACTATCAATGAACATAGCAC Mt-6R TGAACTGAAATTGAATGATTGGAAGT 1500 bp
Mt-7F AGTCTATGGCTCCACATTCTTCGT Mt-7R TAGGTTCCAGCATTTAGTCGTTCT 1500 bp
Mt-8F AGAACCCCTATCACGAAAACGAAC Mt-8R GCTATTTTTACGGCGGTTTTTGGT 1500 bp
Mt-9F AATCTCCTTATAAACCGAGAAGGT Mt-9R AGATTTAGTTCGTGGTTTGGCT 1500 bp

Mt-10F ATCATTGCAGGACTACTAATCTCATCA Mt-10R ATTTCATCAGATGGAGATGTTAGATGGA 2000 bp
Mt-11F GTCAACGCCACAGAATAAGC Mt-11R ATTCCGGTTTTGGGGATCGG 1000 bp
Mt-12F GCCCTATCACCCAAACACTATTCT Mt-12R CAGTTTCATTGAGTTGGCAGACAT 1500 bp
Mt-13F AACCCTTGTTAGTAAGATAC Mt-13R CGTTGTTATTGTTGCTTTGG 1500 bp
Mt-14F TCCATTGACAGTTGGCGTAC Mt-14R CTATAACTAAGTCAAGCTTATGC 1500 bp
Mt-15F ACCAATCTCAAACATAATTG Mt-15R GAGATTTACCAACCCTGAATG 2200 bp
Mt-16F CAGAGCCAGGTAATCAATGC Mt-16R CAACTATACCTGCTCAGGCAC 2700 bp
Mt-17F TCTGAGAAGCATTCTCATCA Mt-17R GTAAACTAATAGTTTCGATG 1500 bp
Mt-18F GAACCACAACCTCTTGGTGC Mt-18R GGTAAGAAGGAGTATGGTGATTG 1800 bp
Mt-19F ACCAATCTCAAACATAATCG Mt-19R CTGGCACGAGATTTACCAAC 1500 bp

2.3. Mitogenome Annotation and Sequence Analysis

The sequence annotation was conducted in the ARWEN and MITOS (http:/ /mitos.
bioinf.uni-leipzig.de) (accessed on 15 September 2022) online servers [31,32]. The initia-
tion and termination codons of protein-coding genes (PCGs) were identified using other
reference sequences of Trionychidae species. The online program OGDraw v1.2 with
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default parameters was used to map the circular map of the completed mitochondrial
genome [33]. Subsequently, the base composition and codon usage of the mitochondrial
genome of four P. sinensis strains were analyzed by MEGA X software [34], and the AT
skew = (A — T)/(A + T) and GC skew = (G — C)/(G + C) were calculated by the method
previously reported [35]. Relative synonymous codon usage (RSCU) is an important indi-
cator to judge codon usage preference. The RSCU value represents the ratio of the usage
bias of a codon to its expected usage bias in the synonymous codon family (all codons for a
particular amino acid are used equally). Codons with an RSCU value > 1.0 have positive
codon usage bias, while codons with an RSCU value < 1.0 have negative codon usage
bias [36]. The software MEGA X was used to calculate RSCU values. Furthermore, multiple
sequence alignment for the mitochondrial genomes of four P. sinensis strains was performed
using MEGA X software. Then, the PCGs, rRNAs, tRNAs, and control region (D-loop) of
four P. sinensis strains were analyzed by DnaSPv6.0 software for gene traits and variation
sites [37]. The software DnaSPv6.0 was used to calculate the synonymous substitutions per
synonymous sites (Ks) and non-synonymous substitutions per non-synonymous sites (Ka).
The Ka/Ks ratio was used to assess the selection pressure, Ka/Ks > 1 indicated a positive
selection, Ka/Ks = 1 indicated a neutral selection, and Ka/Ks < 1 indicated a purifying
(stabilizing) selection [38]. The genetic distance was analyzed by MEGA X software. In
addition, the nucleotide diversity (Pi) of 13 PCGs and 2 rRNAs were analyzed by sliding
window analysis (500 bp windows every 10 bp) using DnaSPv6.0 software.

2.4. Structural Analyses of Mitogenome and Prediction of Repeat Element

To determine the unique base compositions in the control regions (CRs) of four
P. sinensis strains, tandem repeats were predicted by the online Tandem Repeats Finder
web tool (https://tandem.bu.edu/trf/trf. html) (accessed on 17 October 2022) [39]. For
the four P.sinensis strains, the stem-loop structures of the origin of L-strand replica-
tion were analyzed by the online Mfold web server (http://www.unafold.org/) (ac-
cessed on 17 October 2022) [40]. The 22 tRNAs of mitogenomes of the four P. sinensis
strains were verified in MITOS online server (http://mitos.bioinf.uni-leipzig.de) (ac-
cessed on 18 October 2022). Then, the online tRNAscan SE Search Server 2.0 (http:
/ /lowelab.ucsc.edu/tRNAscan-SE/) (accessed on 19 October 2022) and RNAstructure
software were used to predict the variation in tRNA secondary structure among the mi-
togenomes of four P. sinensis strains [41,42], and their mutation sites were analyzed. The
base composition of all components (DHU arm, acceptor stem, T{C arm, an anti-codon
arm) were manually checked to distinguish the mutation sites.

2.5. Construction of Phylogenetic Tree

Phylogenetic analysis was performed on the dataset of 13 PCGs, 22 tRNAs, and
2 rRNAs from 19 Trionychidae mitogenomes published in GenBank and four P. sinensis mi-
togenomes sequenced in this study. Sequence alignment of 13 PCGs was performed using
MAFFT with default settings in PhyloSuite v1.2.3 [43,44], and the aligned sequences were
checked using MEGA X. The best-fit partitioning scheme and corresponding nucleotide
substitution models for concatenated nucleotides were selected using PartitionFinder v2.1.1
according to the Bayesian information criterion (BIC) (Table S1) [45]. Phylogenetic trees of
concatenated nucleotide sequences were constructed with the best-fit partitioning schemes
and nucleotide substitution models using Bayesian inference (BI) and maximum-likelihood
(ML) methods in MrBayes v3.2.1 and IQ-tree v2.0.4, respectively [46,47]. Using the best-fit
model, the ML analysis was run for each partition with 2000 ultrafast bootstrap (UFB)
replicates and performed until a correlation coefficient of at least 0.99 was reached [48,49].
In addition, the BI analysis was run independently using four Markov Chain Monte Carlo
(MCMC) chains (three heated chains and one cold chain) starting with a random tree;
each chain was run for 2 x 107 generations and sampled every 1000 generations. Conver-
gence of data runs was estimated by the average standard deviation of split frequencies
(ASDSF) < 0.01. The phylogenetic trees were visualized in FigTree v1.4.4 [50].
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3. Results and Discussion
3.1. Analysis of Mitogenome Features

In this study, we amplified the complete mitochondrial genomes of four P. sinensis
strains. The result showed that the four mitogenomes were circular molecules with lengths
of 17,219 bp, 17,116 bp, 17,235 bp, and 17,182 bp in WB, HB, RB, and B strains, respectively.
These mitogenomes were deposited in GenBank under the accession number OQ236104
for the RB strain, OQ236105 for the HB strain, OQ236106 for the JB strain, and OQ236107
for the WB strain. The mitogenomes of all four strains consisted of 13 protein-coding
genes (PCGs), 22 tRNAs, 2 rRNAs, 1 control region, and a replication origin region of
the light chain (OL). The arrangement and orientation of these genes were similar to
most vertebrates [51-53]. Previous studies had described the length and composition of
mitogenomes for other P. sinensis strains; for instance, the inked turtle strain of P. sinensis
was 17,145 bp in length [9], and the Korean soft-shelled turtle was 17,042 bp in length [54].
The mitogenomes of these P. sinensis strains had slight differences in length and possessed
the same gene arrangement and orientation. However, it was reported that the mitogenome
of Mediterranean tortoises contained 23 tRNAs and 2 control regions, and the mitochondrial
genes of most Testudoformes species presented a similar arrangement with vertebrates,
except Platysternon megacephalum and Malacochersus tornieri [55,56]. In the mitogenomes
of the four P. sinensis strains, only the nad6 gene and eight tRNAs (tRNA-Glu, tRNA-Pro,
tRNA-GIn, tRNA-Ala, tRNA-Asn, tRNA-Cys, tRNA-Tyr, and tRNA-Ser) were encoded on
the light chain (L-chain), and all other genes were encoded on the heavy chain (H-chain)
(Figure 1). Additionally, it was found that there was a slight difference in the length of
PCGs, tRNAs, and rRNAs among the four P. sinensis strains. The majority of PCGs were
initiated by an ATG start codon, with the exception of cox1, which was initiated by GTG.
Five stop codons (TAG, AGA, TAA, AGG, and T) were found in the mitochondrial genome
of four P. sinensis strains (Table 2). Among them, the termination codon was TAG for nad1
and nad2; the termination codon was TAA for cox2, atp8, atp6, nad4l, nad5, and cytb; the
termination codon was a single base (T) for cox3 and nad4; and the termination codon
was AGA and AGG for cox1 and nad6, respectively. A previous study showed that in the
mitogenomes of many animals, AGA and AGG are not used as codons of arginine but are
instead used as termination codons [57]. Additionally, for the nad3 gene, the termination
codon TAG was found in the HB and WB strains, and the termination codon T was observed
in the JB and RB strains.
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Figure 1. Mitochondrial genome maps of four P. sinensis strains. The outer circle represents the
light chain (L-chain), and the inner circle represents the heavy chain (H-chain). The dark green box
represents mitochondrial complex I (NADH dehydrogenase); the yellow box represents complex
IV (cytochrome c oxidase); the light green circle represents ATP synthase; the blue circle represents

transfer RNA; the red circle represents ribosomal RNA; and the grey circle represents the control
region (D-loop).
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3.2. Nucleotide Composition and Variation Detection

To investigate the nucleotide composition of mitogenomes, we calculated the parame-
ters A + T content, AT-skew, and GC-skew for the four P. sinensis strains. The result showed
that the average A + T composition was 63.74%, 63.11%, 61.40%, and 64.32% in PCGs,
tRNAs, rRNAs, and D-loop, respectively (Table 3). The nucleotide composition within the
complete mitogenomes was biased towards A + T with a variable frequency ranging from
59.28% (cox3) to 70.31% (atp8), which was similar to other Trionychidae species [53]. Previ-
ous studies have reported that the mitogenome of the Korean soft-shelled turtle contained
62.6% A + T content and had high nucleotide similarity with the Chinese soft-shelled turtle,
and the base composition of the inked turtle strain of P. sinensis was 35.5% A, 27.3% T,
11.8% G, and 25.4% C, with an A + T content of 62.8% [9,54]. It was demonstrated that the
mitogenomes of these P. sinensis strains had a similar A + T content. The average AT- and
GC-skew of the complete mitogenome was 0.13 and —0.37, respectively. The AT-skew of all
genes varied from —0.02 (cox1) to 0.57 (nad6), and the GC-skew ranged from —0.68 (atp8) to
—0.16 (rRNAs) (Table 3). The AT- and GC-skew in most genes indicated that more adenine
(A)s/cytosine (C)s than thymine (T)s/guanine (G)s existed in the complete mitogenomes,
suggesting no obvious difference among the four P. sinensis strains (Figure 2).

Table 3. Base composition statistics of complete mitochondrial genome and each element.

Mitochondrial Average Base Composition (%) Average Average
Elements T (U) C A G A+T G+C AT-Skew GC-Skew

tRNAs 28.21 21.67 34.90 15.22 63.11 36.89 0.11 —0.17
rRNAs 22.16 22.45 39.24 16.16 61.40 38.61 0.28 —0.16
D-loop 31.78 25.70 32.54 9.99 64.32 35.69 0.01 —0.44
ATP6 30.34 24.71 36.37 8.59 66.71 33.30 0.09 —0.48
ATPS8 29.55 25.00 40.76 4.70 70.31 29.7 0.16 —0.68
COX1 3091 23.53 29.92 15.65 60.83 39.18 —0.02 —0.20
COX2 27.62 23.94 36.64 11.79 64.26 35.73 0.14 —0.34
COX3 27.01 26.05 32.27 14.67 59.28 40.72 0.09 —0.28
Cytb 27.43 28.57 33.22 10.77 60.65 39.34 0.10 —0.45
NAD1 31.48 25.62 31.97 10.93 63.45 36.55 0.01 —0.40
NAD2 25.07 26.51 40.71 7.71 65.78 34.22 0.24 —0.55
NAD3 31.79 25.71 33.21 9.29 65.00 35.00 0.02 —0.47
NAD4 27.75 26.90 36.44 8.91 64.19 35.81 0.14 —0.50
NADA4L 30.89 26.43 34.01 8.67 64.90 35.10 0.05 —0.51
NAD5 26.25 29.06 35.26 9.43 61.51 38.49 0.15 —0.51
NAD6 13.29 31.28 48.50 6.95 61.79 38.23 0.57 —0.64
PCGs 27.64 26.41 36.10 9.85 63.74 36.26 0.13 —0.46
Complete genome 27.23 25.45 35.56 11.75 62.79 37.20 0.13 —0.37

Additionally, the 13 PCGs of the HB strain (11,352 bp length), JB strain (11,350 bp
length), RB strain (11,350 bp length), and WB strain (11,352 bp length) were used to esti-
mate the RSCU values. The result showed that these encoded protein sequences contained
21 amino acids; a total of 64 codons were used in the four strains (Figure 3). It was demon-
strated that a total of 27 RSCU values computed in this study exceeded 1, indicating that
these codons had a high-frequency usage, and most of preference codons ended in purine
(A/U) due to the abundance of A/T in the mitogenomes of the four P. sinensis strains.
Furthermore, we detected and compared the variable sites, singleton variable sites, and
parsimony informative sites among the four P. sinensis strains. The result showed that a
total of 483 variable sites were identified, accounting for 2.83% of the total sites, including
436 singleton variable sites and 47 parsimony informative sites. Moreover, there were
25 variable sites in 22 tRNAs, 113 variable sites in the D-loop, and 291 variable sites in
13 PCGs (Table 4). A previous study reported that the control region is a non-coding se-
quence in mtDNA, it possesses relatively low selection pressure during evolution, and it has
greater polymorphism than other mitochondrial elements [58]. Among all mitochondrial

53



Biology 2023, 12, 406

AT skew

GC skew

A+T content (%)

0.7 1

0.6 A

0.5 |

0.4

0.3 |

ATP6

ATPS8

COX1

elements, the D-loop, nad3, nad4l, nad6, and atp8 contained a higher percentage of variable
sites than other elements. Therefore, it is inferred that these highly variable elements will
play an important role in the classification and identification of the four P. sinensis strains.
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Figure 2. Nucleotide compositions of mitochondrial genome elements of four P. sinensis strains.
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Figure 3. The RSCU values of all protein-coding genes for four P. sinensis strains. The red means
a low RSCU value, the green indicates a high RSCU value, and the yellow indicates a middle RSCU
value; the darker color indicates the largest RSCU value.

Table 4. Comparison of variation loci in mitochondrial genomes of four P. sinensis strains.

Mitochondrial ~ Total Number Invariable Variable Sites Singleton Ii;:)srll;n;?gle Percentage of
Elements of Sites Sites Variable Sites Sites Variable Sites
Complete 17,064 16,581 483 436 47 2.83%
genome ! ! oo

tRNAs 1541 1516 25 22 3 1.62%
rRNAs 2580 2536 44 44 0 1.71%
D-loop 1546 1433 113 74 39 7.31%
ATP6 684 668 16 16 0 2.34%
ATP8 165 159 6 6 0 3.64%
COX1 1545 1512 33 32 1 2.14%
COX2 687 675 12 12 0 1.75%
COX3 784 766 18 17 1 2.30%
Cytb 1140 1113 27 25 2 2.37%
NAD1 972 947 25 25 0 2.57%
NAD2 1041 1013 28 26 2 2.69%
NAD3 350 339 11 11 0 3.14%
NAD4 1381 1340 41 41 0 2.97%
NAD4L 297 286 11 11 0 3.70%
NAD5 1779 1734 45 45 0 2.53%
NAD6 525 507 18 18 0 3.43%

3.3. Nucleotide Diversity and Selection Pressutres

The nucleotide diversity of two rRNAs and 13 PCGs was explored using the sliding
window analysis. The result showed that the nucleotide diversity levels of these genes
were different. The nad4l gene (Pi = 0.019) had the highest nucleotide diversity compared
with other PCGs genes, followed by atp8 (Pi = 0.018), nad6 (Pi = 0.017), and nad3 (Pi = 0.016).
Moreover, cox2 (Pi = 0.009), cox1 (Pi = 0.011), cox3 (Pi = 0.012), and cytb (Pi = 0.012) were the
most conserved genes across the PCGs and exhibited low nucleotide diversity levels (Fig-
ure 4). Compared with many other PCGs, 125 rRNA (Pi = 0.006) and 16S rRNA (Pi = 0.010)
had low-level nucleotide diversity with reduced variability. To investigate the evolutionary
selection constraints of the four P. sinensis strains, we performed Ka/Ks analysis for the
13 PCGs of mitochondrial genomes. The result showed that the Ka/Ks ratios for all PCGs
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were less than 1, indicating that these genes were evolving primarily under purifying
selection. Among them, the lowest Ka/Ks value (0.000) for the cox2 gene indicates the
strongest purifying selection (neutral selection), whereas the highest Ka/Ks value (0.854)
for the nad6 gene showed a highly relaxed purifying selection (Figure 5A). Therefore, the
Ka/Ks analysis indicated that the evolution of the four P. sinensis strains’ mitogenomes
has been dominated by purifying selection. Similarly, Kundu et al. reported that most
of the PCGs in the mitogenomes of 13 Trionychidae species showed Ka/Ks values of <1,
indicating a strong purifying selection among these Trionychidae species [53]. It has been
reported that advantageous alleles can be retained by either positive selection or balancing
selection, while deleterious alleles are removed through purifying selection [59]. Therefore,
it is inferred that purifying selection has played an important role in the elimination of dele-
terious mutations in the four P. sinensis strains during evolution. These findings provide
new insights for understanding the natural selection that influences the evolution of Tri-
onychidae species. Previous studies have revealed that purifying selection reduces genetic
diversity, and the population differentiation value generated by the gene locus with strong
purifying selection is lower than that of the gene locus with a fast evolution rate [60,61]. We
speculate that with the continuous progress of technology, excellent varieties of P. sinensis
have been widely promoted in recent years, and there has been a serious trend of variety
simplification, which has resulted in the reduction of genetic diversity.
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Figure 4. Sliding window analysis of 2 rRNA genes and 13 PCGs among the four P. sinensis strains.
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Figure 5. Ka/Ks (A) and genetic distance (B) analyses of 13 PCGs among four P. sinensis strains.
Genetic distance indicates the overall mean distances of 13 PCGs among the four strains using the
Kimura 2-parameter model of MEGA X software.

Furthermore, we investigated the genetic variation of 13 PCGs for four P. sinensis
strains using genetic distance analysis. The result showed that nad2 (average 0.014) and cox2
(average 0.017) had low genetic distance, while atp8 (average 0.039) possessed the largest
genetic distance value, followed by nad4l (average 0.038), nad6 (average 0.037), and nad3
(average 0.033) (Figure 5B), which were the most variable genes. Taken together, the above
findings reveal that the nad3, nad4l, nad6, and atp8 genes possess high genetic variation and
can be used as potential markers for the identification of these P. sinensis strains.

3.4. Comparative Analysis of tRNA Secondary Structure

Extensive comparison of tRNAs is crucial for understanding the structural and func-
tional features of the mitogenomes. Herein, we compared and analyzed the tRNA sec-
ondary structure of four P. sinensis strains. The result revealed that most of the tRNAs were
folded into classic clover-leaf secondary structures; only the DHU stem of tRNA-Ser was
missing. Interestingly, similar characteristics were also found in many other Trionychidae
species [53]. Through comparative analysis, the result showed that the most variable
base pairing was observed in tRNA-Phe, tRNA-Gly, tRNA-Arg, and tRNA-Pro, while
unchanged base pairing was detected in tRNA-Val, tRNA-Met, tRNA-Trp, tRNA-His,
tRNA-Thr, tRNA-Ser, and tRNA-Asn, which presented a similar secondary structure in
the four strains (Figure 6). Additionally, it was found that most tRNAs were structurally
different in the T\ C stem, DHU stem, and acceptor stem. Variation in the T C stem oc-
curred in tRNA-Phe, tRNA-Ile, tRNA-Gly, tRNA-Pro, tRNA-Cys, and tRNA-GIn. Variation
in the TYC stem and the DHU stem coexisted in tRNA-Phe and tRNA-Pro. Variation in the
DHU stem was observed in tRNA-Phe, tRNA-Leu, tRNA-Asp, tRNA-Arg, tRNA-Leu, and
tRNA-Pro. Furthermore, structural variation in the acceptor stem was found in tRNA-Phe,
tRNA-Lys, tRNA-Arg, tRNA-Pro, tRNA-Glu, and tRNA-Tyr. Similarly, a previous study
compared the structural variation of tRNAs among 13 Trionychidae species and found that
most tRNAs were different in the structure of the stem and loop [53]. Moreover, it was
demonstrated that the variations of 22 tRNAs were mainly base substitutions among the
four P. sinensis strains, and a few variations involved the change in base number.
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Figure 6. Secondary structures of 22 transfer RNAs (tRNAs) indicating the structural variation
among the four P. sinensis strains. The light blue dots indicate variation sites in the tRNA sec-

ondary structure.
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3.5. Comparative Analysis of Control Region

In this study, we found the origin of L-strand replication in the mitochondrial genome
of four P. sinensis strains and detected the conserved sequences of 5'-AAAAT and AACCA-
3’ in all four strains. Moreover, a stable stem-loop structure was observed in HB, JB, and

WB strains with a length of 11 bp. However, due to the substitution of an adenosine
with a thymidine in the RB strain, the stem-loop structure of the RB strain was only 9 bp.
A previous study reported the stem-loop structure of the origin of L-strand replication

in Cryptodira species but not in Pelomedusa subrufa of the suborder Pleurodira [62]. We
speculate that this characteristic can be employed to distinguish Cryptodira and Pleu-
rodira species, but further evidence and large-scale investigations are required for the
Testudoformes species.

The control region of the mitochondrial genome contains tandem repeats [63]. Herein,

we observed that the length of the tandem repeats in the control region was variable in

the four P. sinensis strains and ranged from 2 bp to 50 bp. It was demonstrated that all four
P. sinensis strains contained four variable number tandem repeats (VNTRs); the first tandem
repeat (50 bp) was found in the four strains. Moreover, the second tandem repeat of HB,

JB, RB, and WB strains was (ACACAT)sy, (CATACA )45, (CACATG)y7, and (CACATA)sy,

respectively. Furthermore, the four strains exhibited different AT contents and CR length,
and HB, RB, and WB strains had variable third or fourth tandem repeats. For the HB strain,
the length of the CR was 1596 bp, the A +T content was 63.87%, and the third tandem
repeat was (TA)s7/(ATATATATATC)¢/(24bp)s. The CR length of the RB strain was 1710 bp,
the A + T content was 63.71%, and the third tandem repeat was (TA)34/(TATATATCATA)s.
The CR length of the WB strain was 1698 bp, the A + T content was 64.45%, and the third
and fourth tandem repeats were (TA)49/(TATATATATCA)g and (AT); /(TATCATATA)g,
respectively (Figure 7). Unlike other strains, the CR of the JB strain contained four single
tandem repeats with 1659 bp length and 64.58% A +T content. The CR length of vertebrates

varies greatly, and it was suggested that the length difference of the mitochondrial genome

may be mainly attributed to the change in CR length [64]. Moreover, the third and fourth
tandem repeats of the JB strain were (TATATATCATA)s and (TATCATATA)j;, respectively.
Our findings demonstrated that the frequency of tandem repeats was higher at the 3’ end
of the CR for all four P. sinensis strains, and a single short tandem repeat (TA) was found in
HB, RB, and WB strains. It has been reported that the CR of the mitochondrial genome is
the most variable fragment as a result of the lack of coding restrictions in most species [65].
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Figure 7. Comparison of length, nucleotide composition in control regions (CRs), and stem-loop

structures of origin of L-strand replication for four P. sinensis strains.
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3.6. Phylogenetic Analyses

To investigate the phylogenetic relationships of P. sinensis strains and other Triony-
chidae species, we conducted a phylogenetic analysis for Trionychidae species, includ-
ing the subfamily Trionychinae (P. sinensis, Palea steindachneri, Apalone ferox, A. spinifera,
Rafetus swinhoei, Trionyx triunguis, Pelochelys cantorii, Chitra indica, Dogania subplana, and
Nilssonia nigricans) and the subfamily Cyclanorbinae (Lissemys punctata and L. scutata). We
performed the phylogenetic analysis with concatenated nucleotides (13 PCGs, 22 tRNAs,
and 2 rRNAs) of 23 mitogenomes by Bl and ML methods, and the phylogenetic trees
constructed by these two methods had almost identical topologies. For the four strains
sequenced in this study, we found that the HB and WB strains had the closest genetic
relationship, with the JB strain being more closely related to them and the RB strain being
farther related to other three strains (Figure 8). The HB and WB strains both originate from
the Taihu Lake basin, and it is inferred that they may possess small genetic differences.
Overall, the P. sinensis strains divided into two main branches: one containing the HB
strain, WB strain, JB strain, inked turtle strain (MG431983), and P. sinensis from Anhui
Province (AY687385) and the other containing the RB strain, the Korean soft-shelled turtle
(AY962573), and P. sinensis from Shanghai (NC068236). It was revealed that the inked turtle
strain and WB strain had a close genetic affinity with the HB strain, while the RB strain, the
Korean soft-shelled turtle (AY962573), and P. sinensis from Shanghai (NC068236) showed
a distant relationship with other P. sinensis strains. Using a partial 125 rRNA sequence,
Xu et al. reported that the WB strain and Anhui P. sinensis strains clustered into one branch
and then clustered with the Korean soft-shelled turtle [66]. Therefore, our findings further
clarified the phylogenetic relationship of different P. sinensis strains and provided molecular
evidence for the germplasm resource conservation of P. sinensis.

Additionally, the phylogenetic trees showed that all Trionychinae species were clus-
tered together and were retrieved as a sister clade of Cyclanorbinae species, which sup-
ported the previous phylogeny of Trionychidae species [67,68]. Moreover, we observed that
the species of the same genus gathered into one branch. For instance, all Apalone species
clustered into one branch, showing a close phylogenetic relationship with R. swinhoei.
In addition, D. subplana and other Trionychinae species had a distant phylogenetic re-
lationship. However, Kundu et al. reported that T. triunguis, P. cantorii, and C. indica
were clustered into one branch and had a distant relationship with other Trionychinae
species [53]. Consequently, more sequencing data from different taxonomic ranks of Triony-
chidae are essential to better understand the phylogenetic and evolutionary relationships
among Trionychidae species.
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Figure 8. Molecular phylogenetic analysis of Trionychidae species using BI and ML methods
based on concatenated mtDNA datasets. The phylogenetic tree nodes were considered well sup-
ported when the Bayesian posterior probability (BPP) of the node was >0.95 and ultrafast bootstrap
was >80%. Numbers beside the nodes represent BPP (left) and bootstrap values (right). The bold
fonts indicate the four P. sinensis strains sequenced in this study.

4. Conclusions

The present study described the complete mitochondrial genomes of four P. sinensis
strains, including RB, HB, JB, and WB strains. Through comparative analysis, the following
conclusions can be drawn: (1) the mitochondrial genomes of the four P. sinensis strains
consisted of 13 PCGs, 22 tRNAs, 2 rRNAs, 1 control region, and a replication origin region
of L-strand replication (OL); (2) most preference codons ended in purine (A/U) due to
the abundance of A/T, and the evolution of the four P. sinensis strains” mitogenomes has
been dominated by purifying selection; (3) the atp8§, nad4l, nad6, and nad3 genes can be
used as the potential markers for the identification of these P. sinensis strains; (4) most of
the tRNAs were folded into classic clover-leaf secondary structures (except for tRNA-Ser),
and the structural variation mainly involved the T{C stem, DHU stem, and acceptor
stem; (5) the stem-loop structure of the OL in the RB strain was different from the other
three strains, and the length of the tandem repeats in the control region was variable in
the four P. sinensis strains and ranged from 2 bp to 50 bp; and (6) the present study further
confirmed phylogenetic relationships of P. sinensis strains and other Trionychidae species.
Therefore, our findings provide insights for the classification and evolutionary research
of different P. sinensis strains and offer valuable genetic information for the germplasm
resource conservation of Trionychidae species.
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Simple Summary: Parrotfishes are among the most colorful and diverse inhabitants of the coral
reefs and sea grass beds and are ecologically important in these habitats. Here, we presented the
complete mitogenome sequences from twelve parrotfish species and conducted comparative analysis
of mitogenome features among the seven published species for the first time. The comparative
analysis revealed both the conserved and unique characteristics of parrotfish mitogenomes. The
mitogenome structure, organization, gene overlaps, putative secondary structures of transfer RNAs,
and codon usage were relatively conserved among all the analyzed species. However, the base
composition and the intergenic spacers varied largely among species. All of the protein-coding
genes were under purifying selection. Phylogenetic analysis revealed that the parrotfishes could be
divided into two clades with distinct ecological adaptations. Early divergence of these two clades
was probably related to the expansion of sea grass habitat, and later diversifications were likely
associated with the geomorphology alternation since the closing of the Tethys Ocean. This work
offered fundamental materials for further studies on the evolution and conservation of parrotfishes.

Abstract: In order to investigate the molecular evolution of mitogenomes among the family Scaridae,
the complete mitogenome sequences of twelve parrotfish species were determined and compared
with those of seven other parrotfish species. The comparative analysis revealed that the general
features and organization of the mitogenome were similar among the 19 parrotfish species. The
base composition was similar among the parrotfishes, with the exception of the genus Calotomus,
which exhibited an unusual negative AT skew in the whole mitogenome. The PCGs showed similar
codon usage, and all of them underwent a strong purifying selection. The gene rearrangement
typical of the parrotfishes was detected, with the tRNAM¢! inserted between the tRNA" and tRNAC!,
and the tRNAC" was followed by a putative tRNAM¢ pseudogene. The parrotfish mitogenomes
displayed conserved gene overlaps and secondary structure in most tRNA genes, while the non-
coding intergenic spacers varied among species. Phylogenetic analysis based on the thirteen PCGs
and two rRNAs strongly supported the hypothesis that the parrotfishes could be subdivided into
two clades with distinct ecological adaptations. The early divergence of the sea grass and coral
reef clades occurred in the late Oligocene, probably related to the expansion of sea grass habitat.
Later diversification within the coral reef clade could be dated back to the Miocene, likely associated
with the geomorphology alternation since the closing of the Tethys Ocean. This work provided
fundamental molecular data that will be useful for species identification, conservation, and further
studies on the evolution of parrotfishes.

Biology 2023, 12, 410. https:/ /doi.org/10.3390/biology12030410
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1. Introduction

The mitochondrial genome (mitogenome) of a vertebrate is a small (16-17 kb), com-
pact, and circular double-stranded molecule, typically encoding 13 protein-coding genes
(PCGs), 22 transfer RNA genes (tRNAs), two ribosomal RNA genes (rRNAs), and two
non-coding regions (the origin of L-strand replication, Oy, and control region, CR) [1]. The
mitochondrial DNA sequences have been extensively employed in a variety of study areas,
from phylogeography, which elucidates the spatial arrangement of genetic variation among
populations or closely related species [2—4], to phylogenetic studies, which decipher the
evolutionary relationships across a wide range of taxa at higher taxonomic levels [5-7].
Compared to single or a few mitochondrial gene-based markers, the complete mitogenome
sequences generally provide much finer phylogenetic resolution [8]. Moreover, genome-
level characteristics, including nucleotide composition, genome structural arrangement,
overlap, and non-coding intergenic spacers between genes, vary largely among different
species and might possess evolutionary significance [9-11].

Parrotfishes (Scaridae) are among the most colorful and diverse inhabitants of coral
reefs and sea grass beds [12]. Currently, a total of 100 species belonging to 10 genera
are recognized, with Scarus being the most specious genus (52 species) [13]. These fish
are mainly herbivorous, foraging mostly by excavating or scraping surfaces of rocks and
carbonate substrate that are encrusted with algae, bacterial mats, and detritus [14]. As such,
it is widely recognized that parrotfishes play an important role in marine bioerosion [15,16]
and serve as determinants of benthic community structure [17]. For example, parrotfish
can exert a top-down control on algal communities to provide more space and resources
for coals and promote the attachment and recruitment of coral larvae [18-20]. Therefore, it
can help to mitigate the competition between coral reefs and macroalgae and increase the
resilience of coral reef ecosystems subjected to anthropogenic or natural disturbances [21,22].
In addition, the excavating and scraping species can break the reef framework into sand-
sized sediments and facilitate the cycling of calcium carbonate on reefs, which are also
dispensable agents in reef erosion and sediment production and transport [23,24].

Deciphering mitogenome structures and sequences can provide insights into evolu-
tionary processes and contribute to species delimitation and conservation efforts [25,26].
Despite the fact that parrotfishes play an irreplaceable role in coral reef and sea grass bed
habitats due to their unique behavioral and ecological characteristics, only a few stud-
ies have addressed their mitogenome characteristics [27-29], and comparative analysis
is scarce. Although a handful of works have tried to elaborate on the phylogenetic re-
lationships among the parrotfishes [30-32], none of them have addressed this question
from a mitogenomic perspective. The deficiency of mitogenome data and comparative
works hindered us from understanding the evolution of the parrotfish and establishing
proper management and conservation decisions. In the present study, we reported twelve
parrotfish mitogenomes for the first time and conducted comparative analysis with the
published sequences from other seven species to elaborate the detailed features of the
parrotfish mitogenomes. Additionally, we also investigated the phylogenetic relationships
among these parrotfishes and estimated divergence times using mitogenome data. We hope
that our newly generated data and results will provide some insights into the evolution
of the parrotfishes as well as contributions towards the identification and conservation of
these fishes.

2. Materials and Methods
2.1. Sampling, DNA Extraction, PCR Amplification, and Sequencing

In the present study, we de novo sequenced twelve parrotfish species (with one
specimen each): Calotomus carolinus, Cetoscarus bicolor, Hipposcarus longiceps, Scarus
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globiceps, Scarus chameleon, Scarus rivulatus, Scarus dimidiatus, Scarus oviceps, Scarus
frenatus, Scarus niger, Scarus prasiognathos, and Scarus quoyi. The specimens of parrotfish
were obtained from the Xisha Islands (15°46’~17°08’ N, 111°11'~112°54' E), China, and
deposited in the South China Sea Fisheries Research Institute, Chinese Academy of Fishery
Sciences. Thirteen published mitogenome sequences from seven parrotfish species (Bol-
bometopon muricatum, KY235362/NC033901; Calotomus japonicus, AP017568/NC035427;
Chlorurus sordidus, AP006567; Scarus forsteni, FJ619271/NC011928; Scarus ghobban,
FJ449707 /NC011599; Scarus rubroviolaceus, FJ227899/NC011343; Scarus schlegeli,
FJ595020/NC011936) were also included in the analysis.

Genomic DNA was extracted from either a small piece of flesh or a pelvic fin clip
taken from the right side of the specimen using the E.Z.N.A.® Tissue DNA Kit (OMEGA,
Beijing, China) and following the manufacturer’s instructions. High-quality DNA sam-
ples were randomly broken into fragments with a length of 300~500 bp. Then complete
genomic libraries were established using the Illumina TruSeq™ Nano DNA Sample Prep
Kit (Illumina, San Diego, CA, USA) following the manufacturer’s recommendation. The
150-bp paired-end sequencing was performed on the Illumina HiSeq2500 platform. Library
construction and sequencing were performed by the Biozeron Corporation (Shanghai,
China).

2.2. Sequence Assembly, Annotation, and Analyses

Prior to assembly, raw reads were filtered by Trimmomatic v0.39 [33] in order to
remove the reads with adaptors, the reads showing a quality score below 20 (Q < 20),
the reads containing a percentage of uncalled bases (“N” characters) equal to or greater
than 10%, and the duplicated sequences. GetOrganelle 1.7.5 was used to assemble the
mitogenomes [34]. The newly generated mitogenome sequences were deposited in Genbank
under the accession numbers 0Q349180-0Q349191. Annotation of the mitogenomes (PCGs,
tRNAs, rRNAs, and CR) was performed using MITOS [35] and Mitoannotator v3.83 [36].
Transfer RNA (tRNA) genes and their secondary structures were determined by the MITOS
webserver [35]. The base composition and codon distributions were analyzed in MEGA
7.0 [37], and the nucleotide composition skewness was calculated using the formulas (A —
T)/(A + T) for AT skew and (G — C)/(G + C) for GC skew. Relative synonymous codon
usage (RSCU) was calculated using DAMBE 7 [38]. The conserved sequence block domains
(CSBs) were determined by comparing them with those of other species [1].

2.3. Phylogenetic Analyses

Prior to the phylogenetic analysis, the method of Xia et al. [39] was used to access
substitution saturation of the sequences by comparing the information entropy-based
index (Isg) with critical values (Iss.) in DAMBE 7 [38]. If Iss is significantly lower than
Iss.c, then sequences have not experienced substitution saturation. The sequence of the
control region showed significant substitution saturation (Iss = 1.1897 > Iss. = 0.7851,
p < 0.001) and was thus excluded from further analysis. The phylogenetic relationships
were reconstructed using the 13 PCGs and 2 rRNAs of the 19 parrotfish mitogenomes.
Three Cheilinus species (C. fasciatus, NC037707; C. oxycephalus, NC061045; C. undulatus,
NC013842) were used as outgroup taxa. Multiple sequence alignment was performed using
MAFFT [40] implemented in PhyloSuite [41] under default parameters and subsequently
checked by eye in SeaView [42]. Our dataset was partitioned by gene and codon position,
and then the best-fit nucleotide substitution model for each partition was determined using
Modelfinder [43]. Phylogenetic relationships were reconstructed using Bayesian inference
(BI) and maximum likelihood (ML) approaches. Bl was carried out in Mr. Bayes 3.2.7 [44].
Two independent Markov chains were run with 1 X 10° iterations, and 10,000 trees were
retained, with the first 25% of the samples discarded as burn-in. ML analysis was conducted
in IQTREE [45] under 10,000 ultrafast bootstrap replicates. DNAsp 6 [46] was used to
calculate non-synonymous substitution rates (dN), synonymous substitution rates (dS),
and the ratio of dN/dS (w).
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MCMCTree, implemented in the PAML4.9i software package [47], was used to estimate
the divergence time among the parrotfishes. The tree topology generated from BI was
calibrated with fossil dates. The information of branch lengths, gradients, and hessian were
first estimated with a maximum likelihood method in BsaeML of the PAML package. Then
the MCMC approximation was performed with a burn-in period of 50,000 cycles, and a
total of 10,000 samples were generated every 50 iterations. Two independent runs were
performed. Tracer 1.7 [48] was used to check for effective sample sizes (ESS) of parameters.
The ESS larger than 200 were considered to reach convergence.

Two fossil calibration points were used in the divergence time estimation. Calotormus
preisli was known from the middle Miocene (~14 Ma) in Austria [49]. We calibrated the
minimum age of the split between the sea grass clade and the coral reef clade using this
fossil. The fossil elements belonging to the genus Bolbometopon were known from the late
Miocene (~5.3 Ma) [49]. These fossils were used to set the minimum age of the separation
between Bolbometopon and Cetoscarus. The root age of our phylogeny was set to be lower
than 50 Ma, for the oldest known labrid fossil was dated back to 50 Ma from the Monte
Bolca in Italy [50].

3. Results
3.1. General Features of Mitochondrial Genomes

The total length of the 12 newly sequenced complete mitogenomes ranged from
16,657 bp in Scarus niger to 16,816 bp in Scarus globiceps. The typical set of 37 genes,
including 13 PCGs, two rRNAs, and 22 tRNAs, and a control region, were detected in
all the mitogenomes (Table 1, Figure 1, Supplementary File S1: Table S1). All PCGs were
encoded on the Heavy (H) strand except for NADH dehydrogenase subunit 6 (ND6), which
was located on the Light (L) strand. Eight tRNAs (tRNAC", tRNAA", tRNAA", tRNACYS,
tRNATY", tRNASer (UGA)  tRNACGH and tRNAP™) were located on the L-strand, and the
remaining 14 tRNAs were on the H-strand (Figure 1, Table 1). This coding pattern on the H
and L-strand was identical among the 19 parrotfish species (Additional File 1: Table S1)
and was consistent with most vertebrates [51].

Table 1. Features of the mitochondrial genome of the parrotfishes. Calotormus carolinus was taken as

an example.
Intergenic Start Sto Anti-

Features Start Stop Length/bp Nuclfoti de Codon Co d(l))n Codon Strand
tRNAPhe 1 69 69 0 GAA ¥
12S-rRNA 70 1020 951 0 +
tRNAVa 1021 1093 73 0 TAC +
16S-rRNA 1094 2782 1689 0 +
tRNALew(UAA) - 2783 2855 73 0 TAA +
ND1 2856 3830 975 7 ATG TAA +
tRNAe 3838 3907 70 10 GAT +
tRNAMet 3918 3986 69 6 TTG +
tRNAGH 3993 4063 71 68 CAT -
ND2 4132 5176 1045 0 ATG TAG +
tRNATP 5177 5247 71 4 TCA +
tRNAAl 5252 5322 71 5 TGC -
FRNAAs" 5328 5400 73 41 GTT —
tRNACYs 5442 5507 66 9 GCA -
tRNATY 5517 5586 70 1 GTA -
COI 5588 7138 1551 0 GTG TAA +
tRNASer (UGA) 7139 7209 71 3 TGA -
tRNAASP 7213 7283 71 4 GTC +
CcoIl 7288 7978 691 0 ATG T +
tRNALYs 7979 8052 74 1 TIT +
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Table 1. Cont.

Intergenic Start Sto Anti-

Features Start Stop Length/bp Nucl(;goti de Codon Co d(l))n Codon Strand
ATPase 8 8054 8221 168 —16 ATG TAG +
ATPase 6 8206 8894 689 0 CTG TA +
colIl 8895 9679 785 0 ATG TAA +
tRNAG 9680 9750 71 1 TCC +
ND3 9752 10103 352 0 ATA TAG +
tRNAATS 10,104 10,172 69 0 TCG +
ND4L 10,173 10,469 297 -7 ATG TAA +
ND4 10,463 11,843 1381 0 ATG T +
tRNAHs 11,844 11,912 69 2 GTG +
tRNASer (GCW 11 915 11,980 66 32 GCT +
tRNALe (UAG) 12 013 12,084 72 4 TAG +
ND5 12,089 13,930 1842 —4 ATG TAA +
ND6 13,927 14,448 522 1 ATG TAA -
tRNAGH 14,450 14,522 73 64 TTC —
Cytb 14,587 15,727 1141 0 ATG T +
tRNATH 15,728 15,799 72 0 TGT +
tRNAPr 15,800 15,872 73 0 TGG -
D-loop 15,873 17,114 1242 +

* +/— indicated H strand and L strand, respectively; a negative value indicated overlapping nucleotides.
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Figure 1. Organization of the parrotfish mitogenome. Calotomus carolinus was taken as an example.
The inner ring indicated GC content.

69



Biology 2023, 12, 410

3.2. Nucleotide Composition of the Parrotfish Mitogenomes and Unusual AT Skew of Calotomus
Species

The nucleotide composition was similar among all of the parrotfish species, with
the overall A + T content ranging from 53.0% in Scarus globiceps to 56.4% in Bolbometopon
muricatum, and the A + T content was the lowest in ND4L (51.7 £ 3.6%) and the highest in
the control region (62.6 £ 4.1%) (Figure 2a, Additional File 1: Table 52). All of the parrotfish
mitogenomes exhibited AT bias, with the largest and most positive value observed in the
rRNAs and the smallest and most negative value found in ND6 (Figure 2b, Additional File
1: Table S3). Compared with other parrotfishes, species of the genus Calotomus exhibited
an unusual AT skew for the whole mitogenomes with a slightly negative value (—0.04
to —0.02), while other species all displayed a positive value (Figure 2b, Additional File 1:
Table S3). These results indicated that species of the genus Calofomus displayed an excess
of T over A in the whole mitogenome.
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Figure 2. Base composition of various datasets among parrotfish mitogenomes, with hierarchical
clustering of parrotfish species (y-axis) based on (a) AT content and (b) AT skew.
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3.3. Protein-Coding Genes

The total length of PCGs ranged from 11,391 bp to 11,415 bp, with ATPS being the
shortest (168 bp) and ND5 being the longest (1839 bp to 1848 bp). Most genes exhibited
the typical start codon ATN. However, COI initiated with GTG in all species, and ATP6
started with GTG in Calotomus japonicus and Scarus oviceps or CTG in Calotomus carolinus
(Additional File 1: Table S1). Four types of stop codons were detected, including two
canonical (TAA and TAG) and two truncated codons (T- and TA-) (Additional File 1:
Table S1). The incomplete stop codons were commonly observed in fish mitogenomes [1]
and might be completed by post-transcriptional polyadenylation [52].

For all the parrotfish mitogenomes, Leu“YUN)  Ala, and Thr were the three most
frequently translated amnio acids, while Cys was the least used amnio acid (Figure 3a).
Moreover, the most frequently used codon was CGA for arginine in all the parrotfish
mitogenomes (Figure 3b). The RSCU revealed that degenerate codons were biased to
use more A and T than G and C in the third codon position, which resulted in higher
A + T content than G + C content in the third codon position of parrotfish mitogenomes
(Figures 2a and 3b, Supplementary File S2: Figure S1).
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® Boibometopon muricatum KY235362% Calotomus carolinus # Calotomus faponicus APO17568 Cetoscarus bicolor
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Figure 3. (a) Amino acid frequency in the parrotfish mitogenomes. (b) Heatmap based on the relative
synonymous codon usage (RSCU) in the parrotfish mitogenomes.

3.4. Gene Rearrangement and Secondary Structure of tRNAs

All 22 tRNAs typical of the mitogenomes of vertebrates were found in the parrotfish
mitogenomes (Figure 4a). Most tRNAs could be folded into the canonical clover-leaf
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secondary structure. The secondary structure of tRNAs generally consisted of four domains
and a short variable loop: the amino acid acceptor (AA) stem, the dihydrouridine (D) arm (D
stem and loop), the anticodon (AC) arm (AC stem and loop), the thymidine (T) arm (T stem
and loop), and the variable (V) loop (Figure 4a). However, tRNASer(AGN) Bolbometopon
muricatum and Calotomus japonicus possessed only small loop(s) in their D arms (Figure 4b),
thus not forming the typical clover-leaf structure. A gene rearrangement of the tRNA
gene cluster between ND1 and ND2 was detected, with the tRNAM? inserted between the
tRNA' and tRNAC™", and the tRNAC" was followed by a putative tRNAM® pseudogene.

tRNA-Ala tRNA-Cys | tRNA-Asp | tRNA-Glu 4 tRNA-Phe

H
}

tRNA-Gly +{ tRNA-His _| tRNA-lle ) {RNA-Lys 1{ (RNA-Leu 4
8 q H H (UAG) 1
f | Y
-
o
H
tRNA-Leu _J (RNA-Met 1] (RNA-Asn 1 tRNA-Pro ¢/ IRNA-GIn
(UAA) 8 1 H £ H
)
RNA-Arg tRNA-Serl | RNA-Ser tRNA-Thr tRNA-Val

Geuy o

(RNA-Trp 1 {RNA-TYr ;< Discrir

tRNA-Ser tRNA-Ser
UGA)  H (UGA)

Bolbometopon muricatum Calotomus japonicus

Figure 4. (a) Putative secondary structure of tRNAs in parrotfish mitogenomes. (b) Putative sec-
ondary structure of tRNAS"AGN) in Bolbometopon muricatum and Calotomus japonicus.

3.5. Overlaps and Non-Coding Intergenic Spacers

A total of four gene overlaps were detected in the mitogenome of Calotomus carolinus
and five were observed in the mitogenomes of other parrotfishes (Table 1, Additional File 1:
Table S1). The longest overlap was found between ATP8 and ATP6, with highly conserved
10-bp motifs of “ATGGCACTAA” or “ATGACACTAA” detected in most parrotfish mi-
togenomes except for that of the genus Calotomus. The latter genus showed 16-bp overlaps
of “CTGACCTTGGCACTAG” or “GTGGCCCTGGCACTAG”. Apart from that, a 7-bp
overlap was observed between ND4L and ND4 in all parrotfish mitogenomes with highly
conserved sequences of “ATGCTAA” or “ATGTTAA”.

Two long intergenic spacers (IGS; tRNA®"-ND2 and Or) were found in all the par-
rotfish mitogenomes. Moreover, another long IGS between tRNAS" and Cyt b was also
found in the mitogenomes of the genus Calotomus. As mentioned above, the IGS between
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tRNAC! and ND2 was assumed to be a pseudogene of tRNAM¢. O is located within the
five tRNA gene cluster (WANCY), and its secondary structure showed a stable stem-loop
hairpin, which is strengthened by 9 to 10 G-C base pairs (Figure 5). The G-C base pairs
on the stem were highly conserved, while the loop varied in its base composition, with T
being scarce.

Calotomus carolinus ~ Bolbometopon muricatum Cetoscarus bicolor  Hipposcarus longiceps Scarus dimidiatus

Figure 5. Putative secondary structure of the origin of L strand replication (Op ) in five parrotfish
species.

The control region, located between tRNAP™ and tRNAP" was the most variable
region and constituted the majority of the length variation of the parrotfish mitogenomes
(Additional File 1: Table S1). Only three conserved sequence blocks (CSB-D, CSB-I, and
CSB-II) were detected (Figure 6), with CSB-III completely missing in all the parrotfish
mitogenomes. The base composition was extremely unique to each CSB, with CSB-D being
T rich, CSB-1 being AT rich, and CSB-II being C rich (Table 2).
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Figure 6. Conserved sequence blocks (CSBs) of the control region in the parrotfish mitogenomes.

Table 2. Base composition of the CSBs of parrotfish mitogenomes.

Base Composition (%) CSB-D CSB-I CSB-II
A 10.5 34.2 8.8
T 444 322 20.1
G 21.6 19.6 52
C 23.5 14.0 65.9

3.6. Non-Synonymous and Synonymous Substitutions

To better understand the role of selective pressure and the evolutionary patterns of
the protein coding genes, the dN/dS value (w) of each PCG was calculated (Figure 7). All
of the PCGs were subject to purifying selection, with a dN/dS value lower than 1 (w < 1).
Among which, ATP8 and COI presented the highest and lowest w values (w = 0.300 and
0.016), respectively.
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Figure 7. Non-synonymous/synonymous substitution ratios (w) of the 13 PCGs in the parrotfish
mitogenomes.

3.7. Phylogenetic Relationships of the Parrotfishes

The ML and BI trees based on the thirteen PCGs and two rRNAs yielded identical
gene tree topologies (Figure 8), which congruently revealed two main clades. The first clade
(clade A), located at the basal part of the tree, includes species of the genus Calotomus. The
second clade (clade B) was comprised of the genera Cetoscarus, Bolbometopon, Hipposcarus,
Chlorurus, and Scarus. The genus Cetoscarus was sister to Bolbometopon, positioned at the
basal part of this clade. Scarus formed the sister genus to Chlorurus, then clustered with
Hipposcarus. The monophyly of Scarus and Chlorurus was confirmed with strong support.
Among the sampled Scarus species, S. globiceps showed a close relationship with S. rivulatus
and exhibited little genetic difference (0.009 between the whole mitogenome). The nodes
with high ML bootstrap support values and Bayesian posterior probabilities (BS > 70 and
PP > 0.95) were shown.
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Figure 8. Phylogenetic relationships of the parrotfishes based on 13 PCGs and 2 rRNAs using
Bayesian inference (BI) and maximum likelihood (ML). Numbers at nodes indicate Bayesian posterior
probabilities (PP) and ultrafast bootstrap supports (UFBoot) from maximum likelihood analysis,
respectively. Only well-supported numbers (PP > 0.95, UFBoot > 95) are shown.

3.8. Divergence Time Estimation

The estimated divergence time and 95% credible intervals (Cls) are shown in Figure 9.
The split between clade A and clade B occurred at 26.9 Ma (95% CI 16.0~36.0 Ma) during the
late Oligocene. The Bolbometopon-Cetoscarus clade differentiated at 15.9 Ma (95% CI9.3~21.2
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Ma) during the middle Miocene. Hipposcarus diverged at 14.3 Ma (95% CI 8.3~18.8 Ma).
The split between Chlorurus and Scarus was dated back to 8.6 Ma (95% CI 5.2~11.6 Ma).
The Scarus species diverged relatively recently, ranging from 0.2 Ma to 7.0 Ma.
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Figure 9. Divergence time estimation of the parrotfishes derived from MCMCTree analysis. Numbers
at nodes indicate estimated age. Blue bars represent 95% credible age intervals for each node.

4. Discussion

The comparative analysis revealed that the mitogenome structure, organization, codon
usage, and putative secondary structures of tRNAs were highly similar among all the
analyzed parrotfish species. The gene rearrangement of the tRNA gene cluster between ND1
and ND2 was detected, which is typical of parrotfish [27-29]. In parrotfish mitogenomes,
the tRNAM?* was located between the tRNA and tRNA®™, then a putative tRNAMe*
pseudogene was located after the tRNAC". The gene rearrangements had been proposed
to occur with tandem duplication of gene regions as a consequence of slipped-strand
mispairing, followed by deletions of redundant genes [53]. The tRNAM* pseudogene was
believed to function as punctuation marks for mitochondrial ND2 mRNA processing [27].

Previous studies on insects suggested that the intergenic spacers were important
for transcription and might be associated with gene rearrangement [54-56]. Our results
showed significant variance in IGS among the parrotfish mitogenomes, especially for
the longest IGS, the control region. Despite the great length variations found in the CR
of the parrotfish mitogenomes, three conserved sequence blocks could still be detected.
Compared with most fish species [1], the CSB-III cannot be observed in the CR of the
parrotfish mitogenomes. The lack of CSB-III was also reported in other vertebrates [57]. Up
until now, the functions of the CSBs were still not clear, however, the common existence
of CSB-D and CSB-I in vertebrate mitogenomes suggested that they were vital in the
replication and transcription of the genome [1].

CR was commonly used as genetic markers in phylogenetic and population genetic
analysis due to its high variability among populations and closely related
species [58,59]. However, our analysis suggested that the CR of parrotfishes experienced
significant substitution saturation. Substitution saturation reduces the amount of phylo-
genetic signals to the point that sequence similarities could probably be the consequence
of chance alone rather than homology. Therefore, phylogenetic signals are lost, and the
sequences are no longer informative about the underlaying evolutionary processes that
generate them if substitution saturation is reached [60]. For example, the mitochondrial
markers COI and ND3 that are commonly used in phylogenetic studies and DNA barcod-
ing were proven to be subjected to significant substitution saturation in Caryophyllidean
cestodes. Therefore, arbitrary application of these markers to the phylogenetic inference of
this group of cestodes would jeopardize the well-supported phylogenetic estimates and
evolutionary relationships [61]. In our case, the CR sequences have never been employed
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to infer the phylogenetic relationships among parrotfishes so far [30-32]. Future studies
should avoid using the CR sequences when it comes to phylogenetic relationship inference
or identification via DNA barcoding of the parrotfishes.

The RSCU revealed that degenerate codons were prone to use more A and T than
G and C in the third codon position, therefore higher A + T content than G + C content
was observed in the third codon position of parrotfish mitogenomes (Figures 2a and 3b,
Additional File 2: Figure S1). This phenomenon was frequently observed in other teleosts [1]
and might be related to genome bias, optimal selection of tRNA, or DNA repair effi-
ciency [62].

Compared with other parrotfish species, the Calotomus species displayed an unusual
AT skew for the whole mitogenome with a slightly negative skewness, while other species
all showed positive values. Nucleotide skewness might be related to the balance between
mutational and selective pressures during replication [63-65]. Some previous studies had
indicated that the preference for certain nucleotides might be associated with selection
rather than mutation [66]. For example, Sinorhodeus microlepis, a bitterling species with
highly specialized ecological and behavioral preferences [67], also exhibited an unusual AT
skew in its mitogenome [68] and this unique AT skewness was believed to be associated
with unique selective forces [68]. Compared with other parrotfish species, the Calotomus
species possessed some unique ecological aspects, such as the browsing feeding behavior
and the lack of breeding territories [30]. It is suspected that distinct selective pressures or
processes might lead to the preference of T in their mitogenomes. However, what and how
the selective processes account for the unusual AT skew in the Calotomus species needs
further investigation.

All of the PCGs were evolved under the purifying selection (w < 1). The lower
w value on the whole suggested a prevalent signature of strong functional restrictions
across the mitogenome, which was largely in agreement with the functional importance
of mitochondria as a respiration chain necessary for OXPHOS and electron transport [69].
Furthermore, the lower w value indicated fewer variations in the amino acids; therefore,
COI and Cyt b could serve as potential barcoding markers for the identification of parrotfish.

The phylogenetic relationships among the parrotfish genus based on thirteen PCGs
and two rRNAs of the mitogenome indicated two distinct clades (A and B), which were
identical with previous studies based on concatenated data of both mitochondrial and
nuclear markers [30-32]. These two clades recovered by the phylogenetic analysis corre-
spond to two distinct groups with different aspects of ecological adaptation, which had
been defined as the sea grass clade and the coral reef clade [30]. The sea grass clade, as
represented by Calotornus in this study, exhibited some less modified morphological charac-
teristics (e.g., discrete teeth without cementation) [70] and showed some distinct ecological
and behavioral aspects (e.g., browsing, no breeding territories, and no harem) [30]. These
features differed greatly from the coral reef clades. In addition to the phylogenetic analysis,
our results also revealed some unique features of the mitogenome composition and organi-
zation in the Calotomus mitogenomes (e.g., unusual AT skewness in the mitogenome and
additional IGSs), indicating the evolutionary distinctiveness of the sea grass clade.

The first split of the parrotfish was estimated to have occurred in the late Oligocene
(26.9 Ma, 95% CI 16.0~36.0 Ma), separating the sea grass clade from the coral reef clade.
Geological evidence suggests that tectonic movements in the Indo-West Pacific region
during the late Oligocene and early Miocene resulted in the formation of vast areas of
shallow-water habitat between Australia and Indonesia [71], facilitating the expansion of
sea grass habitat [72]. Our divergence time estimation was largely in congruence with
the timing of the large-scale development of the sea grass habitat. This result probably
indicated that the ecological differences between these two habitats acted as the major
driving force in the early diversification of the parrotfishes. The differentiation within the
coral reef clade had been initiated since the middle Miocene (about 15.9 Ma), which is well
consistent with the closure of the Tethys Ocean [73]. Alterations in geomorphologies such
as sea levels, sea surface temperatures, and ocean circulations exerted a great impact on
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coral reefs [74-76], likely functioning as the driving forces behind the rapid radiation of
coral reef species. Previous studies indicated that the extensive diversification of coral reef
taxa occurred during this period and was likely associated with the geomorphological
reconfiguration of the marine realm [77]. In addition, natural and sexual selections might
have also contributed to the diversification of parrotfishes. Some studies suggested that
the protogynous mating system of parrotfishes might function as a possible driving force
of speciation [30]. Though some research has suggested that ecological and selection may
operate in tandem in the speciation processes [31], the function mechanisms and their
relative roles still require further investigation.

5. Conclusions

In the present study, comparative analysis revealed both the conserved and unique
characteristics of parrotfish mitogenomes. The mitogenome structure, organization, gene
overlaps, putative secondary structures of tRNAs, and codon usage were relatively con-
served among all the analyzed species. However, the base composition and the intergenic
spacers varied largely among species. All of the PCGs were under purifying selection.
Phylogenetic analysis revealed that the parrotfishes could be divided into two clades with
distinct ecological adaptations. Early divergence of the sea grass and coral reef clades
occurred in the late Oligocene, probably related to the expansion of sea grass habitat.
Later diversification within the coral reef clade could be dated back to the Miocene, likely
associated with the geomorphology alternation since the closing of the Tethys Ocean.
This study offered fundamental molecular materials for further studies on the evolution
and diversification of the parrotfishes and would contribute to their identification and
conservation.
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Simple Summary: This study investigated the genetic diversity and connectivity of 15 Ocypode
ceratophthalmus populations in the East and South China Seas based on two genetic markers. The
results showed that O. ceratophthalmus had a high genetic diversity among all collected populations,
and an insignificant population structure was observed by a hierarchical analysis of molecular
variance and fixation index. Additionally, Migrate-n revealed high historical gene flow and migration
rates among populations. The results of this study could inform the construction and management of
marine protected areas in the East and South China Seas.

Abstract: The East and South China Seas are rich in marine resources, but they are also under great
pressure from climate change and human activities. Maintaining diversity and connectivity between
communities is thought to be effective in mitigating these pressures. To assess the diversity and
connectivity among the populations of Ocypode ceratophthalmus in the East and South China Seas,
15 populations from or near 15 marine protected areas in the two seas were studied using COI
and D-Loop as genetic markers. The results showed that O. ceratophthalmus populations had high
diversity, and the results of a hierarchical analysis of molecular variance and fixation index found
that there were no significant genetic structures among these populations. High historical gene flow

and high migration rates were further observed among populations by Migrate-n. Furthermore, the
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East China Sea (ECS) have been recorded, of which half (48%) were endemic [1], and the
ECS was also an important fishery for the world, contributing about 6 million tons of catches
annually [2]. The South China Sea (SCS), adjacent to the ECS, is regarded as the hotspot of

tropical biodiversity in shallow seas, with 450 species of coral (about 7% of the world’s total
coral reef areas), 2 million hectares of mangrove (12% of the world’s total mangrove areas),
1027 species of fish, 91 species of shrimp and 73 species of cephalopods [3]. Furthermore,
the SCS provides 6 billion tons of catch annually, accounting for 10% of the world’s total
catch [3]. Nevertheless, with the rapid economic development in the East and South China
Seas, the regions were also facing threats, such as overfishing, biodiversity decline and
habitat degradation, which urgently need to be strengthened for conservation [3]. The
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have been established in the ECS, and more than 20 national-level MPAs have been set up
in the SCS [5]. Most of these protected areas were usually designated by local governments,
and these bottom-up designations may lack systematic planning [6].

Protecting biodiversity as a whole required not only the design of protected areas
with reasonable functions, but also the consideration of species migration among different
habitats on a larger scale, such as the establishment of several protected areas with the
same functions to form a MPA network. Previous studies have also revealed that the MPA
network could effectively prevent or mitigate the negative impacts of biodiversity [7], which
required connectivity to promote population persistence in marine ecosystems [8].The
Convention on Biological Diversity has recognized connectivity as a fundamental principle
in the planning of the MPA network. Additionally, it was requisite to determine the
boundaries of ecosystems based on connectivity in the ecosystem-based marine reserve
management system [9]. Therefore, it is important to understand the connectivity in these
two seas and that connectivity barriers may not be present in these two seas.

The ECS belongs to the East China Sea Ecoregion in the Warm Temperate Northern
Pacific Marine Biogeographic province, and the SCS belongs to the Gulf of Tonkin Ecore-
gion, Southern China Ecoregion and South China Sea Oceanic Islands Ecoregion in the
South China Sea Marine Biogeographic province [10]. Whether the transition in different
ecoregions will have an impact on population connectivity remains to be researched, and
this question relates to whether the protected areas between the two seas are constructed
as a network of protected areas or separately. At present, studies on this issue do not
have the same results. On the one hand, high connectivity reports were increasing in
coastal species, which span different ecoregions. For example, Atrina pectinate [11], Nibea
albiflora [12], Octopus ovulum [13], Parasesarma affinis [14], Periophthalmus modestus [15],
Siphonaria japonica [16] and Thamnaconus hypargyreus [17] had high connectivity among
populations in both ECS and SCS. On the other hand, it has been reported that there was
limited connectivity between populations in the ECS and populations in the SCS, such as
Chelon haematocheilus [18], Eleutheronema tetradactylum [19], Epinephelus akaara [20], Pagrus
major [21] and Scomber japonicus [22]. These inconsistent findings, which could be caused
by limited spatial coverage and insufficient sampling (usually less than 10 populations, see
summary in Table S1), require further research on the connectivity of the two seas.

Horn-eyed ghost crab (Ocypode ceratophthalmus), a species widely distributed in the
East and South China Seas, has a planktonic larval stage and a settled adult stage like most
marine invertebrates. Furthermore, O. ceratophthalmus is expected to suffer less human
disturbance due to its low economic value, and it is therefore considered to be better to
reflect the diversity and connectivity patterns among protected areas [23]. Although the
previous study did not find any genetic differences in the SCS population, it was tested in
only three populations and with a limited sample [24]. To reveal its population structures
and provide suggestions for the marine protection in the East and South China Seas, two
molecular markers, COI and D-Loop, were employed in this study to assess the genetic
connectivity among horn-eyed ghost crab populations in or near marine protected areas
in the two seas. The results from this study were expected to inform the construction and
management of marine protected areas in China.

2. Materials and Methods
2.1. Sample Collection and DNA Extraction

From September 2021 to April 2022, 8 populations of horn-eyed ghost crab were
collected from sandy beach in 8 marine protected areas. In addition, because not every
MPA has the ghost crab habitat, 7 populations were collected in the adjoining sandy beach
of 7 marine protected areas (Figure 1; Table 1). The morphological details of each group are
presented in Table S2.
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Table 1. Location and sampling details for each population.

Region MPA * Population Nglan;:;elre:f Weight (g) Sampling Time
Dongtou National Marine DT 20 18.06 + 6.17 27 April 2022
Park (in)
Fuyao Archipelago National FYLD 15 18.63 + 5.70 30 March 2022
Marine Park (in)
Haitan Bay National Marine PT 18 13.68 & 4.54 6 March 2022
Park (in) ’ ’
Hua’ao Island National HA 15 15.89 + 4.15 8 April 2022
) Marine Park (near)
Fost ChinaSea  Ma'an Archipelago Special MA 15 5414225 10 December 2021
Marine Protected Area (in) ' ’
East China Sea Meizhou Island National MZD 16 1338 + 2.66 5 March 2022
Marine Park (in)
Nanji Archipelago National NJLD 10 16.15 + 6.95 18 April 2022
Nature Reserve (in)
Zhongjieshan Archipelago
Special Marine Protected ZJS 14 22.82 £7.11 18 April 2022
Area (near)
Chongwu National Marine
Southern China Park (in) CW 24 16.59 £+ 5.40 8 January 2022
Xiamen National Marine XM 18 1665+572  2January 2022
Park (in)
Qing’ao Bay National
. A 22 15.01 £+ 3.54 8 January 2022
Southern China Marine Park (near). Q J Y
Zhelang Peninsula National DH 15 14.43 + 456 22 March 2022
Marine Park (near) ’ ’
South China Dongzhai Bay National DZG 21 5284251 18 September 2021
Sea Nature Reserve (near) ’ ’
Gulf of Tonkin Jinhai Bay Mangrove .
Protected Area (near) JH 15 18.89 £ 6.09 1 April 2022
Sanya River Mangrove SYH 15 554+250 18 September 2021

Nature Reserve (near)

* In this column, the contents in parentheses indicate that the sampling site is in or near the marine protected
areas, “in” indicates that the sampling site is in the reserve, and “near” indicates that the sampling site is near the
marine protected areas.

The obtained samples were morphologically identified according to the previous
study [25], samples were transported back to the laboratory, measurements of carapace
width, carapace length, abdomen width, abdomen length, weight and gender were con-
ducted [26]. Then, samples were stored in 95% ethanol at —20 °C until DNA extrac-
tion. About 20 mg of muscle tissue from the ambulatory leg was obtained to extract the
total DNA by using MolPure® Cell/Tissue DNA Kit (Yeason, Shanghai, Chian), and
the DNA was stored at —20 °C and used as a template in the PCR reactions. PCR
was implemented to amplify COI and D-Loop using the following primers, LCO14901
(5'-GGTCAACAAATCATAAAGATATTGG-3') and HCO2198 (5'-TAAACTTCAGGGTGAC
CAAAAAATCA-3') for COI, 13,323F (5'-GCGAATGCTGGCACAAACAT-3') and 14,378R
(5’-AGGGAGTGGTGCAATTCCAT-3') for D-loop. The PCR amplification reaction included
25 uL 2 x Hieff® PCR Master Mix, 2 uL of upstream and downstream primers (10 pM),
about 55 ng of template DNA, and double-distilled water was added to the total volume of
50 pL. Then, the PCR thermal cycling program was set as follows: denaturation at 94 °C
for 5 min, followed by 35 cycles of denaturation for 94 °C 30 s, annealing at 55 °C for 30 s,
elongation at 72 °C for 1 min; and the final extension step for 10 min at 72 °C. All PCR
products were detected by 1.5% agarose gel electrophoresis. Finally, the PCR products were
purified and sequenced by Tsingke Biotech Company (Shanghai, China).
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Figure 1. Sampling locations and ocean currents schematic in the studied area. TWC, Taiwan Warm
Current; SCSWC, South China Sea Warm Current; MZCC, the coastal currents of Zhejiang and Fujian;
GDCC, Guangdong coastal current. The direction of MZCC and GDCC varies seasonally, from
south to north in summer and vice versa in winter [27], which is indicated by the solid line with
bidirectional arrows in the figure.

2.2. Statistical Analyses of Genetic Data

All sequences were checked and edited using Geneious. Multiple sequences were
aligned using the Geneious Alignment (Identity 1.0/0.0), and all alignments were checked
visually. MEGA11 was used to evaluate the composition of the nucleotides. DnaSP
v.4.0 was used to calculate the genetic diversity indices such as the number of haplotypes
(h), haplotype diversity (Hd) and nucleotide diversity ().

A map of haplotypes distribution was constructed using ArcGIS, R 4.2 and Arlequin
3.5, and minimum spanning networks were constructed using PopART 1.7. Hierarchical
analysis of molecular variance (AMOVA) of the different levels was used to further examine
the population structure. The AMOVA based on three levels included population level
(MA, ZJS, HA, DT, NJLD, FYLD, PT, MZD, CW, XM, QA, DH, JH, DZG, SYH), region level
(the East China Sea: MA, ZJS, HA, DT, NJLD, FYLD, PT, MZD, CW, XM; the South China
Sea: QA, DH, JH, DZG, SYH) and ecoregion level (East China Sea Ecoregion: MZD, PT,
FYLD, NJLD, DT, HA, ZJS, MA; Southern China Ecoregion: DH, QA, XM, CW; Gulf of
Tonkin Ecoregion: JH, DZG, SYH). The significance of AMOVA was analyzed by 10,000 per-
mutations. The fixation index (Fs7) was employed to assess the pairwise genetic divergence
between different populations and the significance was obtained by 10,000 permutations.

Migrate-n 3.6 was conducted to estimate the mutation-scaled migration rate M (M
=m / u, where m was the historical migration rate among populations and p was muta-
tion per generation) and mutation-scaled population size 0 (6 = Ne x p, where Ne was
historical effective population size). The runs were recorded every 100 steps for a total of
1,000,000 long-chain Markov chain Monte Carlo (MCMC) steps and a burn-in of 1000. To
improve the efficiency of the MCMC search, a static heating scheme with four different
temperatures (1.0, 1.5, 3.0 and 1,000,000.0) was used. We inspected histograms of estimated
0 and M posterior values to assess convergence. We calculated historical gene flow (Nm)
by using the equation Nm = 6 x M (when using mitochondrial gene).
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3. Results
3.1. Population Genetic Diversity

A total of 253 COI sequences (538 bp, OP989704-956) and 95 D-Loop sequences (611 bp-
612 bp, ON504951-995) were obtained from 15 populations of horn-eyed ghost crab. For
COI sequences, the average contents of A, T, G and C were 26.6%, 34.6%, 16.8% and 22.0%,
respectively. A total of 50 polymorphic sites were detected, including 24 singleton variable
sites and 26 parsimony informative sites. Haplotype diversity ranged from 0.80 to 0.98,
and nucleotide diversity ranged from 0.0022 to 0.0054 (Table 2). When the 15 populations
were considered as a metapopulation, the haplotype diversity was 0.87, and the nucleotide
diversity was 0.0036 (Table 2).

Table 2. Genetic diversity for 15 populations of horn-eyed ghost crab based on COI/D-Loop sequences.
N, number of specimens for each population; h, the number of haplotypes; Hd, haplotype diversity;
7, nucleotide diversity.

COI D-Loop
Region Population
h Hd 7T N h Hd T

CW 24 12 0.87 £0.05  0.0034 +0.0006 9 9 1.00 + 0.05 0.0279 + 0.0033

XM 18 12 0954+ 0.03  0.0054 4+ 0.0007 9 9 1.00 & 0.05 0.0281 =+ 0.0028

MA 15 9 0.88 +0.07  0.0037 +0.0007 5 5 1.00 & 0.13 0.0314 =+ 0.0052

PT 18 10 0.88+£0.06  0.0050 +0.0010 5 4 0.90 + 0.16 0.0271 + 0.0050

The East MZD 16 8 0.88 4+ 0.05  0.0030 + 0.0005 6 6 1.00 4 0.10 0.0230 4 0.0033
China Sea HA 15 9 0.88+0.07  0.0034 +0.0006 6 6 1.00 4 0.10 0.0192 4 0.0035
NJLD 10 9 098 +0.05  0.0043 +0.0008 5 5 1.00 + 0.13 0.0298 + 0.0051

ZJS 14 9 0.90 +0.06  0.0036 4 0.0007 10 10 1.00 & 0.05 0.0306 & 0.0028

FYLD 15 7 0.82 +0.08  0.0022 +0.0004 7 6 0.95 + 0.10 0.0233 =4 0.0035

DT 20 11 0.86 £ 0.07  0.0037 +0.0007 5 5 1.00 + 0.13 0.0257 + 0.0048

QA 22 14 093 4+0.04  0.003640.0005 5 5 1.00 4 0.13 0.0331 4 0.0063

JH 15 7 0.81 £ 0.08  0.0027 +0.0006 5 5 1.00 4 0.13 0.0379 4 0.0061

The South DZG 21 9 0.86 £0.05  0.0027 +0.0004 5 5 1.00 + 0.13 0.0268 + 0.0064
China Sea SYH 15 7 0.80 +0.08  0.0032 +0.0009 7 6 0.95 4+ 0.10 0.0278 + 0.0038
DH 15 12 0944+ 0.05  0.0052+0.0010 6 6 1.00 & 0.10 0.0313 = 0.0052

The average contents of A, T, G and C were 42.7%, 32.6%, 9.6% and 15.0%, respectively,
according to the results based on D-Loop sequences. A total of 116 polymorphic sites were
found, including 89 parsimony informative sites and 27 singleton variable sites. The genetic
diversity parameters showed that nucleotide diversity ranged from 0.0192 to 0.0379, and
haplotype diversity ranged from 0.90 to 1.00 (Table 2). When the 15 populations were
considered as a whole, the nucleotide diversity was 0.0279, and the haplotype diversity was
1.00. In conclusion, both genetic markers demonstrated high genetic diversity in horn-eyed
ghost crab populations.

3.2. Haplotype Analysis

The COI sequences identified 62 haplotypes (Hap 1-62), including 24 shared hap-
lotypes and 38 exclusive haplotypes. The frequencies of 62 haplotypes varied widely;
the combined frequencies of Hap 1 and Hap 2 were as high as 49.40%, with the highest
frequency of Hap 2 (26.48%), followed by Hap 1 (22.92%), while the remaining haplotypes
were less frequent. Two haplotypes (Hap 1-2) were shared by 15 populations (Figure 2),
while common haplotypes (Hap 1-2, Hap 7, Hap 10 and Hap 13) also existed in populations
that were far apart (up to 1000 km), according to the geographic distribution of haplotypes
(Figure 2). The haplotype network also showed that Hap 1 and Hap 2 were shared by
15 populations, Hap 13 was shared by 11 populations. In general, the haplotype network
showed a shallow double star-shaped structure (Figure S1).
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Figure 2. Haplotype map for horn-eyed ghost crab COI (left) and D-loop (right). Numbers represented
the number of sequences used for analysis. Different colors represented different haplotypes.

A total of 91 haplotypes were detected in 95 D-Loop sequences from the 15 populations,
which were defined as Hap 1-91, consisting of one shared haplotype and 90 exclusive
haplotypes. The frequencies of Hap 25, Hap 29, Hap 47 and Hap 72 were all 2.11%, and
the rest of haplotypes were found only once. According to the geographic distribution
of haplotypes, Hap 29 was shared by two populations (XM and DZG). There were few
shared haplotypes between diverse populations and no dominant haplotypes (Figure 2).
The haplotype network also showed that only Hap 29 was shared by two populations.
Additionally, the haplotype network presented a bush-like shape (Figure S2).

3.3. Population Genetic Structure

Based on COI sequences, at the region level, —0.22% of the variation was found
between regions, with —0.18% of the variance found within regions among populations
and 100.40% within populations. At the ecoregion level, most of the total variation (100.04%)
was accounted for by differentiation within populations, with a further —0.80% accounting
for variation within ecoregions among populations, and the remainder (0.76%) partitioned
among ecoregions (Table 3). At the population level, —0.29% of the total variance was
found among populations, whilst 100.29% of the variance was found within populations.
The AMOVA statistical tests were not significant in all three levels (p > 0.05). The pairwise
population Fsr showed that the genetic differences between populations ranged from
—0.0456 to 0.0602. All pairwise Fsr values were not statistically significant (p > 0.05;
Table S3).

Based on the D-Loop sequences, at the region level, —0.86% of the variation was found
between regions, with —0.44% of the variance found within regions among populations and
101.29% within populations. At the ecoregion level, most of the total variation (101.27%)
was accounted for by differentiation within populations, with a further 0.04% accounting
for variation within ecoregions among populations, and the remainder (—1.31%) parti-
tioned among ecoregions. At the population level, —0.82% of the total variance was found
among populations, whilst 100.82% of the variance was found within populations (Table 3).
AMOVA statistical tests in all three levels were not significant (Table 3). Furthermore,
the Fst values between populations were distributed between -0.1128 and 0.2675, the ge-
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netic differentiation between the remaining populations showed insignificant differences
(p > 0.05), except for the significant differences between MZD and FYLD, and between
MZD and HA (p < 0.05; Table 54). Two genetic markers revealed a high level of genetic ho-
mogeneity among the 15 populations of horn-eyed ghost crab and there was no significant
genetic structure.

Table 3. AMOVA results of horn-eyed ghost crab based on COI and D-Loop sequences.

Different . - Sum of Variance Percentage
Classifications Genetic Markers Source of Variation df Squares Components of Variati%m
Between regions 1 0.708 —0.002 —0.22
Within regions among populations 13 12.383 —0.002 —0.18
cor within populations 238 233.873 0.983 100.40
Region level Total 252 246.964 0.979
(ECS and SCS) Between regions 1 5.481 —0.072 —0.86
D-Loop Within regions among populations 13 108.307 —0.037 —0.44
within populations 80 685.181 8.565 101.29
Total 94 798.968 8.455
Among ecoregions 2 2.857 0.007 0.76
Ecoregion level Within ecoregions among populations 12 10.234 —0.008 —0.80
(East China Sea cor within populations 238 233.873 0.983 100.04
Ecoregion, Total 252 246.964 0.982
Southern China Among ecoregions 2 10.766 —0.111 -1.31
Ecoregion, Gulf of D-Loo Within ecoregions among populations 12 103.021 0.003 0.04
Tonkin Ecoregion) b within populations 80 685.181 8.565 101.27
Total 94 798.968 8.457
Among populations 14 13.091 —0.003 —0.29
cor within populations 238 233.873 0.983 100.29
Population level Total 252 246.964 0.980
Among populations 14 113.787 —0.070 —0.82
D-Loop within populations 80 685.181 8.565 100.82
Total 94 798.968 8.495

3.4. Migration and Connectivity

Based on COI sequences, the estimated historical gene flow ranged from 4.921 (MZD-
FYLD) to 248.595 (QA-DH), while the estimated historical gene flow varied from 10.738
(SYH-DT) to 334.675 (CW-FYLD) based on D-Loop sequences. Two markers revealed the
high historical gene flow among populations of horn-eyed ghost crab. The historical gene
flow from MZD to most other populations was lower than that of most other populations
to MZD based on two markers.

Based on COI sequences, the estimated migration rate ranged from 134.7 (QA-FYLD)
to 390.1 (MZD-QA), while the estimated migration rate varied from 159.3 (PT-SYH) to
284.1 (SYH-NJLD) based on D-Loop sequences. The analysis consequences of two markers
exhibited the high migration rates among populations. The COI sequences further showed
the asymmetric migration rate with the higher migration rate from south to north than
from north to south. Meanwhile, the migration rate from SYH to most other populations
was higher than the migration rate from that of most other populations to SYH based on
two markers (Figure 3). In addition, Migrate-n also revealed that the effective population
sizes of each population based on both markers were relatively close (Table S5).
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Figure 3. Historical gene flow (Nm) and migration rate (M) among 15 populations of horn-eyed
ghost crab based on COI and D-Loop sequences. (a) Nm values based on COI sequences; (b) Nm
values based on D-Loop sequences; (c¢) M values based on COI sequences; (d) M values based on
D-Loop sequences.

4. Discussion

In this study, 15 populations of horn-eyed ghost crab were collected in or near 15 MPAs
in the East and South China Seas to analyze connectivity among populations based on COI
and D-Loop. The results revealed that the high genetic diversity and connectivity among
populations, and a high historical gene flow and migration rate among 15 populations
were supported by two markers. Additionally, the COI sequences further showed the
asymmetric migration rate with a higher migration rate from south to north than from
north to south. The results of population structure and connectivity could reflect the
connectivities between the marine protected areas in the two seas. These results could offer
information for the management of the marine protected areas in the study areas.

4.1. Differences of Genetic Diversity in Populations

High haplotype diversity (Hd > 0.5) and low nucleotide diversity (7 < 0.005) were
observed based on COI sequences when the 15 populations were considered as a whole.
This low nucleotide diversity and high haplotype diversity were in line with the genetic
diversity of COI sequences from other marine organisms, particularly marine crustacean
species such as Pachygrapsus crassipes [28] and Portunus trituberculatus [29]. D-Loop, on the
other hand, showed high haplotype diversity (Hd > 0.5) and high nucleotide diversity
(7t > 0.005). In contrast, the higher genetic diversity was revealed by D-Loop marker, which
may be related to the mutation rate of the fragment [30]. D-Loop is the high mutation region,
located on either side of the central conserved region, which evolves two to five times faster
than mitochondrial protein-coding genes [31], and thus may be more sensitive in genetic
diversity analysis than COI marker [32]. This disagreement was often seen in studies of
multiple molecular markers [31].
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Because the sampling sites of horn-eyed ghost crab were located in or near MPAs, the
results of genetic diversity may provide some reference for the management effectiveness
of MPAs. Species and populations are adversely affected by anthropogenic activities, such
as habitat modification, which are a global phenomenon [33]. These negative impacts even-
tually would reduce the genetic diversity [34]. The management effectiveness of a protected
area is generally considered to be closely related to its conservation effectiveness, and a
good protection management is also expected to have a higher level of biodiversity [35].
In this study, we also found that the marine protected areas with high genetic diversity
also had a higher management effectiveness. For example, the high genetic diversity in
NJLD and MA was observed, for which a high management effectiveness in both protected
areas was reported [36]. FYLD had the low genetic diversity based on two markers, and it
also had a lower score of management effectiveness in this protected area [37]. Therefore, it
might support that the level of population genetic diversity is related to the management
effectiveness of the marine protected areas. However, more tests are required to explore the
relationship between genetic diversity and MPA management effectiveness.

4.2. Connectivity Differences among Populations

The spatial distribution of haplotypes and the haplotype network based on COI
sequences showed that the most common Hap 1 and Hap 2, accounting for almost 49.40%
of samples, were found in all 15 populations. Shared haplotypes may be related with
the large population sizes and high rates of migration [38]. Among the COI haplotypes,
shared haplotypes existed between distant populations (up to 1000 km), which indicated
that dispersal of this species may occur over long distances. In contrast, the existence of
lower-frequency haplotypes was related with large population sizes, and this is because
these haplotypes were not eliminated by the selection when in a large stable population [39].
Whereas the spatial distribution of haplotypes and the haplotype network from D-Loop
revealed few shared haplotypes among populations, it may not represent low connectivity
among populations, but be due to DNA superdiversity [40,41]. This result may be explained
by the combination of small samples and high mutation rates in D-loop sequences [41].
Therefore, results from COI might provide more reliable results on the spatial distribution
and connectivity.

In this research, the high level of connectivity among 15 populations, between ECS
populations and SCS populations and among three ecoregion populations of horn-eyed
ghost crab was observed based on the results of AMOVA and Fsr for two markers, which
was also consistent with the findings of Collichthys lucidus [42], Larimichthys crocea [43],
Pampus chinensis [44] and Thamnaconus hypargyreus [17]. The high connectivity among
populations may be due to the long planktonic larval period of 34—42 days for horn-eyed
ghost crab [45], which could allow distant geographical distances between populations to
be overcome and produce genetic homogeneity [46]. On the other hand, ocean currents
may promote connectivity among populations [42]. During the planktonic larval stage
of horn-eyed ghost crab in summer, the current from the surface to the bottom is almost
consistent with the northeast flow parallel to the coast in the coastal area from Xiangshan
to Pearl River Estuary [47], which may result in high connectivity among populations.
Meanwhile, this may account for the higher migration rate from south to north revealed
by the COI marker in this study. It was also in line with the results of an analysis of
seven mangrove species on the southern coast of China [48]. Nevertheless, the directional
difference was not observed in the migration rate results based on D-Loop sequences,
which may be due to the fact that the higher mutation rate of the D-Loop marker was
not conducive to the prediction of gene flow or less number of D-Loop sequences [49]. In
addition, Migrate-n also revealed a large population size in each population of horn-eyed
ghost crab. Such population may be insensitive to the loss and reorganization of variation
by genetic drift, and could maintain the ancestral genetic information [50], leading to high
genetic connectivity among populations.
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4.3. Conservation and Management Implications for MPA

Although it is not clear whether marine protected areas in the East and South China
Seas could form a network, the results of this study may provide some suggestions for
the construction of such a network due to the sampling sites of horn-eyed ghost crab
being located in or near protected areas. The higher migration rate from south to north
related to the current in summer was revealed based on COI sequences in this research.
Consequently, the hydrodynamic characteristics of the East and South China Seas should
be considered in constructing a MPA network. In the near-shore areas of the East and South
China Seas, the Guangdong coastal current (GDCC) and the coastal currents of Zhejiang
and Fujian (MZCC) are the main currents [27]. In summer, the direction of MZCC and
GDCC is northward along the parallel shoreline, but in winter, the MZCC and GDCC flow
in the southwesterly direction [47]. These season-changed currents should be included in
the design of the MPA network, because organisms that reproduce in different seasons may
have completely different connectivity patterns [51], especially those that reproduce in only
one season.

Many protected species such as Acropora solitarvensis, Epinephelus akaara and Epinephelus
bruneus spawn during summer [52]. The summer fishing moratorium implemented by the
Chinese government in the East and South China Seas [53,54] contributes to the protection
of larvae and may complement the MPA network [55]. This has also been shown in previ-
ous studies. A study of fish resources in Daya Bay showed that the stock density, species
number, biodiversity and evenness index increased after the summer fishing moratorium
period, indicating that the structure of the ecological community improved [56]. Addi-
tionally, in a study in the coastal ocean of Ningbo, the SCS showed that species richness,
abundance and biomass of macrobenthos communities increased significantly during the
summer fishing moratorium period, which implied this policy could facilitate the resilience
of microbenthic communities [57]. However, focusing solely on the spawning patterns
of these species for reserve design will decrease protection of fall-winter spawners when
the direction of the gyres and the location of upstream larval sources reverses [51]. For
example, at least some important species such as Anguilla japonica and Penaeus japonicus
also spawn exclusively during fall-winter [52]. So, flexible management strategies could be
carried out during the winter for the conservation of these species. For example, seasonal
closures or fishing intensity restrictions could be assigned to their spawning sites and core
areas of activity [58]. Moreover, seasonal protection corridors could be set up in areas with
high connectivity during the planktonic larval period, and these areas should be a priority
for new protected areas in the future.

5. Conclusions

This study investigated the genetic connectivity among the populations of Ocypode
ceratophthalmus in the East and South China Seas based on wide geographic sampling and
two genetic markers. The results showed that the horn-eyed ghost crab had high genetic
diversity. The AMOVA analysis revealed no significant genetic structure and high genetic
connectivity among the populations. All the Fgr values obtained from COI sequences were
inapparent. The Fgr values based on D-Loop sequences were only significant between MZD
and FYLD as well as between MZD and HA. Migrate-n revealed the high historical gene
flow and connectivity among 15 populations based on two markers. The COI sequences
further showed asymmetric connectivity with higher connectivity from south to north than
from north to south. The outcomes from this study provide suggestions for the construction
of marine protected areas.
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Simple Summary: Morphological divergence between Siamese and other crocodiles has been identi-
fied by size, number of scales, and patterns of cervical squamation with post-occipital scutes (P.O.).
However, a large variation of P.O. has been observed in captive Siamese crocodiles in Thailand,
leading to questions about possible crocodile hybrids. The genetic diversity and population structure
of Siamese crocodiles were studied using mitochondrial DNA D-loop and microsatellite genotyping.
The STRUCTURE plot revealed numerous distinct gene pools, indicating that the crocodiles in each
farm descended from distinct lineages. Researchers also discovered evidence of introgression in
several individual crocodiles, implying that Siamese and saltwater crocodiles may have hybridized.
A schematic protocol for screening hybrids was proposed based on patterns observed in phenotypic
and molecular data.

Abstract: Populations of Siamese crocodiles (Crocodylus siamensis) have severely declined because of
hunting and habitat fragmentation, necessitating a reintroduction plan involving commercial captive-
bred populations. However, hybridization between Siamese and saltwater crocodiles (C. porosus) has
occurred in captivity. Siamese crocodiles commonly have post-occipital scutes (P.O.) with 4-6 scales,
but 2-6 P.O. scales were found in captives on Thai farms. Here, the genetic diversity and population
structure of Siamese crocodiles with large P.O. variations and saltwater crocodiles were analyzed
using mitochondrial DNA D-loop and microsatellite genotyping. Possible crocodile hybrids or
phenotypic variations were ascertained by comparison with our previous library from the Siam
Crocodile Bioresource Project. Siamese crocodiles with <4 P.O. scales in a row exhibit normal species-
level phenotypic variation. This evidence encourages the revised description of Siamese crocodiles.
Moreover, the STRUCTURE plot revealed large distinct gene pools, suggesting crocodiles in each farm
were derived from distinct lineages. However, combining both genetic approaches provides evidence
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of introgression for several individual crocodiles, suggesting possible hybridization between Siamese
and saltwater crocodiles. We proposed a schematic protocol with patterns observed in phenotypic
and molecular data to screen hybrids. Identifying non-hybrid and hybrid individuals is important
for long-term in situ/ex situ conservation.

Keywords: Siamese crocodile; saltwater crocodile; introgression; hybridization; post-occipital scutes

1. Introduction

Siamese crocodile (Crocodylus siamensis, Schneider, 1801) [1] is a freshwater species
found in a wide range of lowland freshwater habitats including slow-moving rivers,
streams, lakes, seasonal oxbow lakes, marshes, and swamps in mainland Southeast Asia,
including Cambodia, Lao PDR and Thailand and on some islands of Indonesia and
Malaysia [2-6]. This medium-sized crocodylian has a total length of less than 3.5 m [7].
However, its historical population distribution has decreased by 20% globally, with only
11% of its habitat range in nationally protected areas [8]. The Siamese crocodile was
listed as a critically endangered species on the International Union for Conservation of
Nature (IUCN) Red List and in Appendix I of the Convention on International Trade
in Endangered Species of Wild Fauna and Flora (CITES) in 1996 to aid conservation ef-
forts. In Thailand, Siamese crocodiles are widely distributed in lowland regions; however,
most populations have been extirpated because of hunting, habitat loss, and collection
to stock commercial crocodile farms over the last 40 years [8,9]. The severe decline of
Siamese crocodile populations has led to there being fewer than 20 wild individuals in
Khao Ang Rue Nai Wildlife Sanctuary (13°13/2.13” N, 101°42’37" E), Kaeng Krachan
National Park (12°54/1.9” N, 99°38/13.98"” E), Namnao National Park (16°57'57.65" N,
101°30'28.08"” E), Yod Dom Wildlife Sanctuary (14°26'6.06” N, 105°6’ 1.2” E), and Bueng
Boraphet (15°412.67" N, 100°14/59.07” E) [6,10]. To restore Siamese crocodile wild popula-
tions, it is essential to reintroduce captive-bred individuals and implement in situ/ex situ
management practices. [11]. By contrast, 1.3 million Siamese crocodiles were present on
1400 farms in 2020, and crocodile farming now accounts for approximately 1% of Thailand’s
agricultural income [12]. However, the occurrence of hybridization between Siamese and
saltwater crocodiles (C. porosus, Schneider, 1801) [13] is bidirectional between males and
females of parental species in captivity. Interspecific hybridization frequently occurs in
Southeast Asia due to the keeping of both species together in captivity, rather than from the
wild [11,14]. Both F; hybrid and backcross crocodiles are fertile and reportedly grow faster
than either parental species [13]. The genetic integrity of the species is at risk, which could
harm conservation management. Alien outbreeding depression hybrids must be identified
from the parental species before the reintroduction program or to improve genetic diversity
in the wild. Using an effective genetic diagnosis approach, a genetically diverse captive
population of pure Siamese crocodiles was identified while hybrids were differentiated
from the parental species. Siamese crocodile sources serve as critical genetic resources for
reintroduction efforts [11,15].

The morphological divergence between Siamese and other crocodiles (Crocodylus spp.)
has been identified by size, the number of scales, and patterns of cervical squamation
with post-occipital scutes (P.O.) [16]. The P.O.s of Siamese crocodiles show one row with
4-6 scales and several small scales, but no P.O. is seen in saltwater crocodiles. However, a
large variation of P.O., ranging from two to six scales, has been observed in captive Siamese
crocodiles in Thailand. This leads us to question whether possible crocodile hybrids remain
in captivity, or whether these are actual phenotypic variations of Siamese crocodiles. A
genetic approach to identifying Siamese and saltwater crocodiles was developed together
with morphological observations in our previous study [11,15] but the P.O. pattern of
each crocodile was not photo-recorded as evidence in our library report. In this study,
to test these hypotheses, the genetic diversity and structure of Siamese and saltwater
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crocodile populations were assessed by screening the gene pool using 22 microsatellite
markers and mitochondrial (mtDNA) D-loop sequences coupled with each crocodile photo
record. MtDNA and nuclear DNA microsatellites are molecular genetic markers that
can identify population diversity, origins of individuals, and hybrids along with their
parents, especially in crocodiles [11,15]. Results were compared with those of the large gene
pool library under “the Siam Crocodile Bioresource Project” from our previous study [11].
These findings provide pivotal information for prospective reintroduction programs and in
situ/ex situ management.

2. Materials and Methods
2.1. Specimen Collection and DNA Extraction

A total of 136 Siamese and 29 saltwater crocodile specimens were collected from
4 captive locations under the auspices of the Thai Crocodile Farm Association (TCFA) and
in accordance with CITES regulations for the leather and food industries. Table S1 provides
detailed information on the sampled individuals. Scale samples were collected from the tail
of captive crocodiles registered at four crocodile farms in Chonburi (CB) (13°09'06.57” N,
101°28'36.01” E), Nakhon Ratchasima (NR) (14°57'21.19"” N, 101°28'36.01” E), Chainat (CN)
(15°15'10.44" N, 100°02/38.27" E) and Nakhon Pathom (NP) (13°43'20.25" N, 100°15'20.83" E)
between January and August 2022. A piece of scale clipped from the tail of each specimen
was collected as a DNA source. Permission was granted by the farm owners and the
TCFA and also from unnamed crocodile farms. Individuals were classified as Siamese
or saltwater crocodiles based on external morphological observation [17,18] and pho-
tographed. The dataset comprised photo images of 165 individual crocodiles, each captured
in 30-50 different postures to minimize testing redundancy and bias. The DNA extraction
and quality assessment were performed using the same methods as in previous studies [19]
(Supplementary Data S1). All experimental procedures and animal care were carried out
in compliance with the Regulations on Animal Experiments at Kasetsart University and
approved by the Animal Experiment Committee under Approval No. ACKU64-SCI-011.

2.2. Microsatellite Genotyping and Microsatellite Data Analysis

Twenty-two microsatellite primer sets, developed originally from saltwater crocodiles
(Table S2) [20,21], were used for the genotyping of all crocodile individuals. The genotypic
data resulting from this study were deposited in the Dryad Digital Repository Dataset
(https:/ /datadryad.org/stash/share /s4zREYQ1AUUXTsalpkOr1HSdkYljvu8yvJOVR143K7Y,
accessed on 18 February 2023). We used the same methods as previous studies for PCR
amplification to analyze genetic diversity and population structure of the crocodile popula-
tions [11,22-27] (Supplementary Data S1).

2.3. Mitochondrial DNA D-Loop Sequencing and Data Analysis

The mtDNA D-loop sequences of DNA fragments were amplified using the primers
mtCytbf2 (5-TGCCATGTTCGCATCCATCC-3) and mt12srRNAr2 (5-CCAGAGGCTA
GGCGTCGTGG-3) [11]. We used the same methods as previous studies for PCR amplification
and analyze genetic diversity of the crocodile populations [11,22] (Supplementary Data S1).

3. Results
Genetic Variability of Captive Crocodile Population Based on Microsatellite Data

All captive individuals were genotyped, and 459 alleles were found across all loci,
with the mean number of alleles per locus being 20.864 £ 2.351 (Table 1). All allelic
frequencies in the captive population significantly deviated from what would be expected
under the Hardy—Weinberg equilibrium, indicating the presence of linkage disequilibrium
(Tables S3-S7). Null alleles were frequently observed for 13 loci (CpP3001, CpP501, CpP214,
CpP2206, CpP3313, CpP2504, CpP203, CpP1308, CpP4004, CpP3008, CpP2904, CpP3004,
CpP1409), and all markers listed were treated similarly. Siamese crocodiles from CB and
NR populations exhibited negative F values, but Siamese crocodiles from CN and NP
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populations exhibited positive F values, similar to saltwater crocodiles from NR. The
PIC of all captive populations ranged from 0.057 to 0.932 and I ranged from 0.153 to
3.031 (Table S8). The H,, values ranged from 0.059 to 1.000 (mean =+ standard error (SE):
0.629 £ 0.033) and the H, values ranged from 0.058 to 0.936 (mean =+ SE: 0.718 £ 0.037)
(Tables 1 and S8). Welch'’s t-test showed that H, was not significantly different from H,
in Table 2. By comparing pairwise H, values between populations, there were statistical
differences between six pairs, while pairwise H values were different between five pairs
(Table 3). The AR value of the population was 20.787 4= 2.332. The standard genetic diversity
indices are summarized in Table 1 and Supplementary Table S8.

Table 1. Genetic diversity of 136 Siamese (Crocodylus siamensis, Schneider, 1801) [1] and 29 saltwater
crocodiles (C. porosus, Schneider, 1801) [13] based on 22 microsatellite loci. Table S1 provides detailed
information on the sampled individuals.

Population N N, AR Nea I H, H. PIC F
CB! Mean 30 7.409 7.409 3.847 1.329 0.653 0.612 0.570 —0.092
S.E. 0 0.993 0.993 0.713 0.140 0.044 0.044 0.214 0.045
NR 2 Mean 30 8.727 8.727 3.847 1.382 0.602 0.609 0.572 —0.031
S.E. 0 1.405 1.405 0.728 0.149 0.043 0.043 0.213 0.066
CN3 Mean 34 9.500 9.500 4.603 1.396 0.545 0.582 0.553 0.033
S.E. 0 1.364 1.364 1.000 0.180 0.057 0.058 0.268 0.055
NP 4 Mean 42 11.182 11.182 4.880 1.658 0.642 0.693 0.658 0.057
S.E. 0 1.307 1.307 0.730 0.147 0.044 0.040 0.204 0.068
Cp5 Mean 29 9.818 9.798 4951 1.716 0.696 0.733 0.705 0.039
S.E. 0 1.169 1.150 0.530 0.125 0.041 0.036 0.173 0.046
All Population Mean 165 20.864 20.787 6.745 1.921 0.629 0.718 0.695 0.110
S.E. 0 2.351 2.332 1.604 0.164 0.033 0.037 0.180 0.038
Sample size (N); number of alleles (N,); allelic richness (AR); number of effective alleles (Nea); Shannon’s
information index (I); observed heterozygosity (H,); expected heterozygosity (H.); polymorphic information
content (PIC); fixation index (F). 1 CB = Chonburi (Crocodylus siamensis). 2 NR = Nakhon Ratchasima (Crocodylus
siamensis). 3 CN = Chainat (Crocodylus siamensis). * NP = Nakhon Pathom (Crocodylus siamensis). > CP = Nakhon
Ratchasima (Crocodylus porosus).
Table 2. Welch'’s t-test of observed heterozygosity (H,) and expected heterozygosity (He) of Siamese
(Crocodylus siamensis, Schneider, 1801) [1] and saltwater crocodiles (Crocodylus porosus, Schneider,
1801) [13] based on 22 microsatellite loci.
Population H, H. df t-Test p-Value
CB! 0.641 £+ 0.044 0.612 + 0.044 0.041 0.466 0.643
NR 2 0.602 £ 0.043 0.609 £ 0.043 —0.037 —0.115 0.909
CN3 0.545 4+ 0.057 0.582 + 0.058 0.007 —0.455 0.651
NP ¢ 0.642 4+ 0.044 0.693 + 0.040 —0.051 —0.858 0.394
Cp5 0.696 4+ 0.041 0.733 + 0.036 —0.037 —0.678 0.501

1 CB = Chonburi (Crocodylus siamensis). 2 NR = Nakhon Ratchasima (Crocodylus siamensis). > CN = Chainat
(Crocodylus siamensis). 4 NP = Nakhon Pathom (Crocodylus siamensis). 5 CP = Nakhon Ratchasima (Crocodylus porosus).

We determined the degree of relatedness between individuals in the captive crocodile
population by employing a pairwise test. The mean pairwise r values were calculated for a total
of 13,530 combinations of crocodiles, which included all 165 sampled individuals, including
Siamese and saltwater crocodiles, were —0.018 £ 0.033 (CB population = —0.018 £ 0.042, NR
population = —0.019 =+ 0.029, CN population = —0.017 £ 0.030, NP population = —0.019 + 0.032
for Siamese crocodiles and NR population of saltwater crocodiles = —0.020 £ 0.032). No
pairs showed r < —0.25. There were 13,525 pairs with —0.25 < r < 0.25 and 5 pairs with
0.25 > r (Tables 2 and S9-513). Distribution of r values for the crocodiles exhibited a
left skew, indicating lower pairwise r values than what would be expected under a null
hypothesis of unrelated individuals by chance. The distributions of pairwise r differed
significantly between the CB and NP populations, and the mean pairwise r values were
also significantly different across all populations. (Figure 1, Table S14). The mean Fig
was —0.074 & 0.076 (Table 3), with individual values of Fig ranging from —0.191 to 0.085
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(Tables S15-519). However, distributions of Fig from all populations differed significantly
from each other (Figure 1, Table S14). The N, of Siamese crocodiles for individuals that
contributed genetically to the CB population was 41.3 (95% CI: 32.2.8-46.5), 202.2 (95%
CI: 87.7-113.3) for the NR population, 115.5 (95% CI: 69.5-88.1) for the CN population,
45.2 (95% CI: 37.1-136.1) for the NP population, and 103.7 (95% CI: 66.7-74.8) for saltwater
crocodiles in the NR population (Table 4).

Table 3. Comparison of genetic diversity parameters between Siamese (Crocodylus siamensis, Schnei-
der, 1801) [1] and saltwater crocodiles (Crocodylus porosus, Schneider, 1801) [13] based on 22 microsatel-
lite loci. Table S1 provides detailed information on the sampled individuals.

Population 1 Population 2 df SE t-Test p-Value
CB! NR 2 0.051 0.011 4.540 <0.05
CB CN3 0.108 0.013 8.536 <0.05
CB NP ¢ 0.011 0.099 0.111 0.912
CB cpS —0.051 0.010 —4.914 <0.05
Heterozygosity (Ho) NR CN 0.057 0.013 4.546 <0.05
NR NP —0.040 0.099 —0.403 0.689
NR CP —0.102 0.010 —-9.962 <0.05
CN NP —0.097 0.100 —0.974 0.335
CN (@ —0.159 0.012 —13.498 <0.05
NP CP —0.062 0.099 —0.624 0.536
CB NR 0.003 0.011 0.267 0.790
CB CN 0.030 0.013 2.346 <0.05
CB NP —0.081 0.107 —0.755 0.454
CB (@ —0.135 0.010 —12.862 <0.05
Heterozygosity (He) NR CN 0.027 0.013 2.131 <0.05
NR NP —0.084 0.107 —0.783 0.438
NR (@ —0.138 0.010 —13.324 <0.05
CN NP —-0.111 0.107 —1.034 0.307
CN CP —0.165 0.012 —13.723 <0.05
NP (@ —0.054 0.107 —0.504 0.617
1 CB = Chonburi (Crocodylus siamensis). > NR = Nakhon Ratchasima (Crocodylus siamensis). > CN = Chainat
(Crocodylus siamensis). * NP = Nakhon Pathom (Crocodylus siamensis). > CP = Nakhon Ratchasima (Crocodylus porosus).
Table 4. Inbreeding coefficients, relatedness, effective population size, and ratio of effective popula-
tion size and census population (N¢/N) of 136 Siamese (Crocodylus siamensis, Schneider, 1801) [1] and
29 saltwater crocodiles (C. porosus, Schneider, 1801) [13].
Population N Fig Relatedness (r) Estimated N, 95% ClIs for N, N./N
CB! 30 —0.113 £ 0.201 —0.018 £ 0.042 41.300 32.200-46.500 1.377
NR 2 30 —0.086 £ 0.039 —0.019 £ 0.029 202.200 87.700-113.300 6.740
CN3 34 —0.063 £ 0.039 —0.017 £ 0.030 115.500 69.500-88.100 3.397
NP * 42 —0.045 £ 0.046 —0.019 + 0.032 45.200 37.100-136.100 1.076
Ccp> 29 —0.065 £ 0.055 —0.020 + 0.032 103.700 66.700-74.800 3.576

Estimates were calculated using GenAlEx version 6.5 [28]. NeEstimator version 2.1 [29], and COANCESTRY
version 1.0.1.9 [30]. Detailed information for all elephant individuals is presented in Table S1. Sample size (N);
inbreeding coefficient (Fis); effective population size (N,). ' CB = Chonburi (Crocodylus siamensis). > NR = Nakhon
Ratchasima (Crocodylus siamensis). 3 CN = Chainat (Crocodylus siamensis). 4 NP = Nakhon Pathom (Crocodylus
siamensis). > CP = Nakhon Ratchasima (Crocodylus porosus).
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Figure 1. Observed distribution of (a) pairwise relatedness (1) and (b) inbreeding coefficients (Fg)
for 136 Siamese (Crocodylus siamensis, Schneider, 1801) [1] and 29 saltwater crocodiles (C. porosus,
Schneider, 1801) [13] individuals, plotted against the expected distributions.

Significant differences (p < 0.05) were observed in the estimates of Fst between captive
populations after 110 permutations. The AMOVA showed that genetic variation was
84% among individuals crocodiles within a population and 11% between populations
(Table S21). Nei’s genetic distances and Rgt showed that the CN population was closer
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than the NP to the others (Tables S20 and S22). The distinction between the five crocodile
groups and the three suspected individuals (CSI05, CSI06, and CPOQ9) from our previous
study was supported by the first, second, and third principal components, which accounted
for 10.48, 8.87, and 4.24% of the total variation, respectively, as revealed by PCoA [11]
(Figure 2). Different population patterns were generated by the model-based Bayesian
clustering algorithms implemented in STRUCTURE with increasing K values; however, the
highest posterior probability with one peak (K = 3) based on Evanno’s AK, while the mean
In P(K) also revealed one peak (K = 16) (Figures 3 and S1).

Populations
¢ yius siamensis @ Chonburi (CB) population (Crocodylus siamensis)
@ Nakhon Ratchasima (NR) population (Crocodylus siamensis)
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Figure 2. Principal component analysis of Siamese (Crocodylus siamensis, Schneider, 1801) [1] and
saltwater crocodiles (C. porosus, Schneider, 1801) [13]. Table S1 provides detailed information on the
sampled individuals and Lapbenjakul et al. [11].
Crocodylus porosus
(Lapbenjakul et al., 2017)
Chonburi . Nakhon Ratchasima Chainat ; Nakhon Pathom : Crocodylus siamensis Es | : Nakhon Ratchasima
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Figure 3. Population structure of 136 Siamese (Crocodylus siamensis, Schneider, 1801) [1] individuals
and 29 saltwater crocodile (C. porosus, Schneider, 1801) [13] individuals. Each vertical bar on the
x-axis represents an individual, while the y-axis represents the proportion of membership (posterior
probability) in each genetic cluster. Crocodiles are superimposed on the plot, with black vertical lines
indicating the boundaries. Detailed information for all crocodile individuals is presented in Table S1
and Lapbenjakul et al. [11].

The amplicon length and alignment length of the mtDNA D-loop sequences were
1500 and 1350 bp, respectively. The numbers of haplotypes were 46 and 28 for Siamese
and saltwater crocodiles, respectively. Overall haplotype and nucleotide diversities were
0.846 £ 0.022 and 0.015 + 0.003 for Siamese and 0.998 £ 0.055 and 0.069 + 0.025 for
saltwater crocodiles (Table 5). A complex haplotype network was constructed from the
many detected polymorphic sites and haplotypes (Figure 4). The most common haplotype
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of all Siamese crocodile populations was haplotype CS36. Seven haplotypes (CS01, CS16,
(€520, CS21, CS27, CS30, and CS36) were shared in the CB, NR, CN, and NP populations.
Furthermore, the most common haplotype of all populations of saltwater crocodiles was
haplotype CD04 and CDO05. Phylogenetic analysis of a combined data set for the mtDNA
D-loop sequences from both Siamese and saltwater crocodiles, together with those for
21 crocodile species obtained from the public repositories (GenBank/DDB]J/European
Nucleotide Archive (ENA)), indicated that most Siamese and saltwater crocodile sequences
each formed a monophyletic clade. However, NP04, NP06, NP07, NP09, NP13, NP14,
NP16, and NP20, first assigned to Siamese crocodile, were grouped with Cuban crocodile
(C. rhombifer) (GenBank accession number: NC_024513); whereas CP01, CP05, CP06, CP11,
CP12, CP13, CP15, CP20, CP23, CP25, CP27, CP28, CP29, and CP30, categorized with the
saltwater crocodile, were placed as a sister clade to Siamese crocodile (Figure S2). These
results agreed with BLAST results of sequence identity (Table S1). To examine the genetic
differentiation among the five populations, we calculated Fst, Gst, @st, Dxy, Da, and Np.
The Fgr values ranged from —0.015 to 0.347, the Gsr values ranged from —0.008 to 0.071
and the @gt values ranged from 0.013 to 0.330, The Ny, values ranged from 0.947 to infinite,
the Dyy values ranged from 0.002 to 0.065 and the D, values ranged from 0.000 to 0.026
(Table 6).

Table 5. Mitochondrial DNA D-loop sequence diversity of Siamese (Crocodylus siamensis, Schneider,
1801) [1] and saltwater crocodiles (Crocodylus porosus, Schneider, 1801) [13].

Average Number of

. Number of Theta (per Site) . Overall Nucleotide
Population N Haplotypes (H) from S Nucleotide Haplotype Diversities (77)
Differences (k)
CB! 30 20 0.016 6.786 0.959 + 0.022 0.013 + 0.006
NR 2 30 18 0.007 3.471 0.940 £ 0.027 0.015 +£ 0.008
CN3 34 20 0.010 4783 0.934 + 0.027 0.022 £+ 0.011
NP 4 42 24 0.036 40.539 0.922 £ 0.032 0.072 £ 0.035
CP> 29 28 0.052 56.924 0.998 £ 0.010 0.069 £ 0.025
All populations 165 54 0.043 18.024 0.725 £ 0.039 0.040 +£ 0.020

1 CB = Chonburi (Crocodylus siamensis). > NR = Nakhon Ratchasima (Crocodylus siamensis). > CN = Chainat
(Crocodylus siamensis). * NP = Nakhon Pathom (Crocodylus siamensis). > CP = Nakhon Ratchasima (Crocodylus porosus).

Table 6. Genetic differentiation between the three populations of Siamese (Crocodylus siamensis,
Schneider, 1801) [1] and saltwater crocodiles (Crocodylus porosus, Schneider, 1801) [13] for the mito-
chondrial DNA D-loop sequence. Genetic differentiation coefficient (Ggr), Wright’s F-statistic for the
subpopulations within the total population (Fst), @st, gene flow (Ny,) from the sequence data and
the haplotype data, the average number of nucleotide substitutions per site between populations
(Dxy), and the net nucleotide substitutions per site between populations (Da).

Population 1 Population 2 GgsT Dgr Fst Dyy D, Nm
CB1 NR 2 —0.008 0.013 0.045 * 0.002 0.000 10.620
CB CN3 0.000 0.017 0.027 s 0.002 0.000 18.224
CB NP 4 0.005 0.083 0.127 ** 0.021 0.003 3.432
CB Cpo 0.071 0.320 0.347 ** 0.055 0.025 0.941
NR CN 0.006 0.025 —0.0151s 0.003 0.000 Infinite
NR NP 0.009 0.081 0.094 ** 0.021 0.003 4.840
NR CP 0.066 0.318 0.345 ** 0.055 0.025 0.949
CN NP 0.000 0.087 0.090 * 0.021 0.003 5.064
CN CP 0.067 0.330 0.345 ** 0.055 0.026 0.950
NP CP 0.050 0.198 0.261* 0.065 0.020 1.418

ns = not significant, * p < 0.05, ** p < 0.01. ! CB = Chonburi (Crocodylus siamensis). > NR = Nakhon Ratchasima
(Crocodylus siamensis). 3 CN = Chainat (Crocodylus siamensis). * NP = Nakhon Pathom (Crocodylus siamensis).
5 CP = Nakhon Ratchasima (Crocodylus porosus).
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Figure 4. Haplotype network based on sequence data for the mitochondrial DNA D-loop region
of Siamese (Crocodylus siamensis, Schneider, 1801) [1] and saltwater crocodiles (Crocodylus porosus,
Schneider, 1801) [13].

4. Discussion

Siamese crocodile is well-represented in captivity, with possibly over 1.5 million in-
dividuals in farms in Thailand, Cambodia, and Vietnam [31-34], and smaller numbers
in farms in China and zoos in Europe and North America. In Thailand, 1400 crocodile
farms with 1,319,395 Siamese and 162,449 saltwater crocodiles were operating in 2020,
while 47,367 skins were sold in international trade in 2020 [35-37]. However, the captive
population in Thailand includes an unknown number of individuals hybridized with
saltwater crocodiles [11,33,38—40], similar to captive crocodiles in Cambodia, Lao PDR, and
Vietnam [33,41-43]. Observations of hybrids between Siamese and saltwater crocodiles
have been reported as a consequence of anthropogenic impacts [11,39,44,45]. Most anthro-
pogenic crocodile hybrids pose a serious problem for conservation management because
hybrids a possess highly similar morphology to their parental species, which might lead to
introgression if they are included in a reintroduction program [11].
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Most crocodile farms are members of the TCFA, which aims to keep purely captive-
bred individuals of both species to comply with the recommendations of CITES Appendix
I captive breeding operation [11,15,46]. Most Thai crocodile farms have thus pledged not to
produce hybrid offspring in the interest of conservation. However, we found discrepancies
in two genetic markers, microsatellite genotyping and mtDNA D-loop in several crocodile
individuals (both Siamese and saltwater crocodiles), suggesting the possibility of hybrids in
the population examined. Crocodiles that were clearly identified as being pure specimens
of a species were designated as either “identified Siamese crocodile” or “identified saltwater
crocodile”. However, if the results of the two genetic markers were not consistent, the
crocodiles were designated “unidentified crocodile”. To ensure compliance between genetic
tools and phenotypic variation for Siamese and saltwater crocodile identification, we
compared the results of genetic diversity and structure with phenotypic observation in
each crocodile. The most frequently observed means of identifying hybrid characteristics
between Siamese and saltwater crocodiles are the presence of P.O. This has led to the
misunderstanding of many crocodile experts and non-governmental organizations (NGOs)
who have visited crocodile farms in Southeast Asia as to whether Siamese crocodiles with
fewer than four post-occipital scales in a row are hybrids [16,47].

4.1. Are Different Numbers of Post-Occipital Scutes Due to Phenotypic Variation within Siamese
Crocodiles or the Consequence of Hybridization with Saltwater Crocodiles?

As shown in the STRUCTURE plot and PCoA, Siamese crocodiles from CB, CN, NR,
and NP, and saltwater crocodiles from NR, were likely clustered into different groups.
We analyzed the clustering order and gene pool pattern from K = 2-25. Identified pure
Siamese crocodiles, which have two P.O. scales shared the same gene pool with Siamese
crocodiles having three or four scales, whereas no P.O. scales were found in identified
saltwater crocodiles (Figures 3, 5 and S3). For K = 3, Siamese crocodiles (both identified
and unclear individuals) from CB, CN, NR, and NP were grouped in the same gene pool,
while saltwater crocodiles were part of a new group, with a small part shared with Siamese
crocodiles. At higher K levels, saltwater crocodiles (both identified and unclear individuals)
became identifiable, whereas Siamese crocodiles from different farms were separated from
each other. Gene pool structuring from both species or each farm showed admixture at
higher K levels; however, P.O. scale number variation also appeared in Siamese crocodiles
with mixtures of specific gene pools of Siamese crocodiles. This suggests that Siamese
crocodiles with fewer than four scales in a row are part of normal phenotypic variations
at the species level. Similarly, the first version of the species identification guideline was
revised after DNA analysis and proved various characteristics under the same species such
as in fighting fishes [48,49].

This misunderstanding of widespread hybridization in Thailand has probably re-
sulted from personal communication among experts from IUCN/SSC/Crocodile Specialist
Group and other NGOs who visited farms and followed the CITES Identification Guide
based on morphological characteristics in Charette [16], leading to an erroneous judgment
of crocodile hybridization events in Thai crocodile farms [46,47]. Revision of Siamese
crocodile identification should be reconsidered for scientific taxonomic study, which is
relevant to conservation management and economic value. However, the limited number
of microsatellite markers located at regular intervals cannot cover species-specific genomic
regions [50]. The 22 microsatellite marker loci in this study may have caused bias due
to limited population history, the timing of selection, phasing error, and false LD resolu-
tion [51,52]. Therefore, larger sample sizes with higher numbers of microsatellite loci are
required to extensively investigate the evidence. Genome-wide SNP are also needed to
identify signature selection between species or specific phenotypic issues such as P.O.
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Figure 5. Representation of structure plot and post-occipital scutes (P.O.) for hybrids between Siamese
and saltwater crocodiles (Crocodylus siamensis x Crocodylus porosus) and pure Siamese and saltwater
crocodiles. Detailed information for all hybrids between Siamese and saltwater crocodile individuals
is presented in Figures 3 and S3.

4.2. Large Gene Pool Variation Reflects Different Historical Origins in the Wild Population

Using data generated from microsatellite loci derived from Siamese and saltwater
crocodiles by Lapbenjakul et al. [11] and this study, we addressed the genetic structure and
gene pool pattern between the two crocodile species. As shown by PCoA, Siamese and
saltwater crocodiles were clustered into different groups. However, sharing of gene pools
by Siamese crocodiles between the crocodile farms was observed at different K levels of
the STRUCTURE plot. Although Siamese crocodile individuals from this study grouped
in the same gene pool at K = 3, and Siamese and saltwater crocodile individuals from our
previous study [11] were shown to be part of a new group with saltwater crocodiles, large
differences in gene pools were observed among the four populations from K = 5-25. In the
NP population, two subpopulations of different gene pools were found, consistent with the
positive fixation index value. It can be inferred from this that Siamese crocodiles in each
farm had different ancestral original lineages.

Historically, Siamese crocodiles were widespread in Central Thailand. The current
captive Siamese crocodile populations might reflect differences in the original sources
brought into farms in Thailand. This result agreed with the genetic diversity parameters
showing high values of heterozygosity, AR, and N, in Siamese crocodiles from the four
captive sites in this study. The pairwise Fst value was statistically significant among the
four populations, implying genetic structure differentiation between the farms. The differ-
entiation in genetic makeup reflects the accumulation of variations in allelic frequencies,
providing crucial insights into the evolutionary history, genetic drift, and selection of dis-
tinct populations [53,54]. However, we have no evidence to identify gene pool associations
and geographic origin as known ecotypes, as no capture records exist for Siamese crocodile
individuals. Interestingly, many Siamese crocodiles from the four captivities showed a
genetic admixture of different gene pools of Siamese crocodile from K = 5-25. This was
also observed in the saltwater crocodile population, which might have resulted from the
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historical genetic exchange of parental stocks between farms. Regarding mtDNA D-loop
sequences, positive Ny, low Fsr, and sharing haplotypes of crocodiles between farms also
confirmed the presence of crocodile genetic exchange in the market farms. The exchange of
Siamese crocodile parental stocks has been conducted to impede inbreeding within each
captive site, which may provide a negative inbreeding level. These findings collectively
suggest that large captive populations of Siamese crocodiles held on farms represent a good
potential source for reintroduction programs. Crocodile farms under TCFA are willing to
donate Siamese crocodiles for this purpose [55].

4.3. Siamese Crocodile Identification Protocol Based on Morphology and DNA Fingerprinting

Captive crocodiles must be genetically identified at the species level before release [9,56,57].
However, hybridization between Siamese and saltwater crocodiles is widespread among
some captive populations in Southeast Asia [33,34,39,58]. Differentiating hybrids from
parental species based on phenotype alone is very challenging; thus, genetic screening
is necessary to confirm species identity [11,15,40,58]. To ensure the success of reintroduc-
tion programs, we must first address the complex hybrid issue. Cluster analysis using
STRUCTURE can now determine the degree of hybridization and gene pool pattern by
aggregating individuals into a single cluster relative to additional highly differentiated pop-
ulations/species [11,59,60]. Our previous study indicated that three individuals (CPO0Q9,
CSI05, and CSI06) may have been the result of interspecific hybridization between Siamese
and saltwater crocodiles [11]. In this study, after we added more Siamese and saltwater
crocodiles to the library analysis, the three crocodile individuals were still identified as
hybrids. However, high levels of genetic admixture were observed in many crocodile
individuals, and this might result in misleading conclusions about the genetic admixture
of gene pools under the STRUCTURE plot with the probability of identifying the state
of hybrids alone. According to genetic diversity parameters and the STRUCTURE plot,
great genetic diversity and large gene pools of both species likely remain in the population,
while both species are very closely related lineages [15]. The two species may share some
alleles of microsatellite repeats at the same genomic locus, which is often observed in many
closely related species in vertebrates [61,62]. We, therefore, proposed criteria to screen
hybrid crocodiles between Siamese and saltwater crocodiles as follows: (i) Consideration
of genetic admixture at different K levels to examine the trend of clustering, separation
of allelic signals and the majority of allelic pattern, although the best K level might be
predicted from different algorithms; (ii) sharing a gene pool between the two species might
be possible, but should not have more than a posterior probability of 0.05 at the K level,
which shows the trend of separation between the two species; (iii) clustering by PCoA
should be considered together with the STRUCTURE plot to test the group of crocodile
specimens; (iv) determination of maternal lineage by mtDNA D-loop sequences may be
added to confirm; and (v) external morphological observation with updated phenotypic
variations in the P.O. should be scored together with genetic screening.

These five steps would provide evidence that can prove the hybridization status
of each Siamese crocodile individual under reasonable time before they are used in the
reintroduction program (Figure 6). Crocodiles that pass the five tests of characteristics
would be key sources for release to the wild. However, if the crocodile fails on some
aspects with unclear determination, the individual should undergo more experimental
tests such as karyotyping. Siamese and saltwater crocodiles have different chromosome
numbers, whereas the F; hybrid or backcross shows diverge chromosome constitution
from the parental species [63,64]. However, karyotyping is time-consuming, expensive,
and may not be practical to prove species purity for large numbers of individuals, whereas
multiple types and generations of hybrid (both F,, F3 or backcross) might escape detection
of chromosome number. More research utilizing genome-wide scans with single nucleotide
polymorphisms (SNPs) is necessary to enhance our comprehension of selection signatures
in diverse populations and species. However, genome-wide SNP analysis might not
be reliable for multiple processes with small crocodile numbers in each reintroduction
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program. From this state, we found suspected hybrids with CB11 (P.O. 4), CB22 (P.O. 3),
CB27 (P.O. 4), CP01 (P.O. 0), CP05 (P.O. 4), CP06 (P.O. 4), CP11 (PO. 4), CP12 (P.O. 4), CP13
(P.O. 4), CP15 (P.O. 2), CP20 (P.O. 0), CP23 (P.O. 4), CP25 (P.O. 2), CP27 (P.O. 4), CP28 (P.O.
4), CP29 (P.O. 0), CP30 (P.O. 0), CSI05 (unidentified P.O.), CSI06 (unidentified P.O.), and
CPOO09 (unidentified P.O.) (Figure 5), which should be tested by karyotyping before release.

(/) Genetic admixture
by STRUCTURE plot

(if) Posterior 5 ;
probability< 0.05 (iv) Maternal lineage

Gene pool

analysis

(v) External
morphological
observation

. ' Yes No N '
Identified crocodile R eeeemmd Unidentified crocodile

CONCLUSION

Figure 6. Schematic representation of criteria to screen hybrid crocodiles between Siamese and

saltwater crocodiles to prove the hybridization level status in each Siamese crocodile individual
before they can be used in the reintroduction program.

The Thai government and TCFA have never promoted hybridization in crocodile
farms under Appendix I captive breeding operation [46]; however, the incidence of con-
tamination by hybrids was observed to be 5-10% here and in our previous study [11].
Hybrid contamination may result from a long history of crocodile trade from 30 years ago,
which had no concrete plan of protection by the Thai Government. Hybridization between
Siamese and Cuban crocodiles (C. rhombifer) as a result of human-mediated movement
has also been observed in Southeast Asia [11,39,44,45]. Current results suggest that NP04,
NP06, NP07, NP09, NP13, NP14, NP16, and NP20 are hybrid crocodiles derived from the
Cuban crocodile lineage. We also found signs of a unique gene pool from unidentified
crocodiles (suspected hybrid with Cuban crocodiles). However, we could not identify ge-
netic admixture and introgression of Cuban crocodiles using microsatellite genotyping with
our library, as there were no pure Cuban crocodiles in our experimental genetic stock [11]
or in this study. Mitochondrial DNA analysis could allow us to infer the maternal lineage
of Cuban crocodiles by comparing the DNA sequences with nucleotide data repositories
such as GenBank, but this might not be enough for the cut-off determination of crocodile
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species. Thus, collaboration with crocodile research groups, governments, and NGOs such
as the Crocodile Specialist Group (CSG) will be necessary for documenting and monitoring
the introgression of several crocodile species in Southeast Asia.

Identifying purebred individuals from captive populations is a significant challenge
for restocking and reintroduction efforts. The CSG has proposed various recommendations
to support the conservation of Siamese crocodiles, including legislative and regulatory mea-
sures, compliance with CITES obligations, appropriate management of captive populations,
conducting surveys and conservation initiatives, controlling illegal trade, promoting re-
gional conservation initiatives, and exploring restocking options. These recommendations
are aimed at supporting the current efforts of Thai national agencies to conserve the species,
including the Department of Fisheries under the Ministry of Agriculture and Cooperatives
and the Department of National Parks, Wildlife and Plant Conservation (DNP) under the
Ministry of Natural Resources and Environment. To restore, protect, and create habitats for
the Siamese crocodile, initiatives for public-private partnerships and sustainable financing
will be launched. Prioritizing the management of key threats and conducting large-scale as-
sessments of Siamese crocodile conservation status will be crucial for addressing challenges
related to populations, protected areas, and other conservation initiatives.

5. Conclusions

These results indicate that a P.O. variation of 2—4 is within the species-level variation of
Siamese crocodiles. In short, this is a phenotypic variation and not the result of hybridiza-
tion with saltwater crocodiles. This baseline information on the association between genetic
status and phenotypic variation of Siamese crocodiles in captive populations in Thailand
is important for future conservation. Large differences in gene pools were observed in
Siamese crocodiles, suggesting different historical origins of Siamese crocodiles in the wild
population before massive capture and collection. Recently, a call was made to redefine
the role of admixture in species conservation. It emphasized that crocodiles that have
undergone gene flow and introgression during their evolutionary history or have been
impacted by anthropogenic issues require protection measures. Ultimately, hybridization
presents a management problem for Siamese crocodiles and complicates species identi-
fication based on morphology alone [65]. Adequate protocols to identify introgression
and hybridization are urgently needed. Here, the genetic approach we followed proved
that combining information from genetic and phenotypic approaches yielded more robust
results. Accurate data on captive populations is critical for ensuring the long-term survival
of the species through reintroduction programs and in situ/ex situ management, which
helps to maintain sustainable genetic diversity.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biology12040535/s1, Figure S1. Population structure of 136 Siamese
crocodiles (Crocodylus siamensis, Schneider, 1801) [1] and 29 saltwater crocodiles (C. porosus, Schneider,
1801) [13], (a) Plot of Evanno’s AK and (b) plot of In P(K); Figure S2. Phylogenetic relationships
among mitochondrial DNA D-loop region sequences were inferred using Bayesian inference anal-
ysis. Support values at each node denote the Bayesian posterior probability. Table S1 provides
detailed information on the sampled individuals; Figure S3. Representation post-occipital scutes
(P.O.) for hybrids between Siamese and saltwater crocodiles (Crocodylus siamensis x Crocodylus porosus).
(a) CB11 (b) CB22 (c) CB27 (d) CP01 (e) CPO5 (f) CP06 (g) CP11 (h) CP12 (i) CP13 (j) CP15
(k) CP20 (1) CP23 (m) CP25 (n) CP27 (o) CP28 (p) CP29 (q) CP30; Table S1. Specimen populations
of Siamese (Crocodylus siamensis, Schneider, 1801) [1] and saltwater crocodiles (C. porosus, Schnei-
der, 1801) [13] All sequences were deposited in the DNA Data Bank of Japan (DDBJ) and BLASTn
(http:/ /blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 8 February 2023) of sequence identity; Table S2.
Microsatellite primers and sequences; Table S3. Pairwise differentiation of linkage disequilibrium
of Siamese crocodiles (Crocodylus siamensis, Schneider, 1801) [1] at Chonburi (CB) based on 22 mi-
crosatellite loci. Numbers indicate p-values with 110 permutations; Table S4. Pairwise differentiation
of linkage disequilibrium of Siamese crocodiles (Crocodylus siamensis, Schneider, 1801) [1] at Nakhon
Ratchasima (NR) based on 22 microsatellite loci. Numbers indicate p-values with 110 permutations;
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Table S5. Pairwise differentiation of linkage disequilibrium of Siamese crocodiles (Crocodylus siamensis,
Schneider, 1801) [1] at Chainat (CN) based on 22 microsatellite loci. Numbers indicate p-values with
110 permutations; Table S6. Pairwise differentiation of linkage disequilibrium of Siamese crocodiles
(Crocodylus siamensis, Schneider, 1801) [1] at Nakhon Pathom (NP) based on 22 microsatellite loci.
Numbers indicate p-values with 110 permutations; Table S7. Pairwise differentiation of linkage dise-
quilibrium of saltwater crocodiles (Crocodylus porosus, Schneider, 1801) [13] at Nakhon Ratchasima
(CP) based on 22 microsatellite loci. Numbers indicate p-values with 110 permutations; Table S8.
Genetic diversity of 136 Siamese crocodiles (Crocodylus siamensis, Schneider, 1801) [1] and 29 saltwater
crocodiles (C. porosus, Schneider, 1801) [13] based on 22 microsatellite loci. Table S1 provides detailed
information on the sampled individuals; Table S9. Pairwise genetic relatedness (r) for all 30 Siamese
crocodiles (Crocodylus siamensis, Schneider, 1801) [1] in Chonburi (CB) Table S1 provides detailed
information on the sampled individuals; Table S10. Pairwise genetic relatedness (r) for all 30 Siamese
crocodiles (Crocodylus siamensis, Schneider, 1801) [1] in Nakhon Ratchasima (NR) Table S1 provides
detailed information on the sampled individuals; Table S11. Pairwise genetic relatedness () for all
34 Siamese crocodiles (Crocodylus siamensis, Schneider, 1801) [1] in Chainat (CN). Table S1 provides
detailed information on the sampled individuals; Table S12. Pairwise genetic relatedness (r) for all
42 Siamese crocodiles (Crocodylus siamensis, Schneider, 1801) [1] in Nakhon Pathom (NP). Table S1 pro-
vides detailed information on the sampled individuals; Table S13. Pairwise genetic relatedness (r) for
all 29 saltwater crocodiles (Crocodylus porosus, Schneider, 1801) [3] in Nakhon Ratchasima (CP). Table
S1 provides detailed information on the sampled individuals; Table S14. Distributions of r values and
Fig values for Siamese (Crocodylus siamensis, Schneider, 1801) [1] and saltwater crocodiles (Crocodylus
porosus, Schneider, 1801) [1]; Table S15. Pairwise inbreeding coefficients (Fig) for all 30 Siamese
crocodiles (Crocodylus siamensis, Schneider, 1801) [1] in Chonburi (CB). Detailed information on all
Siamese crocodile individuals is presented in Table S1; Table S16. Pairwise inbreeding coefficients
(Frs) for all 30 Siamese crocodiles (Crocodylus siamensis, Schneider, 1801) [1] in Nakhon Ratchasima
(NR). Detailed information on all Siamese crocodile individuals is presented in Table S1; Table S17.
Pairwise inbreeding coefficients (Fig) for all 34 Siamese crocodiles (Crocodylus siamensis, Schneider,
1801) [1] in Chainat (CN). Detailed information on all Siamese crocodile individuals is presented
in Table S1; Table S18. Pairwise inbreeding coefficients (Fjg) for all 42 Siamese crocodiles (Crocody-
lus siamensis, Schneider, 1801) [1] in Nakhon Pathom (NP). Detailed information on all Siamese
crocodile individuals is presented in Table S1; Table S19. Pairwise inbreeding coefficients (Fjg) for all
29 saltwater crocodiles (Crocodylus porosus, Schneider, 1801) [1] in Nakhon Ratchasima (CP). Detailed
information on all saltwater crocodile individuals is presented in Table S1; Table S20. Pairwise
genetic differentiation (Fsr), pairwise FsrENA values with ENA correction for null alleles and Rgr
values using FSTAT version 2.9.3 [66] and of Siamese (Crocodylus siamensis, Schneider, 1801) [1] and
saltwater crocodiles (Crocodylus porosus, Schneider, 1801) [13] between captive-bred individuals based
on 22 microsatellite loci. The numbers indicate p values, with 110 permutations. Detailed information
on all Siamese and saltwater crocodile individuals is presented in Table S1; Table S21. Analysis of
molecular variance (AMOVA) results for Siamese crocodile (Crocodylus siamensis, Schneider, 1801) [1]
and crocodiles (Crocodylus porosus, Schneider, 1801) [1] based on 22 microsatellite loci using Arlequin
version 3.5.2.2 [67]. Detailed information on all Siamese and saltwater crocodiles is presented in
Table S1; Table S22. Pairwise population Nei’s genetic distance (D) values using GenAlEx version
6.5 [28] of 166 Siamese (Crocodylus siamensis, Schneider, 1801) [1] and saltwater crocodiles (Crocodylus
porosus, Schneider, 1801) [13] based on 22 microsatellite loci. Detailed information on all Siamese and
saltwater crocodiles is presented in Table S1; Supplementary Data S1 Materials and Methods [66-85].
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Simple Summary: This article is mainly about that molecular characterization and expression pattern
of leptin in yellow cheek carp (Elopichthys bambusa) and its transcriptional changes in response to
fasting and refeeding. In this study, the authors used PCR to clone the CDS of leptin in yellow
cheek carp, and analyzed the sequence differences of the gene with other species, constructed the
phylogenetic tree, used real-time PCR for analyzing the expression of leptin in different tissues,
including the expression of leptin in the brain and liver after fasting-refeeding of yellow cheek carp.
This paper found that the full-length cDNA sequence of Eblep was 1140 bp and the length of the
open reading frame (ORF), which can encode a protein of 174 amino acids, was 525 bp. The Eblep
mRNA transcript was detected in all tested tissues, with the highest expression in the liver and lowest
expression in the spleen. It was found that the change in the mRNA expression of EbLep may be an
adaptive strategy for different energy levels by studying the expression of EbLep mRNA in the brain
and liver under fasting and refeeding.

Abstract: Leptin, a secretory protein encoded by obese genes, plays an important role in regulating
feeding and energy metabolism in fish. To study the structure and function of the Leptin gene in
yellow cheek carp (Elopichthys bambusa), the full-length cDNA sequence of leptin was cloned, named
EbLep. The full-length cDNA of Eblep was 1140 bp, and the length of the open reading frame (ORF),
which can encode a protein of 174 amino acids, was 525 bp. The signal peptide was predicted to
contain 33 amino acids. Sequence alignment showed that the amino acid sequence of Leptin was
conserved in cyprinid fish. Despite large differences between primary structures, the tertiary structure
of the EbLep protein was similar to that of the human protein and had four x-helices. The EbLep
mRNA transcript was detected in all tested tissues, with the highest expression in the liver and
lowest expression in the spleen. In this study, short-term fasting significantly increased the mRNA
expression of EbLep in the liver, which returned to a normal level after 6 days of refeeding and
was significantly lower than the normal level after 28 days of refeeding. In the brain, the mRNA
expression of EbLep significantly decreased during short-term fasting and significantly increased to a
higher value than the control group after 1 h of refeeding. It then rapidly decreased to a lower value
than the control group after 6 h of refeeding, returning to the normal level after 1 day of refeeding,
and significantly decreasing to a lower value than the control group after 28 days of refeeding. To
sum up, the change in the mRNA expression of EbLep in the brain and liver may be an adaptive
strategy for different energy levels.

Keywords: yellow cheek carp; leptin; gene structure; tissue expression; fasting and refeeding
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1. Introduction

Leptin is a product of the obesity gene, which was identified by positional cloning
technology [1]. Leptin is secreted by the adipose tissue in mammals and is considered an
anorexia hormone [2—4]. The physiological role and regulatory mechanism of leptin have
been extensively studied in many animals [5-9]. In mammals, leptin can reduce feeding
and increase energy consumption through the regulation of feedback in the hypothalamic-
pituitary axis [10]. In frogs (Xenopus laevis), leptin can influence limb growth and differentia-
tion during early development [7]. In chickens, the expression of leptin and its receptor were
detected in the brain and digestive tract [8], which suggests that leptin may be involved
in brain and digestive tract-related functions. In Anolis carolinensis, leptin can ameliorate
immunity [9]. In fish, leptin was first identified in Takifugu rubripes [11]. At present, leptin
has been cloned from many species of fish, such as grass carp (Ctenopharyngodon idella), com-
mon carp (Cyprinus carpio), zebrafish (Barchydanio rerio), mandarin fish (Siniperca chuatsi),
and orange-spotted grouper (Epinephelus coioides) [12-16]. Previous studies have shown
that leptin plays a role in regulating food intake, glucose and lipid metabolism, reproduc-
tion, and immunity in fish [12,14,17-20]. Since teleost fishes exhibit a remarkable level of
anatomical, ecological, behavioral, and genomic diversity, the structure and function of
leptin may also vary considerably between fish species [21]. However, leptin from yellow
cheek carp (Elopichthys bambusa) has not been cloned so far. Cloning of the leptin gene
of yellow cheek carp is helpful to enrich the basic data of leptin in fishes, and provides
reference material for further functional research on yellow cheek carp.

The liver is a central organ that controls metabolism in fish [22]. The liver, a main
organ secreting leptin in fish, is first affected by different feeding states [18,23]. Several
studies have shown that feeding status can affect the expression of leptin in fish [14,24]
(Gambardella et al., 2012 and Gorissen et al., 2009). Gorissen et al., (2009) [14] confirmed
that after fasting for a week, the mRNA level of leptin-B in the liver of zebrafish significantly
decreased, while the mRNA level of leptin-A increased. In perch, the mRNA level of
leptin in the liver significantly decreased after 3 weeks of starvation, and then increased
after 3 weeks of feeding [25]. The regulation of food intake in fish was based on the
integration of hypothalamic metabolic, endocrine, and circadian rhythm information [26],
with mechanisms comparable but not identical [27] to those known in mammals [21]. The
function of leptin in fish may be more complex than in mammals. There are few studies on
the expression of leptin in the brain under different energy states in fish. More extensive
and in-depth studies are needed to clarify the function and mechanism of leptin in the
regulation of feeding status and energy metabolism.

Yellow cheek carp (Elopichthys bambusa), a member of the Cyprinidae and Leuciscinae,
is a fierce carnivorous fish, which is mainly distributed in the plain area of the middle and
lower Yangtze River. Known as the “freshwater tuna”, it has fresh and tender meat and a
beautiful taste, high protein content, and a low fat and cholesterol content [28]. In China,
managers of traditional fisheries are controlling populations of fierce carnivorous fish to
reduce the threat to other fish larvae [29]. As a result, the population of fierce carnivorous
fish, including the yellow cheek carp, has dramatically declined in natural water bodies.
With the adjustment of aquaculture industry structure and the implementation of the
“ten-year fishing ban” policy in China, the price of yellow cheek carp has continued to rise
in recent years. However, basic research on the yellow cheek carp is particularly scarce. In
the present study, the Leptin gene of yellow cheek carp has been cloned and its distribution
patterns have been identified by analyzing the tissue expression of EbLep. Additionally,
the changes in Eblep mRNA expression in the liver and brain during short-term fasting
and refeeding has been studied. This study aimed to enrich the research conducted on the
yellow cheek carp thus far and provide information for studying the function of leptin and
its role in food intake and energy metabolism regulation.
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2. Materials and Methods
2.1. Animals and Samples

The yellow cheek carp were provided by the Hunan Fisheries Research Institute
and were obtained from the same parent group. A total of 390 healthy and neatly sized
Elopichthys bambusa, with an average body weight of (221.36 £ 6.75 g) and average body
length of (33.09 & 1.33 cm), were selected from the pond. They were randomly and equally
assigned to 6 cement pools (10 m x 5m x 1 m) to acclimatize for 1 week. Commercial feed
(crude protein > 48%, crude fat > 5.0%, lysine > 2.8%, moisture < 10%, ash < 18%) was
used twice a day (8:00 and 18:00) in all groups during the experimental period.

Six fishes were randomly collected from the cement pools and dissected after anes-
thesia with MS222. The liver, intestine, spleen, kidney, heart, gill, brain, head kidney, skin,
and muscle were collected for cloning and the tissue expression analysis of leptin. Samples
were quickly frozen in liquid nitrogen and then stored at —80 °C.

In order to study the changes in the expression of leptin in the liver and brain under
fasting and refeeding conditions, a control group and a treatment group were set up. There
were three replicates in each group. The control group was fed continuously for 36 days, and
the treatment group was fed for 28 days after 8 days of fasting. The control group and the
treatment group were fed twice a day (8:00 and 18:00). Six Elopichthys bambusa were randomly
collected from each group after fasting for 3 d (F3) and 8 d (F8), and were refed for 1 h (F8R1h),
6 h (F8R6h), 1 d (F8R1d), 6 d (F8Ré6d), and 28 d (F8R28d), respectively. Additionally, the
liver and brain were sampled after anesthesia with MS-222. Samples were quickly frozen
in liquid nitrogen and stored at —80 °C. During the experiment, the water temperature was
(23.5 £ 3.4) °C, the pH was 6.7-7.2, and the dissolved oxygen was 5.7-6.5 mg/L.

2.2. Cloning of EbLep Gene

Liver RNA was extracted using Trizol, and first-strand cDNA was synthesized by
reverse transcription using the RevertAid First Strand cDNA Synthesis Kit (Fermentas,
Waltham, MA, USA). The quantity and quality of RNA were detected by Eppendorf
(Hamburg, Germany) BioPhotometer Plus spectrophotometry. The ratio of absorbance
at 260 and 280 nm (A260/A280) for samples was ranged from 1.8 to 2.0. According to
the leptin sequence of grass carp (GenBank accession numbers FJ373293.1), the degenerate
primer LEP-1 (Table 1) was designed by clustal X alignment software, version 2.1. The 50 uL
reaction system contained PCR-grade water at 15.0 pL, 2X Ex taq buffer (Takara, Kusatsu,
Japan) at 25.0 uL, ANTP mix (10 mM) at 1.0 uL, Ex taq (Takara) at 1.0 pL, cDNA first strand
at 5.0 puL, primer F at 1.5 pL, and primer R at 1.5 pL. Reaction program: pre-denaturation
at 94 °C for 2 min, denaturation at 94 °C for 30 s, annealing at 55 °C for 30 s, extension at
72 °C for 1 min, 35 cycles, and finally extension at 72 °C for 10 min. The PCR products were
detected by 1% agarose gel electrophoresis, and the target fragments were purified using
Gel Extraction Kit (OMEGA, Norcross, GA, USA). Then, the purified PCR products were
cloned, and positive clones were screened for sequencing.

Table 1. Primer sequences for PCR.

Purpose Name Sequence (5'-3') Annealing Temperature E-Values
Core Fragment Sequence LEP-1 F: ATGTATTYTCCAGYTCTTC 55°C
Acquisition B R: GCATGAACTSTKTCAGTC
LEP-5-RACE-1 ATGATGGTGTCTGCCT
5-RACE PCR LEP-5'-RACE-2 TGAGGCTATCCTGATG
LEP-5'-RACE-3 CCATCAATCAGACCAAGAAT
, LEP-3'-RACE-1 CCAAGGGGCATGTGAGCCAGTTAC
3-RACE PCR LEP-3-RACE-2 GCACACCAAAGGAGCCAGCCAATG
. N . F: ACTGTCTCCAAAGATCCTCA R o
Expression Examination g-leptin R: AAAAGGGTGGACACATCATT 60 °C 100.3%
. F: CCTGTAT TCTGGT!
Reference Genes B-actin CCIGTATGCCTCTGGICG 60°C 98.6%

R: CTCGGCTGTGGTGGTGAA

Note: Primer synthesis and sequencing in this experiment were performed by Sangon Biotech (Shanghai) Co., Ltd.
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According to the core fragment sequence, the PCR primers for 5'-and 3’-RACE were
designed (Table 1). To obtain the complete cDNA sequence of the Eblep gene, the 5'- and
3'-RACE PCRs were carried out using SMARTer RACE 5’ /3’ Kit (Code No. 634858/59,
Takara) by following the manufacturer’s instructions. The target product was cut from gel
for purification. The purified PCR product was ligated with pMD18T, and the positive
clones were sequenced.

According to the intermediate fragment sequence 5’'RACE and 3'RACE results, the
full-length cDNA sequence of leptin gene was spliced out. The gene start and stop codon
positions were predicted by NCBI alignment analysis.

2.3. Sequence Analysis and Phylogenetic Tree Construction

The software DNAMAN was used to translate the sequence of the leptin gene to obtain
the amino acid sequence. The amino acid sequences of leptin of other fishes and vertebrates
were obtained from NCBI, and the multiple sequence alignment was performed using the
software DNAMAN. The GenBank accession numbers of the sequences used in the figure
were as follows: Ctenopharyngodon idella LEP, ACI32423.1; Culter alburnus LEP, AHI13615.1;
Megalobrama amblycephala LEP, XP_048024644.1; Carassius gibelio LEP-A, ULE27184.1; Cypri-
nus carpio LEP-A2, AGK24956.1; Labeo rohita LEP, KAI2653424.1; Schizothorax prenanti LEP,
AITE45855.1; Schizothorax richardsonii LEP, UNO36740.1; Danio rerio LEP-A, CAP47064.1;
Tachysurus fulvidraco LEP, AFO67938.1; Tachysurus vachellii LEP, UNW38763.1; Pygocen-
trus nattereri LEP-A, XP_037396125.1; Myxocyprinus asiaticus LEP-A, XP_051580568.1; Ore-
ochromis niloticus LEP-A, AHL37667.1; Silurus meridionalis LEP-A, XP_046720980.1; Acipenser
ruthenus LEP, RXM28554.1; Acipenser dabryanus LEP-A, QSZ40475.1; Chanos chanos LEP-A,
QNG41929.1; Alosa sapidissima LEP-A, XP_041965310.1; Salvelinus alpinus LEP, BAH83535.1;
Oncorhynchus keta LEP-A, XP_035653655.1; Astyanax mexicanus LEP-A, XP_022535129.1;
Colossoma macropomum LEP-A, XP_036441558.1; Xenopus laevis LEP, XP_018108304.1; Homo
sapiens LEP, AAH69452.1.

A protein phylogenetic tree was established based on amino acid sequences by the
NJ method (neighbor joining) in MEGA 11.0. The number of bootstrap verifications was
set to 1000. Signal peptides were predicted using signalP-5.0 (https://services.healthtech.
dtu.dk/service.php?SignalP-5.0 accessed on 12 October 2022). The SWISS-MODEL (https:
/ /swissmodel.expasy.org/ accessed on 12 October 2022) modelling function was used to
predict the secondary and tertiary structure of leptin.

2.4. Tissue Distribution and Fasting—Refeeding Expression

The primer g-leptin was designed according to the cloned leptin gene cDNA sequence,
and B-actin was selected as the reference gene [30] (Table 1). The molality of g-leptin F and R
are 5.26 and 4.83 nmol/OD, and the molality of S-actin F and R are 6.37 and 5.89 nmol/OD.
cDNA used for leptin gene quantification was synthesized using the PrimeScript™ RT
reagent Kit with the gDNA Eraser kit.

Real-time PCR assays were carried out to examine the distribution of the leptin gene
in various tissues—including the liver, intestine, spleen, kidney, heart, gill, brain, head
kidney, skin, and muscle, and the expressions of the brain and liver under different feeding
conditions—with 12.5 pL reaction volume containing 6 uL of SYBR Premix Ex TaqTM 11,
1 uL of cDNA obtained by reverse transcription, 4.5 uL of RNase-free water, 0.5 pL of
upstream primer, and 0.5 uL of downstream primer. The reaction was pre-denatured at
95 °C for 3 min, denatured at 95 °C for 5 s, annealed at 60 °C, and extended for 20 s for
39 cycles. Three technical replicates were used for each set of reactions. All operations are
carried out according to the kit instructions.

2.5. Data Analysis

The relative expression results were calculated using the formula R = 2744Ct Al
data were shown as mean = standard deviation (SD) and were subjected to the one-way
ANOVA using the software SPSS 18.0, with p < 0.05 as a significant difference. After the
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one-way ANOVA, the homogeneity-of-variance was conducted, and when the Sig value
was greater than 0.05, the variance could be considered homogeneous.

3. Results
3.1. Characterization of EbLep

The full-length cDNA sequence of leptin gene of yellow cheek carp was obtained by
RT-PCR and RACE (GenBank Accession No. MW794324). The full-length cDNA of leptin
is 1140 bp, and the length of the open reading frame (ORF) is 525 bp, which can encode a
protein of 174 amino acids. The signal peptide was predicted to contain 33 amino acids by
NCBI BLAST (Figure 1).

TATCATACAATCCTCACATCTCAAAGCAGGTATTTCACTATTGCCAAGAAAAAGACCCCCATATACAGGAACC

10 20 30 40 50 60 70
1 ATGTATTCTCCAGTTCTTCTCTACACCTGCTTTTTGAGCATTCTTGGTCTGATTGATGGCCATTCAATCCCTGTT
1 MY SPVLLYTG CFLJ SILGLTIDGHS SIPV
Signal peptide
85 95 105 115 125 135 145
76 CATCAGGATAGCCTCAAAAACTGCAAACTGCAGGCAGACACCATCATCCGCAGAATTAAGGAACACAATGAGAAG
26 HQDSLKNGCIKTILOQADTTITIRZRTIIKTEHNEK
160 170 180 190 200 210 220
151 GTAAAGCTAAAACTGTCTCCAAAGATCCTCATTGGGGATTCAGAGCTTTACCCTGAGGTTCCTGCTGATAAACCT
51 v KLKLSPKTITULTIGDSETLY®PEVPADTEKP
235 245 255 265 275 285 295
226 ATCCAAGGGCTTGGGTCCATCATGGACACCCTAACTACCTTCCAGAAGGTTCTTCAAACACTGCCCAAGGGGCAT
76 reQ 6L e6s I rMDpDTLTTFQKVLAQTTLPIKTGH
310 320 330 340 350 360 370
301 GTGAGCCAGTTACACAATGATGTGTCCACCCTTTTGGACTCATTTAAAGATAGGATGACATTTATGCGTTGCACA
101 vsSsQLHNDVSTLLDS ST FI KDI RMTTFMMRTECT
385 395 405 415 425 435 445
376 CCAAAGGAGCCAGCCAATGGGAAGTCACTGGACACTTTCATAGAGAAGAACGCCACCCACCACGTTACTTTTGGG
126 P K EPANGI K SULDTZFTITEIZ KNATUHUHVTFG
460 470 480 490 500 510 520
451 TACATGGCTTTAGACAGACTGAAACAGTTCATGCAAAAGCTGATAGTTAGTCTTGACCAGTTGAAGATCTGCTAA
151 Y M ALDRTLI KA® QFMQKTLTIUVSLDA® QLI KTITC =x*

TCTGCCACTATTATAGCATTATGGTATACTATTTATTATATTTATTTAAAACCCTGTATATTTATAGACCAAAGCAGCATTTTTTG
GCACATTTTAATGTACAAACAGATTTAAAAATTATTCCCTGCTATTAAACAGAAAGCCATAAATGTTGCTGGCGACATCATGGTGC
ACCAATCAGTCTGTCCTTACGATGTAAACAAACACTTGCACACATTGCCATGTCATACTTCATGCTGTTTGCAGGATGACATCAGC
ACTTGCTGCGCTTGCTCACTGATGTCACTGTGTTTACCAGAAGAAGCGAGGTCAGACTCTGCTGGGAAGCTGGAATTATGTTCCCA
TTTTACTTCTTGCTGCAACACCAGCAATGTAGGACACACACCAAAACATATATATTTTTTCCTACACATTGTAAATCTATGCACTT
TAAATATCCTGTGATTGTAAATAGTTTTGTATTTTGTGTAATGATGCATTTTTCCATAAAAATAAAGCAATAAAATAAACGTATTG
TAAAAAAAAAAAAAAAAAAAAAAAAA

Figure 1. Nucleotide sequence and deduced amino acid sequence of the leptin gene of Elopichthys
bambusa. The sense strand is displayed from the 5’ to 3’ direction. Stop codons are marked with
s

in the nucleotide sequence. Signal peptides are marked in bold letters. The GenBank accession
number is MW794324.

Sequence alignment shows that the amino acid sequence of leptin was conserved in
cyprinid fish, such as yellow cheek carp (Elopichthys bambusa), grass carp (Ctenopharyngodon
idella), Megalobrama amblycephaloid, common carp (Cyprinus carpio), and crucian carp (Caras-
sius gibelio), but had a large difference from the sequences of non-cynic fishes and other
vertebrates. However, the secondary structure of leptin proteins from various animals was
highly conserved, with four o-helices (Helix A-D) (Figure 2).

The amino acid sequence conservation of leptin was low between the yellow cheek
carp and human, with only 23.20% sequence identity. The amino acid sequence identity
of EbLep and other fishes was Ctenopharyngodon idella (91.60%), Culter alburnus (91.60%),
Megalobrama amblycephala (91.00%), Carassius gibelio (76.10%), Cyprinus carpio (76.80%), Labeo
rohita (74.80%), Schizothorax prenanti (74.20%), Schizothorax richardsonii (74.20%), Danio rerio
(60.00%), Tachysurus fulvidraco (40.00%), and Tachysurus wvachellii (40.00%),
respectively (Table 2).
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Helix A

Elopichthys bemmbusa 1EP .MYSE. VEIYTCFLSILGLICEHSIEVECDSIKN . CRLCADT 11 B HNEKLKLSPR I LIGE SELYPE 67
Cenophanyngodon idella TEP .MYSE . VLI¥TCFLSILGMICGRSIEIHCDN FHNERIKL SPKILIGLSELYPE 68
Culter albrmes 1EP .MYSE.VLLYTCFLSILGLICGLSIEIHCD EHNEKLNLSPKILIGLSELYPE €8
Megalobrama ambheephala 1LFP \MYSE . VLLYTCFLSILGLICGLSIEIHCD HNEKLKLSPK1TIGLSELYPE 68
Carassius gibelio LEP-A .MYFE.BLLYPCILCMLSLVHE . . IEVEFDRLKI {CHNEKLKL YPK1 LIGLEELYPE 66
Cyprinus carpio LEP-A2 .MYFE . VLLYPCILGMLSLVES . . IEVHED {HNEKLKLSPK1LIGLEELYPE 66
Labeo rohita 1EP .MYFE .BLINLCTLSMLSLVHG . . TETRGDN {CHNEKRILKISPKVVIGLEEL. . . 63
Schizothorax prevanii LEP .MYFE.ALLYPCILCMLSLAKG . . IEVHCNSLKNL! {CHNEKLKISPELIIGGEELYPV 66
Schizothorere richardkonii LEP .MYFE . ALLYPCILCMLSIAHG . . TEVHCNS[LKK! {CHNEKIKISPF1IIGGEELYPV 66
Danio rerio LEP-A .MRFE.ALRSTCILSMLSLIHC..IEVHQHI] REHIDGCNILPTLIIGCEGHYPE 65
Tachyurus fidvidraco LEP VAVYE . ALECSCVVTVLTLTNG . . RAL PTDS] CKHKDEE P11 HEMTLDSEEL L PE 67
Tachysurus vachellii LEP MAVYE . ALECSCVVTVLTLTNG . . RAL PTDS] OKHKDEE PILHEMILDSEELLPE 67
Xenopus laevis LEP MOYTOLSEWGIFRMLLEMICG . .RAIKTD FHEICYLEESNIKISGLDEIP. 66
Homio sapiens LEP .MHWG. . TLCGFLWLWPYLFYV . .CAVPIQ CISHTCSVSSKCKVTELDEIR. 64

Conserisus .

Helix B

bambusa LEP VEACKPIQGEGSIMECTLITECK RETFKEFANGKSLLTFI 137
ngodon idella 1EP VEALKPIQGLGSIVLTLITEGK €T KEEANGKSLLTFI 138
Cuilier alfwrms LEP VEACKPIQGEGSITCTLITEG! RETFKEEANGKSLLTFT 138
ambhoephale LEP  VEACKPIQGEGSIICTLITECK EEKEEANGKSLLTFI 138
Carassius gibelio TEP-A VEATCRHIQGEGSIMLCTLT TEC TIKEEANGRSLIAFL 136

‘TLKEEANERSLLAFL 136
RETFKEFANGRSLLTLL 132
CTFKEEANERSLLAFL 136
RETEKEEANERSLIAFL 136
'TIKESTNGEALLAFL 131
BIHR ITGTEKNLECEP 137
'THR ITGTEENLECFL 137

VEACKPIQGLGSIVETLSTFHK
. EACKPTQGE RSIMLTLNTE!
VEVLKPIQGLGSIVLTLITEGK
VEVLKPIQGNGSIVLTLITE
TEACKPIQGEGSIMETINTE!
1GSCKPIEGESSMVEMLNNECR
1CSCKPTEG SSMVEMLNNEGR

Schizothorax: prencetti LEP
Danio rerio LEP-A
Tachyswus fiulvidraco LEP
Tachysurus vachellii 1EP

Xenopus levis LEP . .DECLLES[EEMDETLEVEGCE 'TTREESQSCTQVNLT 134
Homo sapiens LEP . JGLHPILTESKMDGTI AVYGO HI PWASGLETLESLG 132

_Helix D

Elopichtlys  bambusa 1EP EKNATHHV' 171
nngodon idelia LEP EKNATHHT 172
Cidier albwrrus LEP EKNATHHI 172
i ambhoephaa LEP EXNRAHAT 172
Carassius gibelio LEP-A EENATHHI 170
Gprines capio LEP-A2 ENNATHHI 170
Labeo rohita 1.EP EKNATHEV' 166
Schizothorax: prencrti 1EP EGTATHHI 170
Schizothorax vichardsonii LEP EGTATHRI 166
Dariio rerio LEP-A ELSASYFF 165
Tachysurus fibvidraco LEP KNHSMYYIT]| A 171
Tachysurus vachelli 1EP KNHSMYYITWRHVA 171
Xenopus loevis 1EP EEYAKAEYITEKVA 168
Homo sapiens LEP GVLEASGYSTEVVA 166
Consensus

Figure 2. Amino acid sequence alignment among EbLep and leptin of other vertebrates. Omitted
portions are indicated by dots, and shaded areas indicate residues that are 100% shared by all
sequences. Four «-helices are framed.

The phylogenetic tree constructed based on the amino acid sequence of leptin is shown
in Figure 3. All teleost fish LEPs are grouped into one clade, and two cartilaginous fishes
(Acipenser ruthenus and Acipenser dabryanus) and other vertebrates (Xenopus laevis and Homo
sapiens) LEPs are grouped into one clade. The closest to EbLep were Culter alburnus and
Megalobrama amblycephala. Despite large differences between primary structures (Figure 2
and Table 2), the tertiary structure of EbLep protein was also predicted to be similar to that
of humans (Figure 4).

Table 2. Amino acid sequence identities of EbLep compared with leptin of various vertebrates.

Eb LEP Ci LEP CaLEP Ma LEP ng’g-A CcLEP-A2 Lr LEP Sp LEP Sr LEP Dr LEP-A Tf LEP Tv LEP X1 LEP Hs LEP

Eb LEP
Ci LEP
Ca LEP
Ma LEP

Cg LEP-A

100.00%
91.60%
91.60%
91.00%
76.10%

76.80%

74.80%
74.20%
74.20%
60.00%
40.00%
40.00%
27.70%
23.20%

100.00%
89.70%
89.70%
75.50%

76.80%

73.40%
74.20%
72.90%
59.40%
40.00%
40.00%
30.30%
22.60%

100.00%
96.10%
72.90%

74.20%

72.90%
72.30%
72.30%
58.70%
40.00%
40.00%
28.40%
21.30%

100.00%
73.50%

74.20%

71.60%
73.50%
73.50%
59.40%
40.60%
40.60%
28.40%
21.30%

100.00%
87.10%

78.80%
83.20%
83.20%
63.90%
38.70%
39.40%
28.40%
22.60%

100.00%

77.40%
86.50%
86.50%
65.20%
41.30%
41.90%
26.50%
25.20%

LEP-A2
Lr LEP
Sp LEP
Sr LEP
Dr LEP-A
Tf LEP
Tv LEP
XILEP
Hs LEP

100.00%
75.50%
75.50%
63.90%
37.40%
38.10%
27.10%
23.90%

100.00%
97.40%
61.90%
40.60%
41.30%
27.10%
25.20%

100.00%
61.90%
41.30%
41.90%
26.50%
23.90%

100.00%
36.80%
37.40%
27.70%
23.20%

100.00%
99.40%
29.00%
21.30%

100.00%
29.00%
21.30%

100.00%

35.50% 100.00%

Note: The abbreviations of the species listed in this table are as follows: Elopichthys bambusa (Eb); Ctenopharyngodon
idella (Ci); Culter alburnus (Ca); Megalobrama amblycephala (Ma); Carassius gibelio (Cg); Cyprinus carpio (Cc); Labeo
rohita (Lr); Schizothorax prenanti (Sp); Schizothorax richardsonii (Sr); Danio rerio (Dr); Tachysurus fulvidraco (Tf);
Tachysurus vachellii (Tv); Xenopus laevis (X1); Homo sapiens (Hs).
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® Elopichthys bambusa LEP

Culter alburnus LEP

100 9

Megalobrama amblycephala LEP

Ctenopharyngodon Idella LEP

Labeo rohita LEP

Carassius gibelio LEP-A
Fish
100 94 Cyprinus carpio LEP-A2

70 Schizothorax richardsonii LEP

Schizothorax prenanti LEP

Danio rerio LEP-A

Tachysurus fulvidraco LEP

Tachysurus vachellii LEP

Xenopus laevis LEP

Other vertebrates
Homo sapiens LEP

Figure 3. Phylogenetic tree based on amino acid sequence of leptin. The phylogenetic tree was estab-
lished by the NJ method (neighbor-joining) in MEGA 11.0. The number of bootstraps verifications
was set to 1000 times.

Figure 4. Tertiary structure model of Leptin predicted from amino acid sequences. (A) Yellow Cheek
Carp, (B) Human, (C) Grass Carp.

119



Biology 2022, 11, 758

3.2. Tissue Expression of EbLep

The mRNA tissue expression levels of EbLep were analyzed by real-time PCR. The
results show that EbLep can be expressed in liver, intestine, spleen, kidney, heart, gill, brain,
head kidney, skin, and muscle. The mRNA expression level in the liver tissue was the
highest, which was more than eight times that of other tissues. This was followed by the
heart, intestine, skin, brain, muscle, kidney, gill, head, kidney, and spleen (Figure 5).

70 =

65
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Figure 5. Relative mRNA expression of EbLep in various tissues. All values represent the mean =+
S.D. (n=6).

3.3. Expression of EbLep mRNA in the Liver and Brain under Fasting and Refeeding

The EbLep mRNA expression in the liver increased after fasting, as determined by
real-time PCR (Figure 6). Compared with the control group, there was no significant
difference after starvation for 3 days (p > 0.05), but there was a significant difference after
starvation for 8 days (p < 0.05). After refeeding, the expression of EbLep mRNA in the
liver showed a downward trend. One day after refeeding, it showed a significant decrease
(p < 0.05), and 28 days after refeeding, it was significantly lower than the control group
(p < 0.05) (Figure 6a).
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Figure 6. Relative Expression of EbLep mRNA in the liver (a) and brain (b) under fasting and
refeeding. F3 and F8 indicate fasting for 3 and 8 days, respectively. F8R1h, F8R6h, F8R1d, F8R6d, and
F8R28 indicate refeeding for 1 h, 6 h, 1 day, 6 days, and 28 days after 8 days of fasting, respectively.
Significant differences among treatment groups (ANOVA, p < 0.05) are indicated by different capital
letters (A, B, and C); no significant differences among control groups (ANOVA, p > 0.05) are indicated
by different lowercase letters (a); and significant differences between control and treatment groups
(ANOVA, p < 0.05) are indicated by *.

Fasting significantly decreased the expression of EbLep mRNA in the brain. After
refeeding for 1 h, the expression of EbLep mRNA in the brain of the treatment group rapidly
increased and became significantly higher than the control group (p < 0.05). After 6 h of
refeeding, it gradually decreased and became significantly lower than that of the control
group (p < 0.05). The expression of EbLep mRNA in the brain of the treatment group
significantly increased and reached the highest level at 6 days of refeeding, followed by a
significant decrease at 28 days (p < 0.05) (Figure 6b).

4. Discussion

Johnson et al., (2000) [31] first detected the presence of leptin in the blood, brain, heart,
and liver of sunfish (Lepomis macrochirus), rainbow trout (Oncorhynchus mykiss), largemouth
bass (Pomonix annularis), and microbleeker (Ictalurus punctatus). The leptin gene was later
confirmed to exist in many other fish species [11,32,33]. Leptin in fish generally exists in
two subtypes, named lep-a and lep-b [14,34]. This may be related to the fact that genome
duplication occurred in the evolutionary process of fish [35]. The two isoforms encode two
different products with low amino-acid identity (20-30%) [36]. In this study, the Leptin
gene (EbLep) identified from the yellow cheek maybe was maybe lep-a by NCBI blast, but it
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cannot be determined whether other copies of this gene are present in the yellow cheek
carp genome.

The yellow cheek carp shares only 23.20% sequence identity with human leptin. Simi-
larly, goldfish (Carassius auratus) [37] and mandarin fish (Siniperca chuatsi) [15] have very
low amino acid sequence homologies with mammalian leptin, both of which are less than
30%. This reflects the high evolutionary rate of the leptin gene. The amino acid sequences
were quite different from those of other mammals [21]. The nucleic acid and amino acid
sequences of leptin greatly differ from different fish species, but the tertiary structure of
its protein is very conserved. They are highly similar in their predicted tertiary structure,
when modelled based on the crystal structure of human leptin [11,38,39]. Our finding was in
accordance with recent studies indicating that the tertiary structure of proteins is important
for the main physiological function of the leptin system in fish. Kurokawa and Murashita
(2009) [34] also had similar conclusions.

Leptin is expressed in various tissues; mammalian leptin is mainly expressed in adi-
pose tissue [40]. Unlike mammals, the brain and heart are the main synthetic organs in
Xenopus [7]. The expression level of leptin from Kermani sheep was highest in the adipose
tissue and liver and lowest in the heart [20]. Leptin is slightly expressed in different tissues,
such as the gut, adipose tissue, and brain in teleost fishes, but is mainly distributed in the
liver [15,37]. However, some fishes have a high expression of leptin in other tissues. The
expression of leptin in the kidneys, gills, intestines, and gonads of Megalobrama amblycephala
was much higher than in the liver [41]. The leptin of Atlantic salmon (Salmo salar) had the
highest expression in the brain and muscle [39]. In this paper, the tissue expression level of
EbLep was highest in the liver, medium in the heart, intestine, skin, and brain, and lowest
in the muscle, spleen, kidneys, gills, head, and kidney. The liver is the metabolic energy
center of fish. Our findings match those observed in earlier studies [15,37], suggesting
that EbLep may be involved in the regulation of energy balance. At the same time, leptin is
commonly expressed in other tissues of yellow cheek carp. This suggests that the EbLep
may be involved in many other physiological processes, and further studies are required.

To understand the physiological function of leptin in the yellow cheek carp, we com-
pared the mRNA expression of EbLep in the liver and brain under different feeding states
(short-term fasting and refeeding). We found that short-term fasting significantly increased
the mRNA expression of EbLep in the liver, which returned to normal level after 6 days
of refeeding and was significantly lower than the normal level after 28 days of refeeding.
Similar findings were found in orange-spotted grouper [16], zebrafish (leptin-A) [14] and
rainbow trout [42], and the opposite results were found in common carp [38], Acrossocheilus
fasciatus [43], striped bass [25], and mandarin fish [15]. Through a comparison, it was
found that the fasting time in the studies with similar results to this paper was more than
3 days, while the fasting time of the opposite results was less than 1 day. Therefore, we
hypothesized that if the fasting time was less than 1 day, the mRNA expression of leptin
in the liver would be reduced to promote appetite, and if the starvation time was more
than 3 days, the mRNA expression of leptin in liver would be increased, in turn boosting
glycolipid catabolism to provide energy for normal activities. The above conclusion needs
to be verified in further research. It is worth noting that there were significant differences
in the expression of leptin in the liver under different feeding states in the above studies.
This suggests that leptin may play an important role in regulating energy status. The results
of most fish studies show that specific leptin has an inhibitory effect on feeding [12,17,44].
It was speculated that leptin regulates the balance of feeding by regulating energy status
in fish. The mechanism of the mRNA expression of leptin in the liver, which is adapted to
fasting and refeeding, requires further research.

In fish, the endocrine signals in the hypothalamus region that influence the brain’s
regulation of food intake could be triggered by different nutritional and metabolic con-
ditions [45,46]. Genes that control these endocrine signals (leptin is one of them) play an
important role in appetite regulation [47]. Several studies have shown that leptin could
inhibit food intake [12,17,44]. Murashita et al., (2008) [17] believed that leptin could regulate
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food intake by stimulating expression of the appetite inhibiting factor proopiomelanocorein-
A1/A2 (POMC-A1/A2) gene and reducing the expression level of the appetite stimulating
factor neuropeptide Y (NPY) gene. At the same time, it has been reported that fasting
could cause a downregulation of leptin gene expression in many aquatic animals and
mammals [15,48,49]. In this study, the mRNA expression of EbLep in the brain was also
significantly decreased during short-term fasting. Therefore, we thought that the downreg-
ulation of leptin caused by fasting may be related to the regulation of appetite in fish. Yuan
et al., (2014) [50] had a similar view. In mammals, leptin could regulate feeding behavior
by controlling the expression of some anorexia genes in the brain (e.g., Cart, Crh, Mc4r,
POMC) [51-53]. In fish, regulation of feeding homeostasis is based on the hypothalamus’
integration of metabolic and endocrine information [26]. This suggests that EbLep might
regulate hypothalamic neuropeptides to regulate appetite during the fasting state. In this
paper, the mRNA expression of EbLep in the brain significantly increased to higher than
that in the control group after 1 h refeeding, and rapidly decreased to lower than that in the
control group after 6 h of refeeding. My previous study found that the intestinal contents
were less than 30% after 6 h of feeding [54]. This suggests that the EbLep expression in the
brain may be related to the amount of food in the gut. In addition, the expression of EbLep
in the brain returned to a normal level after 1 day of refeeding, and significantly decreased
to a lower value than the control group after 28 days of refeeding. Several studies also
thought that energy status could regulate food intake by regulating leptin expression in
brain [55,56]. Therefore, the results of this study may be caused by the difference in energy
status between 1 h, 6 h, 1 d, and 28 d after refeeding. In summary, EbLep expression in
the brain may be related to the regulation of appetite. The change in the mRNA expres-
sion of leptin in the brain of yellow cheek carp may be an adaptive strategy for different
energy levels.

5. Conclusions

In this study, we cloned the full-length cDNA sequence of Eblep, which was 1140 bp;
the length of the open reading frame (ORF), which can encode a protein of 174 amino acids,
was 525 bp. The signal peptide was predicted to contain 33 amino acids. The EbLep mRNA
transcript was detected in all tested tissues with the highest expression in the liver and
lowest expression in the spleen. By studying the expression of EbLep mRNA in the liver
and brain under fasting and refeeding, we found that the change in the mRNA expression
of EbLep may be an adaptive strategy for different energy levels.
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Simple Summary: Transoceanic shipping and global development of aquaculture are the main
vectors for the introduction of marine organisms, as adults or their larvae, to new remote locations.
Recent invasions by large species may be well known and documented, while older and smaller-
bodied invasions are often hidden and more difficult to detect. In the present study, we investigated,
using molecular methods, marine worms that bore into the shells of commercial molluscs on four
continents. We have identified them as Polydora hoplura, a species originally described from Italy. The
highest genetic diversity was detected in South African population. While high genetic diversity is
often regarded as indicative of a species’ natural range, our analysis of the worldwide discovery of
P. hoplura calls into question its natural distribution in South Africa. The high genetic diversity of
P. hoplura in this region may be the result of a complex dispersal history by ships and aquaculture. We
tentatively propose the Northwest Pacific, or at the most the Indo—West Pacific, as its home region,
not the Atlantic Ocean or the Eastern Pacific Ocean, and call for further exploration of this hypothesis.

Abstract: The spionid polychaete Polydora hoplura Claparede, 1868 is a shell borer widely occurring
across the world and considered introduced in many areas. It was originally described in the Gulf of
Naples, Italy. Adult diagnostic features are the palps with black bands, prostomium weakly incised
anteriorly, caruncle extending to the end of chaetiger 3, short occipital antenna, and heavy sickle-
shaped spines in the posterior notopodia. The Bayesian inference analysis of sequence data of four
gene fragments (2369 bp in total) of the mitochondrial 165 rDNA, nuclear 18S, 285 rDNA and Histone
3 has shown that worms with these morphological features from the Mediterranean, northern Europe,
Brazil, South Africa, Australia, Republic of Korea, Japan and California are genetically identical, form
a well-supported clade, and can be considered conspecific. The genetic analysis of a 16S dataset
detected 15 haplotypes of this species, 10 of which occur only in South Africa. Despite the high
genetic diversity of P. hoplura in South Africa, we tentatively propose the Northwest Pacific, or at the
most the Indo-West Pacific, as its home region, not the Atlantic Ocean or the Eastern Pacific Ocean.
The history of the discovery of P. hoplura around the world appears to be intimately linked to global
shipping commencing in the mid-19th century, followed by the advent of the global movement of
commercial shellfish (especially the Pacific oyster Magallana gigas) in the 20th century, interlaced with
continued, complex dispersal by vessels and aquaculture. Given that P. hoplura has been detected in
only a few of the 17 countries where Pacific oysters have been established, we predict that it may
already be present in many more regions. As global connectivity through world trade continues to
increase, it is likely that novel populations of P. hoplura will continue to emerge.

Biology 2023, 12, 780. https:/ /doi.org/10.3390/biology12060780
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1. Introduction

Polydoriases, “diseases” caused by shell-boring marine worms of the genus Polydora
Bosc, 1802 and related genera (members of the tribe Polydorini Benham, 1896, collectively
called polydorins), are often a plague in the cultivation of marine molluscs, especially
oysters, abalone and clams [1-5]. Despite a long history of studies of these worms, the
specific identification of the worms involved often remains problematic. Transported
and introduced globally with aquaculture products [6-8] and other vectors, polydorins
were often poorly described, misidentified or mistakenly redescribed as new species.
Genetic characteristics are very helpful and sometimes crucial for the identification of shell-
boring polydorins when morphological features are few and ambiguous [9]. In particular,
specimens from the type locality of a species must be morphologically and genetically
characterized in order to reliably anchor the name of a species to a precise lineage. While
the type locality of a species is not necessarily within its native range [8,10], it often remains
a fundamental aspect of understanding a species concept.

For many years most of the shell borers (also known as mud worms) around the globe
were referred to as Leucodore ciliatus Johnston, 1838 (=Polydora ciliata), originally described
from Berwick Bay (North Sea, Scotland). Radashevsky et al. [11], however, suggested that
the systematic status and the mode of life of this species had been misinterpreted and that
the global reports most likely include a complex of species.

As part of the global puzzle of mud worm identification, the spionid polychaete Polydora
hoplura Claparede, 1868 is a shell borer widely occurring across the world and considered
introduced in many areas. It was originally described from the Gulf of Naples (Tyrrhenian
Sea, Italy) and later reported from the Mediterranean, Atlantic Europe, South Africa, New
Zealand, Australia, Brazil and California (Figure 1; see reviews by Radashevsky et al. [12]
and Radashevsky and Migotto [13]). Earlier records of P. hoplura from Kuwait [14] repre-
sent an undescribed species (Radashevsky unpublished). Identical-looking worms from
Yamada Bay (Honshu, Japan) were described as a new species, Polydora uncinata Sato-
Okoshi, 1998, and under this name reported from enclosed aquaculture operations in
Chile [15], Republic of Korea [16] and Western Australia [17]. Polydora hoplura from Italy
and Polydora uncinata from Japan were compared and found to be identical, and thus,
P. uncinata was treated as a junior synonym of P. hoplura by Radashevsky et al. [12]. Polydora
hoplura/uncinata from Japan, Australia, South Africa and Republic of Korea were sequenced
by Sato-Okoshi and Abe [17], Teramoto et al. [18], David et al. [19], Williams et al. [9,20],
Sato-Okoshi et al. [21], Lee et al. [22] and Abe and Sato-Okoshi [23]. Single 165 sequence of
an individual from Galicia (NW Spain) was provided by Almon et al. [24]. Genetic data for
P. hoplura from the Mediterranean have remained unavailable.

We collected new and re-examined museum specimens of Polydora worms with mor-
phological characteristics of P. hoplura worldwide, including its Gulf of Naples type locality.
The purpose of the present study was to provide sequence data for worms from the type
and other localities and verify by molecular analysis the conspecificity of disjunct pop-
ulations. Based on the results of the genetic analysis, we further attempt to dissect and
elucidate aspects of the global history of P. hoplura and ask whether the type locality is
within the native range of this species.
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Figure 1. Map showing worldwide records of Polydora hoplura (see Supplementary Materials
Tables S1 and S3). Polydora hoplura: red star—type locality: Gulf of Naples, Italy; green circles—
worms identified based on the morphology in the present study; yellow circles—worms identified
based on the morphology by other authors and not verified in the present study; green triangles—
specimens sequenced in the present study; magenta rhombi—specimens sequenced by other authors.

2. Materials and Methods
2.1. Material

Collections were made in Italy (Tyrrhenian and Ionian Seas), France (both Atlantic
and Mediterranean coasts), Republic of Korea (East Sea), USA (California), Brazil (Sao
Paulo) and Chile (Figure 1). We collected bivalves, gastropods, barnacles, sponges and
coralline algae from the intertidal zone manually and from shallow water using SCUBA
equipment, grabs and trawls. Live Polydora worms were removed from infested shells or
other substrata with a hammer and pliers, relaxed in isotonic magnesium chloride and then
examined and photographed using light microscopes equipped with digital cameras. For
molecular analysis, worm fragments were preserved in 95% ethanol.

After morphological examination in life, worms were fixed in 10% formalin solution,
rinsed in fresh water, and transferred to 70% ethanol. Formalin-fixed specimens stored in
ethanol were stained with Methylene Green (MG) to reveal specific staining pattern. We
mainly followed the procedure described by Winsnes [25] (p. 19). The staining solution was
made by adding MG to 70% ethanol to give a dark green color; thus, specimens in a dish
could not be seen when covered by the solution. Specimens were soaked for 2-3 min and
then moved to another dish containing clean 70% ethanol, where they were left to destain
for 2-3 min until the excess color had disappeared. Stained specimens were examined and
photographed using light microscopes equipped with digital cameras. Images of multiple
focal layers were stacked using Zerene Stacker 1.04 software. Images of parts of worms were
stitched into panoramas using PTGui 12.8 software. After complete examination, specimens
were deposited in the polychaete collection of the Museum of the A.V. Zhirmunsky National
Scientific Center of Marine Biology (MIMB), Vladivostok, Russia.

We also examined museum samples of various Polydora species worldwide, and
collected for molecular comparison Polydora brevipalpa Zachs, 1933 from Peter the Great Bay,
the Sea of Japan, Russia. Additional formalin- and/or ethanol-fixed Polydora specimens
from Italy (Tyrrhenian Sea), France (Arcachon Bay and Gulf of Lion), Croatia (Adriatic Sea),
Brazil (Sao Paulo), New Zealand, South Africa and California were provided by Maria
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Cristina Gambi, Nicolas Lavesque, Céline Labrune, Barbara Mikac, Joao Nogueira, Sean
Handley, Carol Simon and Sergey Nuzhdin.

To map the distribution of P. hoplura, we considered reliable records made by ear-
lier authors based on morphological features and records by Sato-Okoshi and Abe [17],
Teramoto et al. [18], David et al. [19], Williams et al. [9,20], Sato-Okoshi et al. [21], Lee et al. [22],
Abe and Sato-Okoshi [23] and Almon et al. [24] based on genetic data. Complete information
on newly collected material, museum samples examined during this study and by other
authors and records by other authors for which no museum deposits were noted are provided
in Supplementary Materials Tables S1 and S3. A list of the museums and other collections
(and their acronyms) holding the examined or reported specimens of P. hoplura is provided
in Supplementary Materials Table S2. The complete bibliography of the records provided
by other authors and noted in Supplementary Materials Tables 51, S3 and S5 is provided in
Supplementary Materials Table S6.

When no coordinates were provided for sampling sites from other studies, they were
estimated using Google Earth Pro 7.3.6.9345 according to the original descriptions of the lo-
cations. Sampling locations of P. hoplura noted in Supplementary Materials Tables S1 and S3
are plotted on maps using QGIS 3.20.0 software and the geodata provided by the Open-
StreetMap Project (https://osmdata.openstreetmap.de, accessed on 1 January 2022). Final
maps and plates were prepared using CorelDRAW® 2019 software.

2.2. DNA Extraction, Amplification and Sequencing

We used the ReliaPrep gDNA Tissue Miniprep System (Promega Corporation, Madison,
WI, USA) for DNA extraction and purification with standard protocol for animal tis-
sue. Polymerase chain reaction (PCR) amplification of mitochondrial 165 rDNA and
nuclear 285 rDNA, 18S rDNA and Histone 3 gene fragments were accomplished with
the primers and the conditions described by Radashevsky et al. [26,27]. In addition, we
used the D1R/D2C primer pair to amplify 285 rDNA gene in some samples [28]. Puri-
fied PCR products were sequenced in both directions by the GnC Bio Company, Repub-
lic of Korea (www.gncbio.kr), and in the National Scientific Center of Marine Biology,
Vladivostok, Russia, using the same primers as for PCR. Sequence editing and contig
assembly were performed using SeqScape 2.5 (Applied Biosystems). GenBank accession
numbers and brief information about sequences used in the present analysis are shown in
Supplementary Materials Tables S3 and S5. To link sequences with complete correspond-
ing data, unique numbers from the first author’s database (VIR) are given to samples in
Supplementary Materials Tables S1 and S3. These numbers precede the collecting location
names on the phylogenetic trees shown in Figures 2 and 3A.

2.3. Data Analysis

In addition to new sequences obtained in the present study, we also included in
the analysis sequences of Polydora lingshuiensis Ye et al., 2015 from China and Polydora
lingulicola Abe and Sato-Okoshi, 2020 from Japan provided by Ye et al. [29] and Abe and
Sato-Okoshi [23], respectively. These species were sequenced for the most complete set of
gene fragments, including 165, 18S and 28S, and were used to evaluate genetic divergences
between Polydora species and between distant populations of P. hoplura. The phylogenetic
tree was rooted using the sequences of P. brevipalpa; this species was also sequenced for the
most complete set of gene fragments (see Supplementary Materials Table S3).

We aligned DNA sequences using the MAFFT v7.2 software with the default settings
(automatically chosen algorithms) [30,31]. Ambiguous positions and gaps for 165 rDNA,
18S rDNA and 28S rDNA genes were excluded from subsequent analysis using trimAl
1.2 [32] with an automated heuristic approach. As the obtained sequences were similar,
we chose to employ uncorrected values of sequence divergence (pairwise distances, p,
see Nei and Kumar [33]) instead of complex distance measures (i.e., corrected by best-fit
evolutionary model). Distances both within and between groups were calculated in MEGA
11.0 [34]. We concatenated DNA data partitions using SequenceMatrix 1.9 [35] and specified
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substitution models for each partition individually. The best-fitting nucleotide substitution
models for Bayesian inference (BI) were selected in MrModeltest version 2.3 [36] using
Akaike Information Criterion (AIC): SYM + G for each data partition.

We used MrBayes 3.2.7 [37,38] via the CIPRES web portal [39] for the Bayesian analysis
of 10,000,000 generations, four parallel chains and sample frequencies set to 1000, in two
separate runs. Based on the convergence of likelihood scores, 10% sampled trees were
discarded as burn in. The same conditions were implemented for separate BI analysis of
16S rDNA sequences.

The haplotype network was constructed based on 165 rDNA dataset with a median-
joining approach [40] using popART [41].

3. Results
3.1. Molecular Analysis
3.1.1. Phylogenetic Analysis of Polydora Hoplura

The combined aligned sequences of Polydora spp., with gaps excluded, comprised a
total of 2364 bp, including 259 bp (98.5% of original sequences) for 165 rDNA, 1578 bp (99.9%
of original sequences) for 185 rDNA, 228 bp (99.1% of original sequences) for 28S rDNA
and 299 bp (100% of original sequences) for Histone 3. The combined concatenated dataset
contained 146 variable sites, 141 of which were parsimony informative; the frequencies of
variable and informative sites were 6.17% and 5.96%, respectively. The frequency of variable
sites in the aligned dataset of mitochondrial 16S rDNA (19.7%) was greater than those in
sequences of the nuclear genes: 2.72% for 185, 4.38% for 28S and 13.37% for Histone 3.

The Bayesian analysis of the combined dataset of four gene fragments and the analysis
of only 16S rDNA sequences both showed that individuals from distant localities with
diagnostic morphological features of P. hoplura form a well-supported clade (PP =1 and
PP = 0.97, respectively) (Figures 2 and 3A). The maximum uncorrected p-distance value for
the most variable mitochondrial 16S rDNA between individuals from different populations
(p = 2.54) was comparable with the maximum genetic variability within these populations
(p = 1.31) and essentially smaller than the minimum distance between Polydora species
(p = 6.98) (see Supplementary Materials Table S4). Therefore, we consider the examined
populations as conspecific and refer them to P. hoplura.
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Figure 2. Majority rule consensus tree of the Bayesian inference analysis of the combined 165 (263 bp),
18S (1579 bp), 28S (228 bp) and Histone 3 (299 bp) sequences (2369 bp in total) of Polydora spp. rooted
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with sequences of Polydora brevipalpa. Posterior probabilities of 0.95 and above are shown on the
branches. The five-digit numbers preceding collecting locations are unique numbers from the VIR
database linking the individuals on the tree with the sampling data in Supplementary Materials
Tables S1 and S3; individual numbers are separated from sample numbers by dots.

3.1.2. Haplotype Network of Polydora Hoplura

The haplotype network analysis was based on 79 sequences of 165 rDNA, of which
26 were previously obtained by Sato-Okoshi et al. [21], Abe and Sato-Okoshi [23] and
Almon et al. [24]. The analysis recovered a single network comprising 15 haplotypes
(Figure 3B, Supplementary Materials Table S5). Striking 10 unique haplotypes (H1-10;
21 individuals) were found only in South Africa’s Western Cape. They formed a star-like
structure with nine haplotypes (H2-H10) differing from the most common haplotype (H1,
comprising 52% of South African individuals) by one mutational step. The majority of other
individuals shared from one to four of the four most common haplotypes H11 (19%), H12
(25%), H14 (11%) and H15 (16%). Each of these haplotypes was detected in nine individuals
from Japan; three of these haplotypes (H11, H14, H15) were detected in four individuals
from California. All ten examined individuals from Italy (four from the Tyrrhenian Sea
and six from the Ionian Sea) shared one haplotype (H12), which was also detected in the
six individuals from Atlantic France (five from Arcachon Bay and one from Brittany, La
Manche), three individuals from Japan and in one individual from Galicia, Spain. The
haplotype H13 was detected only in one examined individual from Western Australia
(LC101868, [21]). Two shared haplotypes (H14, H15) were detected in 16 individuals from
Republic of Korea. Only one shared haplotype (H11) was detected in all five individuals
from Brazil, all five individuals from Mediterranean France (Gulf of Lion) and in one
individual from Atlantic France (Brittany, La Manche).
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Figure 3. (A) Majority rule consensus tree of the Bayesian inference analysis of the 16S rDNA (263 bp)
sequences of Polydora spp. rooted with sequences of Polydora brevipalpa. Posterior probabilities of 0.95
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and above are shown on the branches. The five-digit numbers preceding collecting locations are
unique numbers from the VIR database linking the individuals on the tree with the sampling data in
Supplementary Materials Tables S1 and S3; individual numbers are separated from sample numbers
by dots. Colors indicate the unique South African haplotypes (H1-H10), most common shared
haplotypes (H11, H12, H14, H15), and places with most diverse haplotypes (USA, California—
3 haplotypes; Japan—4 haplotypes). (B) Haplotype network of the 165 rDNA gene in Polydora
hoplura. Haplotypes are represented by colored circles whose size is proportional to the number of
corresponding individuals. Multiple colors indicate haplotypes shared by individuals from more
than one sampling locality, with sections scaled according to their frequency. Each hatch-mark on
the lines connecting haplotypes symbolizes one mutational step. A small black circle represents a
missing haplotype. Total number of examined individuals shown in parentheses after the names
of localities.

3.2. Morphology and biology

Polydora hoplura Claparede, 1868

Figure 4

Polydora hoplura Claparede [42] pp. 318-319, pl. XXII, figure 2; [43] pp. 58-59, pl. XXII,
figure 2; [44] pp. 58-59, pl. XXII, figure 2. Andreu [45] pp. 87-91. Leloup and Polk [46]
pp. 71-72. Gravina et al. [47] p. 165. David et al. [48] pp. 890-894, figures 4-6 (larval mor-
phology). Radashevsky et al. [12] pp. 545-551, figures 2—4 (references). Radashevsky and
Migotto [13] pp. 860-865, figures 2-5 (adult and larval morphology). Sato-Okoshi et al. [21]
pp- 1677-1680, figures 6 and 7. Lee et al. [49] pp. 461463, figure 2. Abe and Sato-Okoshi [23]
p- 52, figure 8F. Almon et al. [24] p. 3, figures 1 and 2.

Polydora (Polydora) hoplura: Rioja [50] (Part.) p. 70, pl. 19, figures 8-13. Hartmann-
Schroder [51] p. 305; [52] p. 318.

Polydora hoplura hoplura: Day [53] p. 468, figure 18.2k-m.

Leucodora sanguinea Giard [54] pp. 71-73. Fide Dollfus [55] p. 17; [56] p. 275.

Polydora uncinata Sato-Okoshi [57] pp. 278-280, figure 1; [58] p. 835. Radashevsky and
Olivares [15] pp. 491-494, figures 2—4. Sato-Okoshi et al. [59] pp. 493495, figures 2 and 3; [16]
p. 87, figure 4A,B,D. Sato-Okoshi and Abe [17] pp. 4344, figure 3. Fide Radashevsky et al. [12]
p- 545.

3.2.1. Diagnostic Features

The adult morphology of P. hoplura, including the neotype and other individuals from the
type locality in the Gulf of Naples, Italy, was recently redescribed by Radashevsky et al. [12].
Worms from Chile, Republic of Korea and Brazil were described in detail by Radashevsky
and Olivares [15] (as P. uncinata), Radashevsky et al. [12], and Radashevsky and Migotto [13],
respectively. Worms from Japan and South Africa were described by Sato-Okoshi et al. [21].
The diagnostic features of the adults include palps with black bands, prostomium weakly
incised anteriorly, caruncle extending to the end of chaetiger 3, short occipital antenna, and
two kinds of spines (heavy sickle-shaped and slender awl-like) in addition to slender capillary
chaetae in the posterior notopodia, and cup-shaped to disc-like pygidium with middorsal
gap (Figure 4A-E). Moreover, all the populations examined by us were parthenogenic
(Radashevsky unpublished). Some characters are variable, however. Pigmentation on palps
and anterior chaetigers can be well developed or totally lacking. Prostomial incision in some
individuals is weakly developed and can be seen in the ventral view only or not developed
at all. The caruncle is short in small worms and the occipital antenna is occasionally small
and hardly discernible. Slender awl-like spines in the posterior notopodia are arranged
differently in individuals of different sizes, and in large individuals are present in a few
posterior branchiate chaetigers only [12]. None of these characters is unique; all of them are
shared by some other spionids. Nevertheless, the combination of these characters defines the
species unambiguously, and the heavy sickle-shaped spines in the postbranchiate chaetigers
are the most diagnostic. Such types of spines are also present in Polydora colonia Moore,
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1907 [60], some Boccardiella and some other spionids [61], which, however, can easily be
distinguished by other characters.

Figure 4. Adult morphology and habitat of Polydora hoplura. (A) Complete live individual, dorsal
view; left palp missing. (B) Complete individual fixed in formalin and stained with methylene green;
palps missing. (C) Palp fragment, showing paired black bands on sides of frontal groove. (D) Heavy
falcate spines of chaetiger 5, left side, ventral view. (E) Posterior notopodia with heavy recurved
spines in addition to slender capillary chaetae, left lateral view. (F) Two kinds of spines (heavy
sickle-shaped and slender awl-like) and slender capillary chaetae from a posterior notopodium.
(G) Edge of a shell of the Pacific oyster Magallana gigas showing U-shaped burrows of worms. Scale
bars: (A), (B)—1 mm, (C)—200 um, (D)—30 um, (E), (F)—50 um, (G)—5 mm. (A)—California,
USA (LACM-AHEF Poly 12859); (B)—Mar Grande of Taranto, Italy (MIMB 33029); (C), (F)—Wando,
Republic of Korea (MIMB 33038, 33035); (D)—Gulf of Naples, Italy (MIMB 28148); (E), (G)—California,
USA (LACM-AHEF Poly 12862, MIMB 39108). (A)—photo by Leslie H. Harris.
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3.2.2. Habitat

Adults of P. hoplura make U-shaped burrows in shells of barnacles, bivalves and
gastropods, including clams, oysters and cultured abalone (Figure 4F). Occasionally, worms
bore into sponges [13,20,62], coralline algae [20,62-64] and the stony coral Mussismilia
hispida (Verrill) (present study) (Supplementary Materials Table S1). Branches of each U are
situated close to each other and interconnected by a narrow space all along their length,
thus the burrow in cross-section appears as a characteristic 8-shaped hollow in a shell. The
walls of the burrows are lined with detritus; the median space between branches is also
filled with detritus forming a medial detrital wall. Each burrow opens to the outside via
two joined apertures and is extended by two smooth silty tubes, each up to 5 mm long.

3.2.3. Remarks

The larval morphology of the species was described from the Plymouth area (English
Channel, UK) [65], Chile [15] (as P. uncinata) and Brazil [13]. Poecilogony with females
producing two kinds of larvae, planktotrophic and adelphophagic, was demonstrated in
South African populations [48].

Infestation of cultured oysters and especially abalone by P. hoplura has been a se-
rious problem for aquaculture for a long time. Commercial interest stimulated studies
on the morphology, genetic structure, reproductive biology and dispersal ability of this
species [9,19,20,48,49,66-74]. Some control of polychaete pests on cultured molluscs has
been suggested [67,75-80], but the problem of infestation continues.

3.2.4. Distribution

Complete information about worldwide records of P. hoplura is provided in Supple-
mentary Materials Table S1 (mapped on Figure 1).

4. Discussion
4.1. Population Genetics of Polydora hoplura

We used the set of genes originally chosen for phylogenetic analysis of Spionidae [27,81].
The 16S rDNA is the most variable among examined markers and has been proven to be
highly suitable for molecular identification at the species level for spionids [26,27,81-86].
Our genetic analysis of 165 dataset, however, does not reveal strongly robust biogeographic
patterns of P. hoplura populations worldwide, since haplotype analysis was not the primary
objective of our study, nor were our analyzed sample sizes large enough to reveal the full
extent of haplotype diversity in any one region.

4.2. Historical and Modern Biogeography and Vectors of Dispersal

Potential explanations of the observed haplotype network are confounded in part
by the majority of our analyzed specimens representing worms recovered from cultured
oysters and abalones (in sea farms, in sea cages, or land tanks) (Supplementary Materials
Table S1). These cultured molluscs likely represent, in most cases (even in Japan), popula-
tions that have been mixed and remixed for many decades through aquaculture movements
and (for oysters) historical transport in vessel-fouling communities (as we discuss below).
Our sequenced material from Italy and Brazil was from natural substrates and our material
from Atlantic France was from both natural substrates and commercial oysters, while the
rest of our sequences are derived from commercial molluscan populations.

That said, we suggest that our preliminary data, when combined with historical knowl-
edge of P. hoplura’s absence in certain regions, may hint at its home port—its potential
endemic region—even as our data also reveal an intriguing concentration of unique haplo-
types in one region with a relatively new, but intensive, history of imported mollusc culture.
We briefly review the global history of P. hoplura before suggesting a pathway to its native
province (see Table 1).
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Table 1. Possible introduction mechanisms and subsequent anthropogenic dispersal vectors by
region, arranged chronologically by year of discovery.

Probable Secondary
. Anthropogenic .
Region Year First Collected }’0.5§1b1e Method. of Dispersal Mechanisms Es_tabh.shed Comments
nitial Introduction . in Wild?
throughout Continent,
Country, or State
Mediterranean Italy: 1866-1867; Vessel fouling Fouling, aquaculture, Yes Arrival in Mediterranean
France: 1873-1874 ballast water preceded importations of Pacific
oysters (Magallana gigas) and the
common use of ballast water
internationally
Atlantic Europe: France circa 1880 Vessel fouling Fouling, aquaculture, Yes Arrival in Atlantic Europe
ballast water preceded importations of Pacific
oysters and common use of
ballast water
South Africa: 1946 Vessel fouling or ballast ~ Aquaculture, fouling, Yes Probable arrival in South Africa
Langebaan lagoon water ballast water preceded commercial mollusc
importations
Australia: Victoria and 1971 * Aquaculture Vessel fouling; ballast water ~ Yes Pacific oyster importations
South Australia commenced in 1940s
New Zealand: 1972 Vessel fouling or ballast  Aquaculture; ballast water Yes See discussion relative to timing
Wellington Harbour water? of Pacific oyster introductions
Brazil: Sao Paulo 1995 Aquaculture Vessel fouling Yes Pacific oyster importations
commenced in 1970s
Chile: Coquimbo 2002 Aquaculture No Japanese abalone (Haliotis discus
hannai) importations commenced
in 1987
Republic of Korea: 2004 Aquaculture Aquaculture Uncertain Pacific oyster and Japanese
Wando abalone importations
USA: California: San 2004 Aquaculture Vessel fouling (north from Yes Pacific oyster importations prior
Diego Bay southern CA to Monterey to 2000
Bay)

* Carazzi [87] suggested that Whitelegge [88] has misidentified P. hoplura as P. ciliata in Australia. Our study of
Whitelegge’s description and figures suggests that he had neither species.

Polydora hoplura was first collected in 18661867 in Italy [42] in barnacle shells. It was
found in many different habitats in the decades thereafter, or had already spread before being
collected in Italy, in the northern and western Mediterranean and in Western Europe. It was
first found in 1946 in South Africa in Langebaan Lagoon [89] and in 1947 in Cape Town foul-
ing communities [90]. After a long but not unusual hiatus typical of the global spread of ma-
rine invasions [91], it was collected in 1971 in Australia (Supplementary Materials Table S1)
and in 1972 in New Zealand [92], followed by another multidecade gap before being re-
covered in Brazil in 1995 (Supplementary Materials Table S1) and again in 2015 [13], in
Japan in 1997 [57], in Chile in 2002 [15] and in Republic of Korea and California in 2004
(Supplementary Materials Table S1). In all areas of the world, P. hoplura is now established
in the wild, except for Chile and perhaps Republic of Korea, as discussed below.

Polydora hoplura has long been recorded from molluscan hosts and other calcareous
substrates (such as barnacles and serpulid tubeworms) as well as from fouling communities
on docks and pilings (Supplementary Materials Table S1). This broad habitat diversity,
combined with its known larval biology, suggests three probable human-mediated global
transport vectors: (1) the movement of commercial shellfish, (2) vessel fouling and (3) vessel
ballast water.

Relative to (1), the Pacific oyster Magallana gigas (Thunberg) (commonly known as
Crassostrea gigas) is one of the most “globalised” species dominating bivalve production
in many regions [6,93]. Transoceanic movement of M. gigas commenced over 100 years
ago [93]. Native to the cool-to-warm temperate shallow waters of the Asian Pacific (Japan,
Republic of Korea and Russia), M. gigas “have been introduced to 66 countries outside
their native range, mainly for aquaculture, and there are now established self-sustaining
populations in at least 17 countries” [94] (p. 2836). Biofouled adult oysters were typically
transported long distances (to establish new populations or for commercial outplanting)
both historically [95] and into modern times [96], providing ample opportunity for numer-
ous accompanying nontarget epibiotic and endobiotic species to be introduced.
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Relative to (2), classic hull-fouling communities on both coastal and ocean-going ves-
sels include abundant calcareous substrates such as barnacles, oysters, serpulid polychaetes
and also noncalcareous habitats such as sponges [97]. Spionid polychaetes, including
Polydora spp., have been found in the fouling communities of ocean-going and coastal
vessels [98-100], (JTC personal observations 2000). Polydora hoplura is commonly found in
fouling communities on harbor pilings and docks (as reviewed below, and in Supplemen-
tary Materials Table S1), which we interpret here to represent individuals likely dislodged
from their calcareous substrates or from sponges.

Relative to (3), ballast water may have provided an additional means of dispersal
for P. hoplura (as we detail further below). Polydora larvae have been regularly found
in ballast water [101-104], (JTC and VIR personal observations), with Smith et al. [105]
reporting that larval spionids dominated the polychaete fraction in the ballast water of
vessels arriving from around the world in Chesapeake Bay. In turn, David et al. [48] found
that the average larval life of planktotrophic larvae of P. hoplura is 40 days, sufficient time
(for those populations with planktotrophic larvae) for both transoceanic and interoceanic
transport of larvae in ballast water.

Given the historical records of P. hoplura’s reports around the world, combined with
the known range of potential anthropogenic vectors, we review here the probable interplay
of the chronological history of reports with the probable transport vectors at the times and
places of discovery (see Table 1).

Polydora hoplura was found in Italy and France prior to the introduction of commercial
molluscs from elsewhere in the world [93,106]. We suggest that it arrived in the Mediter-
ranean in vessel fouling, perhaps in barnacles, serpulid tubeworms or oysters attached
to hulls. Importantly, ballast water was not a common vector for species in international
vessel traffic until the 1880s and later [107]. Its spread around the European theater may
then have been facilitated by coastal vessel traffic (both fouling and, later, ballast water)
and by the intracountry movement of commercial oysters. Its occasional appearances
in the Netherlands [108] and Belgium [109] have been suggested to be directly linked to
oyster importations.

The appearance of P. hoplura in the late 1940s in South Africa similarly predated the
introduction of commercial molluscs, with the importation of the Pacific oyster M. gigas not
commencing until 1950 [93]. During and after World War II, there was increased commercial
and military vessel traffic connecting Cape Town, Western Europe and Asia, suggesting
that shipping provided a steady source of P. hoplura (albeit sources not yet supported by
genetic connectivity, due, as we suggest, below, to population genetic undersampling in
Europe and the Western Pacific).

The first collection of P. hoplura in 1971 in Australia followed a long history of the
importation of the Pacific oyster M. gigas from Japan commencing in the 1940s to Victoria,
Tasmania, Western Australia, and New South Wales [93]. The first collections of P. hoplura
at about the same time, in 1972, in southern ports of New Zealand’s North Island, link to a
more complicated vector history. Dinamani [110,111] suggested that Japanese vessels with
oyster fouling accidentally introduced M. gigas to the northern part of the North Island
in the early 1960s, followed by its southward spread. Earlier, however, Dromgoole and
Foster [112] suggested that M. gigas may have been intentionally introduced. The location
(Wellington Harbor), habitat (native wild pen shells, oysters, scallops and abalones), and
timing (1972-1974) of the first collections of P. hoplura in New Zealand are not, however,
clearly related to the first appearance of alien oyster populations in the same area, but
suggestive of the introduction of P. hoplura by vessels.

Polydora hoplura was next collected in Brazil in the native stony coral Mussismilia
hispida in 1995 at Ilha de Alcatrazes and in shells of the native oyster Crassostrea rhizophorae
(Guilding) (Supplementary Materials Table S1) and in fouling on pier pilings in 2015 [13].
Magallana gigas introductions began in Brazil in 1974, resumed in 1986, and importations
continue [96]. While the collection sites of P. hoplura in Brazil (Sao Paulo) are not oyster
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culture sites, M. gigas has been imported and outplanted both to the north and south of Sao
Sebastiao and Alcatrazes [96].

Polydora hoplura was transported from Japan to Coquimbo, Chile, perhaps commencing
as early as 1987 [15], in the shells of the abalone Haliotis discus hannai Ino imported for
land-based culture. Polydora hoplura were found in these abalones in 2005. Radashevsky
and Migotto [13] noted that the “progeny of the abalone were ... going to be introduced
into coastal waters for further commercial cultivation”, the possibility of which was also
discussed by Stotz et al. [113], but there is no evidence that any abalones were ever released
into the sea (JTC based on a visit to and interviews in Coquimbo in 2019).

In Republic of Korea, P. hoplura was first found in 2004 in cultured oysters M. gigas and
tank-cultured abalone Haliotis discus discus Reeve presumably imported from Japan in 2002;
Sato-Okoshi et al. [16] noted that it had been absent prior to 2004. It is also now found in Repub-
lic of Korea in abalones cultured in cages in the sea [12] (Supplementary Materials Table S1).

Polydora hoplura was first found in California in 2004 (Supplementary Materials
Table S1), and collected again in 2011 [13], all in biofouling communities on docks and
pilings. It was found again in 2017 in the shells of M. gigas in the wild on a pier and in a
commercial oyster farm (Supplementary Materials Table S1). Crooks et al. [114] reviewed
the history of the discovery of wild populations of M. gigas in southern California com-
mencing in 2000, likely linked to unreported and unrecorded aquaculture introductions. Its
presence to the north in Monterey Bay in 2011 is likely due to coastal vessel traffic. Among
the various global regions in which P. hoplura is now established, southern California offers
perhaps one of the most robust historical baselines, in terms of polychaete collections.
Southern California coastal polychaetes were extensively sampled between the 1930s and
1980s by the well-known polychaetologists Olga Hartman [115,116], Keith Woodwick [117]
and Donald Reish [118,119], and it is highly unlikely that these careful workers would have
overlooked P. hoplura in biofouling communities, which they regularly sampled.

In summary (Table 1), we suggest a chronological progression of the driving global
dispersal vectors of P. hoplura. The earliest record of P. hoplura, in what appears to be its
first long-distance colonization episode, we relate to vessel fouling, before the advent of the
international movement of ballast water and of commercial oyster movements. Following
widespread dispersal through Western Europe, it was not until the mid-20th century that
P. hoplura was found in South Africa, by which time both vessel fouling and ballast water
were in play. While we do not set aside the continued role of vessel traffic, we relate
the appearance of P. hoplura in Australia, Brazil and California to the vast uptick of the
movement of Pacific oysters since the 1970s around the world, with vessel fouling and
ballast water likely playing roles in the secondary movement of populations (Table 1). The
evidence in hand does not permit us to separate out the relative roles of vessel traffic versus
oyster culture in the arrival of P. hoplura in New Zealand.

4.3. Maritime History Considerations and Invasion Timing

In the 1730s and 1740s, the East Indiaman cargo vessel Schellak made regular voyages
from the Netherlands around South Africa to Jakarta in Indonesia, with occasional trips
as far north as Japan [120]. By the late 1700s, regular passages by ships had commenced
between Britain and Australia [121]. Could hundreds—and eventually thousands—of
such early maritime voyages, fluidly connecting Europe, South Africa, the Indian Ocean,
Australasia, and the North Pacific, have transported and introduced marine worms many
centuries ago? Could P. hoplura specifically have been introduced by ships to South Africa
and Australia as early as, for example, the 1700s, and overlooked in these countries until
the 20th century?

There is no doubt that ocean-going vessels moved and introduced marine animals and
plants interoceanically, often undetected, for hundreds of years, resulting in the obfuscation
of the historical biogeography of a great many species [10,122-125]. That said, a great many
variables contribute to an often strong disconnect between the existence of a vector and the
probability of successful introductions [126], as witnessed by continued new invasions of
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many biofouling species around the world, despite the fact that the same species have been
carried around the world over many centuries.

Polydora hoplura is a comparatively large, distinctive worm, not easily overlooked;
it reaches 55 mm in length and bears large conspicuous recurved spines in the poste-
rior notopodia, easily recognized by polychaete workers [12]. Polydora hoplura also has
broad habitat diversity, being found in a wide range of calcareous substrates (molluscs,
tubeworms, and barnacles) and in sponges. Collecting P. hoplura is not limited to examin-
ing calcareous substrates; biofouling collections from harbor docks and pilings produce
individuals dislodged from their substrates (Radashevsky unpublished).

In both South Africa [127] and Australia [128], collections of shallow-water marine
worms began in the 1850s and were well underway by the turn of the 20th century. In
Australia, the zoologist William Haswell worked out of a laboratory on the shores of Sydney
Harbour commencing in the 1890s [128]. Haswell [129], Whitelegge [88] and Roughley [130]
investigated oyster-boring spionids, reported as Polydora ciliata, in Australia. Blake and
Kudenov [131] suggested that Haswell’s and Whitelegge’s reports may refer to Polydora
websteri Hartman in Loosanoff and Engle, 1943. As we note in Table 1, Carazzi [87]
suggested that Whitelegge [88] had misidentified P. hoplura as P. ciliata, but Whitelegge’s
description and figures suggests that he had neither species. Roughley [130] reported
boring worms in oysters, also identified as P. ciliata, but no longer than 2.5 cm, indicating
that these were not P. hoplura. Extensive polychaete work in Australia resumed in the 1950s
and 1960s, without P. hoplura being reported. Thus, for Australia, we have reasonably
thorough indications that P. hoplura was not likely present prior to the mid-20th century.
In South Africa, worm collections in the Cape Town area were underway by the early
1900s, without the conspicuous P. hoplura being reported. Day [132] specifically reported
on spionids in South Africa, and, again, this conspicuous worm was not recorded.

In clear contrast, as we have detailed above, large numbers of Pacific oysters, a well-
known host of P. hoplura, began to be imported in the 20th century into both Australia
and South Africa. We suggest it is not a coincidence that these commercial aquaculture
operations were a major vector in introducing P. hoplura to these countries.

We recognize a distinction between when a non-native species is first collected and
when it may have been introduced. In many cases there are well-known lag times between
initial arrival and colonization of a species and its population growth to the point where
it can be detected (collected) [133]. Nevertheless, for species that are relatively large and
conspicuous in regions with a relatively long history of investigation, the lag time between
a species becoming established and encountering it in the field is rarely on the order of
centuries, except for those invasions going unrecognized under other names. We have no
evidence that this is the case for P. hoplura in the regions where it has now been found.

This said, we do not know when P. hoplura first arrived in the Mediterranean: it may
have been introduced to the Gulf of Naples well before the 1860s. Similarly, South African
populations may of course have been present some years before 1946, and Australian
and New Zealand populations may have become established by the 1960s. None of these
adjustments would alter the larger picture that P. hoplura is a species whose global voyages
commenced and continued through the 19th and 20th centuries.

Finally, the uptick in the globalization of P. hoplura commencing in the last half of the
20th century and continuing into the early 21st century falls into a now well-recognized
pattern of a world sustaining more and more invasions paralleling a significant parallel
uptick in maritime trade. Examples abound: the well-known European shore crab Carcinus
maenas (Linnaeus), although introduced by ships to Atlantic North America and Australia in
the 19th century, began resuming its global voyages in the late 20th century [91]. The Asian
mitten crab Eriocheir sinensis H. Milne Edwards, introduced to Europe in the early 1900s,
also did not resume its voyages until the late 20th century [134]. The abundant intertidal
barnacle of the Northeast Pacific, Balanus glandula Darwin, despite hundreds of years of
opportunity to spread around the world, only began colonizing foreign shores (Argentina,
Japan, South Africa) in the late 20th century [135]. The Japanese caprellid amphipod Caprella
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mutica Schurin similarly began spreading globally only in the 1970s [136]. There are scores
of additional cases. We suggest that the increasing number of recognized populations of
P. hoplura nests well within this modern pattern of increased global invasions.

4.4. Possible Native Range of Polydora Hoplura

We suggest that the global history of detection of P. hoplura, combined with the albeit
limited haplotype data in hand, permit preliminary identification of its potential native
region. Haplotypes H11, 12, 14 and 15 are found in Japan. We know that P. hoplura
appeared in approximately 2004 in Republic of Korea, and the presence of H14 and 15
there, combined with the history of importations of M. gigas from Japan, suggest that South
Korean populations are derived from there. California populations possess H11, 14 and 15,
as does Japan. Italy and Atlantic France possess H12, as does Japan. Brazil populations to
date present the H11 haplotype, of yet uncertain origin. In short, the shared haplotypes in
the North Pacific, versus only two shared haplotypes (H11, H12) detected in the Northeast
Atlantic and Mediterranean (both of which also occur in the North Pacific), suggest that
P. hoplura originated in the Pacific Ocean, not in the Mediterranean Sea. The demonstrable
historical absence of P. hoplura from California (above), versus our inability to demonstrate
the same for Japan, narrows the possible origin to the Western Pacific, or at the most the
Indo-West Pacific.

The late detection of P. hoplura in Japan may be explained by the lack of earlier extensive
studies within the potential range of this species. The shell-boring spionids in Japan were
first studied in the scallop Mizuhopecten yessoensis (Jay) cultured in northern Hokkaido and
northeastern Honshu [137-140], areas likely too cold for the warmer water P. hoplura. Prior
to the 1990s, there is only one report of shell-boring spionids in southern Japan (Tokushima
Prefecture, Shikoku Island), that of Kojima and Imajima [141], who identified Polydora
ciliata and Polydora websteri in the wild abalone Haliotis diversicolor Reeve. Sato-Okoshi [57]
described P. uncinata (=P. hoplura) burrowing in shells of the wild gastropod Omphalius
rusticus (Gmelin) from Kochi Prefecture (Shikoku Is.) and in cultured M. gigas from Iwate
Prefecture (Honshu Island). Soon after that, Sato-Okoshi [58] reported 13 shell-boring
polydorins from Japan, including seven Polydora species.

We are left with the apparent enigma of the intriguing genetic diversity of P. hoplura
in South Africa. All 10 16S haplotypes detected in the Western Cape Province were
unique and not yet recovered in other global populations. David et al. [19] recovered
42 haplotypes (seven shared, 35 unique) for the mitochondrial cytochrome b (Cyt b) gene,
and 44 haplotypes (14 shared, 30 unique) for the ATP-synthetase nuclear-encoded protein
complex (ATPS«) gene from seven localities encompassing the reported distributional range
of P. hoplura in South Africa. No geographic pattern of haplotypes was detected in that
study; frequent movement of oysters along with coastal shipping (such as worms burrowing
into sponges and barnacles on ship hulls) were suggested as factors homogenizing South
African populations [19] (p. 608) [142,143]. In addition, we note that documenting unique
haplotypes in introduced populations—that is, genes not yet detected in the known home
range of a species—is a recognized phenomenon [144-146].

South African populations of P. hoplura could thus reflect 75 or more years of introduc-
tions from around the world via vessel hull fouling and oyster importations. In particular,
many decades of oyster imports from a host of different countries would serve to both “col-
lect” and concentrate many haplotypes not yet detected elsewhere. Williams et al. [20] (text
and especially their Figure 5) have underscored the scale of anthropogenic introductions of
P. hoplura in South Africa from potentially many genetically distinct source populations.
Our current sample sizes from Europe, Australia, Japan, and elsewhere are too small to
capture the global 16S haplotype diversity of P. hoplura. We thus make two predictions:
one, that more thorough modern and historical (museum) sampling (below) will reveal
the presence in the Pacific Ocean of the 10 haplotypes currently registered only for South
Africa (as well as H13 in regions outside of Australia) and, two, that sampling wild native
host populations will reveal allochthonous haplotypes in South Africa already known from
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elsewhere. Our predictions aside, the concentration of haplotypes in South Africa and
in the Pacific would suggest at the very most an Indo-West Pacific, if not specifically a
Northwest Pacific, origin for P. hoplura, not the Atlantic Ocean or the Eastern Pacific.

5. Conclusions

In moving around the world, P. hoplura has acquired a rich diversity of hosts, including
a wide number of bivalve and gastropod mollusc species, serpulid tubeworms, bryozoans,
barnacles, sponges and others. The world’s museums possess equally rich historical
resources of all of these substrates from all of the countries discussed here. Along with
harvesting and sequencing larger numbers of individuals globally, we predict that thorough
mining of these museum resources will produce historical material of P. hoplura and further
elucidate the global biogeographic history of this globe-trotting worm.

Carlton and Ruiz [147] described many of the complexities involved in analyzing the
human-mediated dispersal history of marine species. They noted that species that have
likely endured multiple mechanisms of global transport are polyvectic. The history of the
discovery of P. hoplura around the world appears to be intimately linked to global shipping
that commenced in the mid-19th century, followed by the advent of the global movement
of commercial shellfish in the 20th century, interlaced with continued dispersal by vessels
and aquaculture. Many populations over the decades may thus have originated from
sustained infusions from widespread populations by both vectors. Given that M. gigas has
been successfully established in no fewer than 17 countries, of which P. hoplura has been
detected in only a few of those to date, we predict that it may already be established in
many more regions. Further, as global connectivity continues to increase in world trade of
both products and seafood, it is likely that novel populations of P. hoplura will continue
to emerge.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/biology12060780/s1 which includes the following Tables S1-S6:
Table S1. Sampling location data and museum registration numbers of Polydora hoplura. Table S2. List
of the museums and collections (and their acronyms) holding the examined or reported samples of
Polydora spp. Table S3. Taxa, sampling location data, museum registration numbers and GenBank
accession numbers of sequences obtained in the present study and also provided by earlier authors.
Complete information about samples is given in Table S1. Table S4. Uncorrected pairwise average
distances (p, in %) between populations for 16S (259 bp), 18S (1578 bp), 28S (228 bp), and Histone 3
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Simple Summary: The coral reef ecosystem not only brings enormous economic value to humans
but also provides livelihoods and a major source of protein for millions of people. Moreover, coral
reefs provide refuge and food sources for many fish species and are also breeding grounds and
spawning grounds for various fish species. However, due to climate and human factors, the coral reef
ecosystem has been destroyed, and its ecological function has been damaged. Fishery resources have
also been affected, with changes in fish species composition and community structure. This study
analyzed the fish community structure of the largest atoll in the Xisha Islands in the South China
Sea, summarized a list of coral reef fish in Yongle Atoll, and analyzed the reasons for the change
in the fish community and the future variation trend. The completion of this study will contribute
to the better protection and recovery of coral reef fish and provide an important reference for the
enhancement and restoration of coral reef habitats in the Xisha Islands.

Abstract: Yongle Atoll was the largest atoll in the Xisha Islands of the South China Sea, and it was a
coral reef ecosystem with important ecological and economic values. In order to better protect and
manage the coral reef fish resources in Yongle Atoll, we analyzed field survey data from artisanal
fishery, catches, and underwater video from 2020 to 2022 and combined historical research to explore
the changes in fish species composition and community structure in Yongle Atoll over the past
50 years. The results showed that a total of 336 species of fish were found on Yongle Atoll, belonging
to 17 orders and 60 families. Among them, Perciformes had the most fish species with 259 species
accounting for 77.08% of the total number of species. The number of fish species in the coral reef of
Yongle Atoll was exponentially correlated with its corresponding maximum length and significantly
decreases with its increase. The fish community structure of Yongle Atoll changed, and the proportion
of large carnivorous fish decreased significantly, while the proportion of small-sized and medium-
sized fish increased. At the same time, Yongle Atoll has 18 species of fish listed on the IUCN Red
List, 15 of which are large fish. The average taxonomic distinctness (Delta+, A+) and the variation
taxonomic distinctness (Lambda+, A+) in 2020-2022 were lower than the historical data, and the
number of fish orders, families, and genera in Yongle Atoll has decreased significantly, which indicates
that the current coral reef fish species in Yongle Atoll have closer relatives and higher fish species
uniformity. In addition, the similarity of fish species in Yongle Atoll was relatively low at various
time periods, further proving that the fish community structure has undergone significant variation.
In general, due to multiple impacts, such as overfishing, fishing methods, environmental changes,
and habitat degradation, the fish species composition of Yongle Atoll may have basically evolved
from carnivorous to herbivorous, from large fish to small fish, and from complexity to simplicity,
leaving Yongle Atoll in an unstable state. Therefore, we need to strengthen the continuous monitoring
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of the coral reef ecosystem in Yongle Atoll to achieve the protection and restoration of its ecological
environment and fishery resources, as well as sustainable utilization and management.

Keywords: overfishing; habitat decline; individual size; food habits; conservation status

1. Introduction

Coral reefs are one of the most diverse marine ecosystems, known as the “undersea
tropical rainforest”, which nourishes one-third of the world’s marine fish and generates
enormous economic value for humanity [1]. Coral reef fish provide jobs for 6 million
fishermen and direct food sources for hundreds of millions of people [2,3]. However, in
recent decades, the health and stability of coral reef ecosystems have been under great
pressure, and climate change has gradually become the main threat to coral reef ecosystems.
Researchers have studied the changes and causes of coral bleaching events that occur
repeatedly on the Great Barrier Reef in Australia and found that coral reefs have little
resistance to extremely high temperatures, with global warming being the main factor
contributing to their bleaching [4]. Moreover, ocean warming also indirectly threatens coral
reefs by increasing the intensity of global cyclones, which can lead to coral reef destruction
and associated loss of biological abundance and diversity [5]. Marine pollution caused
by human activities poses a great threat to coral reef ecosystems. Plastic waste can be
decomposed into microplastics in the ocean, which can enter the body of coral polyps and
cause coral reef diseases [6]. In addition, unsustainable human fishing patterns have also
caused great damage to the structure of coral reef fish populations. Studies have evaluated
the distribution of coral reef fish communities and their interactions with the environment
off the coast of East Africa and found that overfishing led to changes in the structure of
coral reef fish populations with large fish populations declining rapidly and gradually
being replaced by small fish with low economic value [7]. The decline of fish species will
also lead to the proliferation of algae and corallivores (such as sea urchins and starfish).
The balance between corals and algae will be broken, and a large number of algae will
occupy the living space of corals, reducing coral coverage and further degrading coral reef
habitats [8].

Yongle Atoll was located in the core area of the western islands of China’s Xisha
Islands. It was a typical coral atoll and the largest atoll in the Xisha Islands. The length
of the atoll was 24 km from northeast to southwest, the width was 17 km from north to
south, and the water depth was about 40 m. The lagoon area was 187.22 km?, and the total
area was 274 km? (excluding the Money Island reef). The atoll consists of 13 islands, of
which, 9 are inhabited islands, including Drummond Island, Yagong Island, Robert Island,
Observation Bank, etc. [9,10]. Its abundant fishery resources and high diversity of fish
provide refuge and a food source for many fish in the surrounding sea, and it was also the
spawning ground and nursery ground for a variety of fish. Since the 1970s, researchers
have conducted research on Yongle Atoll, including fish species composition [11], early
fish resources [12], fish biology [9], and coral reef community ecology [10]. However,
the long-term variation of fish community structure under anthropogenic pressures and
climate change was still poorly documented.

Therefore, in this study, we conducted a retrospective analysis of the survey fish
data of Yongle Atoll from 1970 to 2022, compiled a list of coral reef fish in Yongle Atoll,
analyzed the changes in fish species composition, community structure, feeding habits,
and individual size, and analyzed the reasons for this change. This study will provide data
for the study of coral reef fisheries in Yongle Atoll, theoretical reference for the protection
and management of fisheries and the restoration and protection of coral reefs in the Xisha
Islands, and basic data for the study of the geographical distribution of coral reef fishes.

150



Biology 2023, 12, 1062

2. Materials and Methods
2.1. Data Acquisition

The data in this study were collected from the historical research of coral reef fishes in
Yongle Atoll (16°25' N-16°36" N, 111°34’ E-111°48' E). The historical data of “Ichthyology
of South China Sea Islands” [11] in 1970s and the historical archive data of 1998-1999,
2003, and 2005 of the South China Sea Fisheries Research Institute of Chinese Academy of
Fishery Sciences were compiled, and the coral reef fish list of Yongle Atoll was formed by
combining the field investigation of this study from 2020 to 2022. The survey method used
in 1998-1999 was a combination of hand fishing and gill nets. Gill nets were used in the
2003 and 2005 surveys, and nets were generally lowered in the evening and collected in
the morning. The survey methods from 2020 to 2021 were diving fishing and underwater
video. The diving fishing time was generally from 20:00 to 24:00 in the evening, and the
underwater video was conducted during the day. The obtained samples were frozen and
kept back in the laboratory for anatomical experiments to preliminarily understand their
food classification. The underwater video data were analyzed, identified, and sorted out
according to the video image information (Figure 1).

Labroides dimidiatus Plectorhinchus chaetodonoides

. '—.'—'-. :‘ t_ 3 -_. 5 -.:‘T e - = Ve 1 : 4
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Figure 1. Photos of coral reef fishes extracted from underwater video records of Yongle Atoll.

151



Biology 2023, 12, 1062

2.2. Feeding Habits

Fish feeding habits were divided into three groups, which were carnivorous, her-
bivorous, and omnivorous. Fish feeding habits comprehensively reference the Fishbase
Database (https://www.fishbase.se/search.php, (accessed on 11 May 2023)) [13], the Ecol-
ogy of Fishes on Coral Reefs [14], and the information on the Ichthyology of the South China
Sea Islands [11]. It was found that the clastic feeding recorded by the Fishbase Database
had a high overlap with the herbivorous studied by the Ecology of Fishes on Coral Reefs,
and it was found that the detritivorous feeding classified by the Fishbase Database was ba-
sically herbivorous in anatomy. Therefore, the clastic feeding in the Fishbase Database was
classified as herbivorous, and the distinction was determined by referring to the description
in the Ichthyology of the South China Sea Islands [11].

2.3. Individual Size

The individual size of the fish could be divided into three types, which were large-
sized fish: the maximum length was >65 cm; medium-sized fish: 65 cm > maximum length
> 35 cm; and small-sized fish: maximum length < 35 cm [15]. The maximum total length
of fish was obtained from the Fishbase Database, which is the maximum total length of
an adult individual of a fish species. And for very few fish that have not obtained the
maximum full length, refer to the values for fish of the same genus.

2.4. Conservation Status

The conservation status of fish species was based on the International Union for
the Conservation of Nature and Natural Resources Red List (IUCN Red List: https:
/ /www.iucnredlist.org/, accessed on 11 May 2023) [16]. The protection level of fish
species was classified from low to high as Not Evaluated (NE), Data Deficient (DD), Least
Concerned (LC), Near Threatened (Near Threatened). NT), Vulnerable (VU), Endangered
(EN), Critically Endangered (CR), Extinct in the Wild (EW), and Extinction (EX).

2.5. Data Analyses

SPSS 24.0 software was used to analyze the correlation between the maximum length
of coral reef fish and the number of species, and linear function, exponential function,
power function, and logistic function equation were used to fit, with the largest correlation
coefficient R? as the fitting equation to analyze the correlation characteristics. At the same
time, an independent sample T-test was used to analyze the significance of differences
in the maximum length of coral reef fish of different feeding habits, and the statistical
significance criterion was set at 0.05. In addition, Excel 2019 and Origin 2021 were used
for data statistical analysis, while Origin 2021 and Photoshop 2019 were used for image
processing. The average taxonomic distinctness (Delta+, A+) and the variation taxonomic
distinctness (Lambda+, A+) were used to analyze the diversity of coral reef fish communi-
ties [17]. Lambda (+) refers to the theoretical average of the average classification distance
path between any pair of species in the species list, which does not change with the number
of species. Delta (+) represents the average deviation degree of Lambda (+), represents the
degree of difference in path length between species, and reflects the degree of uniform dis-
tribution of species composition and kinship. Compared to traditional diversity calculation
methods, Lambda (+) and Delta (+) based on taxonomic status can explain the interspecific
relationships of communities without being affected by sampling methods and natural
changes of habitat ecological types [18]. The taxonomic diversity index Lambda (+) and
Delta (+) were calculated using the Taxdtest software package of Primer5.2.

The average taxonomic distinctness (Delta+, A+) and the variation taxonomic distinct-
ness (Lambda+, A+) [18]:

L Xicjwij

+ el R
A =35G-D/2

M

152



Biology 2023, 12, 1062

L Eri(wie— AT)?
T s(s—1)/2

where wj; is the path length of the i and j species in the classification system tree; S is the
number of species. The weights of the weighted path length among the 6 classification
levels of phylum, class, order, family, genus, and species were set as 100.000, 83.333, 66.667,
50.000, 33.333, 16.667.

Jaccard (Js) [19]:

A @

_ c
Catb-—c
where g is the number of fish species or the number of orders, families, and genera in
year a; b is the number of fish species or the number of orders, families, and genera in
year b; ¢ is the number of fish species or the number of orders, families, and genera in
common in the two years investigated. The similarity level was as follows: 0 < Js < 0.25
was extremely dissimilar; 0.25 < |5 < 0.50 was not similar; 0.50 < Js < 0.75 was moderate
similarity; 0.75 < Js < 1.00 was extremely similar.
Coral Fish Diversity Index (CFDI) [20]:

Js ®)

N =3.39(CFDI) — 20.595 @)

where N is the predicted total number of species, and CFDI is the total number of species
in the six families of Acanthuridae, Chaetodontidae, Labridae, Scaridae, Pomacanthidae,
and Pomacentridae.

3. Results
3.1. Fish Species Composition

Based on historical data and archival data of the South China Sea Fisheries Research
Institute, this study shows that a total of 336 fish species have been found in Yongle Atoll
(Figure 2, Table S1). The composition of fish species found in the surveys has increased
significantly from the 1970s to 2022, with 123 more species in 2005 than in the 1970s and 93
more in 2022 than in 2005. Overall, the increase in fish species composition in each survey
showed a downward trend. In particular, only nine new species were discovered in 2022
compared with 2021, which is a sharp decline from the previous data.
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Figure 2. Temporal variation of fish species on the coral reef fishes of Yongle Atoll.
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The coral reef fish in Yongle Atoll belong to the order Actinopterygii (322 species) and
the order Chondrichthyes (14 species), consisting of 17 orders, namely, Perciformes, An-
guilliformes, Tetraodontiformes, Beryciformes, Carcharhiniformes, Beloniformes, Myliobat-
iformes, Gasterosteiformes, Scorpaeniformes Squaliformes, Aulopiformes, Mugiliformes,
Ophidiiformes, Pleuronectiformes, Polymixiiformes, Hexanchiformes, and Rajiformes.
Among them, the Perciformes has the highest number of fish species with 259 species
accounting for 77.08% of the total, followed by 17 species in the order Anguilliformes,
17 species in the order Tetraodontiformes, 14 species in the order Beryciformes, and less
than 10 species in other orders (Figure 3). The coral reef fish in Yongle Atoll were composed
of 60 families, among which, Labridae has the highest number of species, accounting
for 33 species. The following were Pomacentridae (26 species), Scaridae (25 species),
Chaetodontidae (24 species), Acanthuridae (21 species), Serranidae (21 species), Lutjanidae
(18 species), Muraenidae (14 species), Holocentridae (14 species), Carangidae (12 species),
and Lethrinidae (11 species), while the number of species in other families was lower than
10 (Figure 4).

260 1259

Number of species

Order

Figure 3. The distribution characteristics of species number at the order level of coral reef fishes in
Yongle Atoll.

In the past 50 years, although Perciformes were the first dominant order in both
periods, the composition of orders also showed significant changes, among which, the
proportion of Perciformes increased to 79.10% (193 species) during 1970-2005 and 79.90%
(155 species) during 2020-2022 (Figure 5). During 2020-2022, compared to 1970-2005,
Carcharhiniformes, Myliobatiformes, Pleuronectiformes, Hexanchiformes, Aulopiformes,
Polymixiiformes, Rajiformes, and Ophidiiformes did not reappear, while Mugiliformes
emerged. During the two periods, the second dominant order of fishes also showed changes,
from Anguilliformes (4.51%) during 1970-2005 to Tetraodontiformes (7.22%) during 2020-
2022 and from carnivorous fishes to omnivorous fishes (Figure 5). In both periods, the
dominant family of fish in Yongle Atoll was Labridae, and its proportion increased from
9.84% (24 species) during 1970-2005 to 10.82% (21 species) during 2020-2022. Compared to
1970-2005, there were 22 families that did not reappear in 2020-2022, while 9 new families
emerged. Among the top 20 most species-rich families in both periods, Carcharhinidae,
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Number of species

Blenniidae, and Caesionidae lost their positions in the top 20 during 1970-2005 and were
replaced by Diodontidae, Tetraodontidae, and Monacanthidae (Figure 6). In the past
50 years, the changes in fish composition in Yongle Atoll have basically presented the
variation trend of miniaturization and “vegetarianization”.
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Figure 4. The distribution characteristics of species number at the family level of coral reef fishes in
Yongle Atoll.
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Figure 5. The distribution characteristics of species number at the order level of coral reef fishes in
Yongle Atoll in different years.
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Figure 6. The distribution characteristics of species number at the family level of coral reef fishes in
Yongle Atoll in different years.

3.2. Fish Community Structure and Changes

The maximum total length of coral reef fish in Yongle Atoll was distributed from
3.3 cm to 750 cm. The maximum total length of coral reef fish in Yongle Atoll was divided
from 0 cm into an interval of 10 cm to calculate the number of species in each interval, and
the median represented the maximum total length of this interval. There were no more
than 1 species in the interval above 400 cm, and only 2 groups of intervals had species
distribution. Therefore, these outliers were discarded in the analysis of species numbers
with maximum total length distribution. The overall results showed that there was an
exponential correlation between the number of species and their maximum total length.
When the maximum total length was less than 120 cm, the number of species decreased
significantly with the increase of the maximum total length, while when the maximum
total length was greater than 120 cm, the number of species decreased slowly with the
increase of the maximum total length. The results showed that the fish species in Yongle
Atoll were mainly concentrated in the interval with a maximum total length of 0-120 cm,
and the number of fish species in this interval was up to 299, accounting for 88.99% of the
fish species in Yongle Atoll (Figure 7).
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Figure 7. The distribution characteristics of species number at the maximum total length of coral reef
fishes in Yongle Atoll.
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In terms of body size, Yongle Atoll has 138 species of small-sized fish, accounting for
41.07% of the total number of fish species. Next came 107 species of medium-sized fishes,
accounting for 31.85% of the total. There were 91 species of large-sized fish, accounting
for 27.08% of the total. There was little difference in the number of fish species of different
body types, and the whole fish group was mainly small-sized fish and medium-sized fish.
In terms of feeding types, the number of carnivorous fish species was 203, accounting for
60.42% of the total fish species. Next were 74 species of omnivorous fish, accounting for
22.02% of the total, and 59 species of herbivorous fish, accounting for 17.56% of the total.
Carnivorous fishes dominated the large-sized and medium-sized fish groups, accounting
for 84.62% and 62.62%, respectively, followed by herbivorous fishes, accounting for 12.09%
and 31.78%, respectively, and omnivorous fishes were the least, accounting for 3.30%
and 5.61%, respectively. Among the small-sized fishes, omnivorous and carnivorous fish
occupy an absolute advantage, accounting for 47.10% and 42.75% of their respective groups,
respectively, and herbivorous fish were the least, accounting for only 10.14% (Figure 8).
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Figure 8. Distribution characteristics of coral reef fishes with different sizes and feeding habits in
Yongle Atoll.

In carnivorous fish, the distribution of the three different sizes is more uniform, while
medium-sized fish dominate in the herbivorous fish. Omnivorous fish were dominated
by small-sized fish; the proportion was as high as 87.84% (Figure 8). The maximum total
length distribution range of the three feeding habits of fish was significantly different.
The average total length of the carnivorous fish was 76.8 &= 86.10 cm, and the distribution
range was the largest, ranging from 3.32-750.00 cm. The individual omnivorous fish was
the smallest with an average maximum total length of 23.6 £ 19.81 cm and a distribution
range of 8.00-122.70 cm. The average maximum total length of phytophagous fish was
48.4 & 21.47 cm, and the distribution range was minimal, ranging from 20.00-130.00 cm
(Figure 9).
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Figure 9. Body size characteristics of coral reef fishes with different feeding habits in Yongle Atoll. (a,
b, c: different letters indicate significant differences.)

In the current survey (2020-2022), the highest proportion of small-sized fish in Yongle
Atoll was 42.29% with a small increase compared to the historical data (1970s-2005). The
proportion of large-sized fish was 21.65%, which changed obviously compared to the
history, and the number of species decreased by 56, and the proportion decreased by 6.22%.
The proportion of medium-sized fish was 36.08%, an increase of 6.16% compared to the
historical level (Figure 10A). At the same time, the number of carnivorous fish species
decreased significantly, decreasing by 58 species (9.00%) compared to the historical number,
while the proportion of herbivorous fish and omnivorous fish increased by 3.62% and 5.39%
compared to the historical data (Figure 10B). Moreover, compared to the historical data, the
number of orders, families, and genera of coral reef fish in Yongle Atoll has significantly
decreased, with the number of objects reduced by 7, the number of families reduced by 13,
and the number of genera decreased by 43. In addition, the Lambda+(A+) and Delta+(A+)
of coral reef fish in Yongle Atoll during 1970-2005 were 165.7 and 56.83, respectively. The
Lambda+(A+) and Delta+(A+) values for coral reef fish in 2020-2022 were 114.7 and 54.85.
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Figure 10. Historical comparative distribution characteristics of coral reef fishes of different sizes and
feeding habits in Yongle Atoll. ((a). Different individual sizes, (b). Different feeding habits.)
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From the perspective of similarity, the similarity index between the different time
periods was relatively low. The similarity of order, family, genus, and species between the
1970s and 1998-2005 was 0.17, 0.22, 0.12, and 0.10, respectively. The similarity of order,
family, genus, and species between 1970s and 2020-2022 was 0.25, 0.29, 0.28, and 0.22,
respectively. The similarity of order, family, genus, and species between 1998-2005 and
2020-2022 were 0.27, 0.31, 0.24, and 0.21, respectively (Table 1).

Table 1. Fish species similarity at Yongle Atoll in different years.

Y. 1998-2005 2020-2022
ears
Order Family Genus Species Order Family Genus Species
1970s 0.17 0.22 0.12 0.10 0.25 0.29 0.28 0.22
1998-2005 / / / / 0.27 0.31 0.24 0.21

3.3. Disappearing Fish Community Structure

Compared to the historical survey, 142 species of fish were not found in this study,
especially carnivorous fish (102 species), accounting for 71.83% of the total number of undis-
covered fish followed by herbivorous and omnivorous fish 11.97% (17 species) and 16.20%
(23 species), respectively. Moreover, all three different sizes of fish are predominantly carniv-
orous; 91.55% of these undiscovered fish belong to the order Perciformes, Anguilliformes,
Beryciformes, Tetraodontiformes, Carcharhiniformes, and Myliobatiformes.

There was a total of 142 fish species that have not been rediscovered on the coral
reef of Yongle Atoll, accounting for 42.26% of the total fish species. In terms of different
body types, the disappearance rate of large-sized fish was the highest (53.85%) followed by
small-sized fish (40.58%), and the disappearance rate of medium-sized fish was the lowest
(34.58%). In terms of different feeding habits, the disappearance rate of carnivorous fish
was the highest, accounting for 50.25% of the total number of carnivorous fish, followed
by omnivorous fish, accounting for 31.08% of the total number of omnivorous fish, and
the disappearance rate of herbivorous fish was the lowest, accounting for 28.81% of the
total number of herbivorous fish (Figure 11). In addition, 18 species of fish were listed on
the IUCN Red List in the coral reef of Yongle Atoll, of which, 15 species have not been
rediscovered. There were three critically endangered species, Carcharhinus longimanus,
Rhynchobatus djiddensis, and Glyphis gangeticus, which have not been found again. There
were five endangered species, namely, Cheilinus undulatus, Squalus japonicus, Mustellus
griseus, Dasyatis sinensis, and Squalus brevirostris. Among them, four species have not been
rediscovered. Vulnerable species include six, including Carcharhinus falciformis, Tneniura
meyeni, Urugymnus asperrmius, Epinephelus fuscoguttatus, and Bolbometoton muriatum, among
which, five have not been found again. There were four species near threatened, namely,
Galeocerdo cuvier, Hexanchus griseus, Carcharhinus amblyrhynchoides, and Chaetodon trifascialis.
Three of them have not been found again (Figure 12). The above fish species, except for
Bolbometoton muriatum, Chaetodon trifascialis, and Squalus japonicus, have not been found,
and Squalus japonicus was a newly discovered fish in Yongle Atoll.
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Figure 12. The Conservation state of the disappearing coral reef fishes in Yongle Atoll. ((a). Number
of disappearing fish, (b). Percentage of disappearing fish.)

4. Discussion
4.1. Causes of Changes in Fish Species Composition

This study combined historical data to summarize the coral reef fish species in Yongle
Atoll and found that there were a relatively rich number of 336 species of coral reef fish
in Yongle Atoll. Compared with other islands of the Xisha Islands in the South China Sea,
it was relatively rich in fish species (such as Dongdao Island (235 species) [21], Qilianyu
Islands (315 species) [15], Yongxing Island (341 species) [22]), probably because Yongle
Atoll has open lagoons, complex coral reef structures, more feeding microhabitats, greater
off-reef transport rates, and more reliable food access. Moreover, it was more suitable as
a spawning ground and nursery ground for fish [12,23]. At the same time, according to
Allen’s Coral Fish Diversity Index (CFDI) [20], which predicts the total species of coral
reef fish in Yongle Atoll, including 6 families, including Acanthuridae, Chaetodontidae,
Labridae, Scaridae, Pomacanthidae, and Pomacentridae, the total species number was 3.39
(CFDI)-20.595, resulting in a possible 437 species of coral reef fish in Yongle Atoll. Nearly 101
species have not been discovered, possibly due to their extinction or extremely low resource

160



Biology 2023, 12, 1062

levels. In addition, the composition of the fish community in Yongle Atoll has undergone
significant changes in the past 50 years, with the Anguilliformes gradually losing their
second dominant position and being replaced by the Tetraodontiformes. Anguilliformes
were typical cave-dwelling fish that have certain requirements for the three-dimensional
structure of coral reefs. Their extinction may be caused by the destruction of the three-
dimensional structure of coral reefs, habitat decline, or overfishing. Moreover, the species
similarity in several historical periods of this study was particularly low, indicating that the
fish succession and changes in Yongle Atoll were very significant, which also preliminarily
supports the above results.

The coral reef waters of the Indian Pacific Ocean were extremely rich in coral reef fish,
inhabiting over 100 families of fish. The research shows that 29 families of fish cover most of
these coral reef fish, which were Serranidae, Chaetodontidae, Labridae, Scaridae, Gobiidae,
Acanthuridae, Pomacentridae, Mullidae, Siganidae, Lutjanidae, Haemulidae, Lethrinidae,
Apogonidae, Pseudochoromidae, Cirrhitidae, Pomacanthidae, Carangidae, Blenniidae,
Holocentridae, Tetraodontidae, Balistidae, Nemipteridae, Monacanthidae, Scorpaenidae,
Muraenidae, Syngnathidae, Pinguipedidae, Caesinidae, and Microdesmidae [24]. In this
study, it was found in all the other families except Gobiidae and Microdesmidae, which
accounted for 85.1 of the total species. The results of this study were similar to other islands
of the Xisha Islands in the South China Sea. For example, 4 families were not found on
Dongdao Island, and the remaining families accounted for 82.13% of the total species [21].
A total of 1 family was not found in the Qilianyu islands, and the rest accounted for 89.52%
of the total species [15]. However, the proportion of these 29 families of coral reef fish to
the total species was higher than that of Redang Islands in Malaysia (63.50%) [25], Mayotte
Island in the Southwest Indian Ocean (73.80%) [26], and Ouvea Atoll in New Caledonia
(79.60%) [27]. The average taxonomic distinctness (Delta+, A+) reflects the proximity of
relatives between fish communities [28]. Compared to the historical study (1970-2005), the
average taxonomic distinctness (Delta+, A+) of coral reef fish in Yongle Atoll in 20202022
was smaller, indicating that the coral reef fish in 2020-2022 were more closely related. The
variation in taxonomic distinctness (Lambda+, A+) reflects the evenness of the taxonomic
relationship, which was similar to the variation trend of the average taxonomic distinctness.
Compared to historical studies (1970-2005), the coral coverage and habitat diversity of
Yongle Atoll were significantly reduced, and the lack of environmental heterogeneity and
stability reduced the opportunities for the coexistence of different species [29]. Therefore,
the variation taxonomic distinctness (Lambda+, A+) decreased; that is, the uniformity
of species taxonomic relationship among fish communities increased. Similar evolution
trends also appeared in Terminos Lagoon [30] in the Gulf of Mexico and the Mauritanian
coast [31] in the northwest of the Atlantic Ocean, and the taxonomic diversity index of
fish communities showed a monotonous downward trend. In addition, the number of
fish orders, families, and genera in Yongle Atoll has decreased significantly, which further
verifies the above view. These all indicate that the current fish species have closer relatives
and the evenness of fish species was higher, which will lead to the increase of instability
of the ecosystem and reduce the resilience of the ecosystem [32,33] and further prove the
necessity of monitoring and protection of their habitat changes.

4.2. Causes of Changes in Fish Community Structure

After years of long-term investigation, the species composition of coral reef fish in
Yongle Atoll can basically represent the original state of this area. The coral reef fishes
in Yongle Atoll were overwhelmingly carnivorous, which was consistent with the earlier
research that most coral reef fishes were carnivorous [34]. However, the current survey
found that compared to the historical data, carnivore fish had the most obvious changes.
Among the undiscovered fish, carnivore fish accounted for the highest proportion, reaching
71.83%. The nutrition pyramid changed to a low trophic level but did not reverse directly,
which was consistent with the rule that fish communities were initially disturbed [35]. In
addition, 15 of the 18 kinds of fish listed in the IUCN Red List were the top carnivore fish in
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the ocean, which further indicates that carnivore fish were more likely to die out, which was
in line with the law that the current fishery activities lead to the decline of the trophic level
of the ecosystem. At the same time, both herbivorous and omnivorous fishes have increased
to a certain extent compared to previous studies, especially the number of omnivorous
fishes, which indicates that the coral reef ecosystem was in the process of succession from
carnivorous fishes to herbivorous fishes. The results of this study were similar to those of
other islands and reefs in the Xisha Islands (Qilianyu Islands [15], Yongxing Island [22],
and Dongdao Island [21]) in the South China Sea, which was consistent with the succession
process of coral reef fish in the Xisha Islands. A similar evolution has also occurred in
coral reefs in Tanzania [36], Australia’s Great Barrier Reef [37], and the Caribbean [38].
The change in the coral reef ecosystem will lead to an increase in herbivorous fish. In the
short term, the change of fishery fishing to herbivorous fish has significant value for fishery
discovery, but in the long term, overfishing will destroy the balance and function of the
ecosystem [39].

Under the influence of climate and human activities, large-sized coral reef fish will
decline and die out first. Because large fish have high economic value and are the main
target species for fishing, the characteristics of large fish, such as slow growth and late sexual
maturity, make it difficult to quickly replenish when the population is impacted [40,41].
This study just verified this theory; the highest proportion of large-sized fish disappearing
among Yongle Atoll reef fish was 53.85%, while small-sized and medium-sized fish have
increased. There were three possible explanations for the fact that smaller fish were better
adapted to the current reef environment than larger fish. First, small fish have a higher
population turnover rate and speciation rate, shorter life cycles, high reproduction rate,
and abundant complementary groups, which can better adapt to the fragmentation of coral
reef habitats [42]. Second, small fish live in a small range, their long-distance swimming
ability is weak, the demand for food resources is low, and the same area can accommodate
more small species [43]. Third, environmental factors can also affect the size of fish. Studies
have analyzed the reproductive biological characteristics of female Larimichthys polyactis
in the Yellow Sea and Bohai Sea from 1960 to 2020 and found that in addition to fishing
pressure, the rise in water temperature was also the reason for the early sexual maturity
and size reduction of Larimichthys polyactis [44]. It was worth noting that small-sized fish
also account for a large proportion of undiscovered fish, especially reef fish. Most of these
fish are highly dependent on the coral reef ecosystem, and some can only survive in the
living coral habitat. The complex reef structure not only provides refuge for coral reef fish
but also provides rich food for them [45,46]. Therefore, the decline of habitat may directly
lead to the loss of habitat for these small reef-dwelling fish and lead to extinction. Coral
cover in the Xisha Islands has also declined significantly in recent years [47]. In addition,
we also found traces of Acanthaster planci in the underwater video, which also confirmed
that the Yongle Atoll habitat was declining. To prevent further deterioration of the fish
composition in the coral reef of Yongle Atoll, it was necessary to control the local fishing
intensity, monitor and understand changes in its habitat, and take necessary measures to
prevent further decline in this habitat.

Yongle Atoll was the largest atoll in the Xisha Islands. Affected by a large number of
human activities in recent years, the species diversity of fish was generally declining, and
the succession of fish composition was obvious. The main reasons for this phenomenon
were as follows: Firstly, overfishing was a direct factor leading to a decrease in fish abun-
dance and changes in community structure [48]. With the rapid development of marine
fish, fishing techniques have become more progressive, and fishing intensity has increased
year by year and far exceeds the replenishment capacity of marine fish resources, causing
changes in fish community structure [49]. The research results of some studies and the Eco-
logical Environment Bulletin of Hainan Province show that the density of fish in the coral
reef of the Xisha Islands will decline from 310 fish/100 m? in 2005 to 146.7 fish/100 m? in
2021, further supporting the impact of human activities on fish in the islands [47]. Secondly,
the change in fishing methods, especially selective fishing, was a key factor leading to
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changes in fish community structure. Large carnivorous fish were the key fishing objects of
the fishery, while a large number of non-economic or low-economic value fish would not be
selected [40,50]. As a result, large coral reef fish were more likely to be caught than smaller
fish [51]. The apparent decline of large carnivorous fish in the Qilianyu Islands [15], Dong-
dao Island [21], and Yongxing Island [22] in the Xisha Islands, as well as reefs in Australia’s
Great Barrier Reef [37] and the Caribbean [38], further supports this view. Thirdly, there
were changes in marine environmental factors, and ocean warming was a factor that affects
fish diversity and resource levels. Rising water temperature can alter the rhythm of feeding,
digestion, and movement activities of marine fish and reduce their reproductive capacity,
as fish need to consume additional energy to cope with extreme temperature events [52,53].
Studies have used the Ecoath with Ecosim model to explore the impact of ocean warming
on the coral reef ecosystem of the Xisha Islands in the South China Sea. The results showed
that by the middle of this century, ocean warming will lead to a decline of 3.79% in total
catch compared to 2009 [54]. Moreover, the sea surface temperature of the Xisha Islands
rose faster than that of the Zhongsha and Nansha Islands [55]. Fourthly, the habitat of fish
has been destroyed. Coral reefs provide habitats for a large number of marine fish, but
with the increasing severity of human activities and climate change, a large number of coral
reefs have undergone bleaching and death and have lost their three-dimensional structure,
thereby losing their function as fish habitats, leading to the disappearance of a large number
of marine fish [56-58]. Changes in the fish community in Australia’s Great Barrier Reef
over a period of 15 years following habitat degradation and restoration have been studied
and found that the richness of fish communities was consistent with the trend of coral
species restoration [46]. These results indicate that the restoration of coral communities
and the complex interaction of coral reef frameworks determine the functional structure of
related fish communities and further demonstrate the importance of coral reef habitats for
fish communities.

In order to better understand and grasp the evolution dynamics of fish communities
in the Yongle Atoll area in the future, it is necessary to increase the frequency of surveys
as much as possible while protecting the ecological environment and use a unified survey
method to obtain more high-quality continuous observation data. At the same time, com-
bined with long-term historical data, the evolution trend of the fish community structure
was analyzed from a long-term scale analysis to provide a scientific basis for sustainable
development of fishery resources and policy management.

5. Conclusions

This study analyzed the evolution of the coral reef fish community structure in Yongle
Atoll over the past 50 years and compiled a relatively complete list of coral reef fish in
Yongle Atoll. At present, the coral reef fish in Yongle Atoll were mainly affected by factors
such as overfishing, habitat degradation, and rising water temperature, resulting in a
decrease in the richness and diversity of coral reef fish, changes in the community structure,
and obvious succession of fish composition. This study was of great significance for the
protection and restoration of coral reef fish in Yongle Atoll and provides an important
reference for the enhancement and restoration of the coral reef habitat in the Xisha Islands.
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Simple Summary: Most seabird species are in need of effective conservation, with 43% being near
to globally threatened. Passive acoustic monitoring could serve as a cost-effective, noninvasive
population monitoring tool essential for informing future conservation efforts. As such, we set out
to investigate whether passive acoustic monitoring could successfully predict the African penguin
density at a remote colony in Betty’s Bay, South Africa. We first automated the detection and counting
of penguins’ vocalisations in our recordings to facilitate the handling of large datasets. Then, we
investigated whether temperature, humidity, and wind speed affected the calling rate of penguins,
which would be essential for an accurate census. Finally, taking into account the variations with
weather conditions, we showed that passive acoustic monitoring could successfully predict the
number of callers within a 10.5 m radius around our devices, indicating that it can be used for

cost-effective, noninvasive censuses of African penguin colonies.

Abstract: Global biodiversity is in rapid decline, and many seabird species have disproportionally
poorer conservation statuses than terrestrial birds. A good understanding of population dynamics is
necessary for successful conservation efforts, making noninvasive, cost-effective monitoring tools
essential. Here, we set out to investigate whether passive acoustic monitoring (PAM) could be used
to estimate the number of animals within a set area of an African penguin (Spheniscus demersus)
colony in South Africa. We were able to automate the detection of ecstatic display songs (EDSs) in our
recordings, thus facilitating the handling of large datasets. This allowed us to show that calling rate
increased with wind speed and humidity but decreased with temperature, and to highlight apparent
abundance variations between nesting habitat types. We then showed that the number of EDSs in
our recordings positively correlated with the number of callers counted during visual observations,
indicating that the density could be estimated based on calling rate. Our observations suggest that
increasing temperatures may adversely impact penguin calling behaviour, with potential negative
consequences for population dynamics, suggesting the importance of effective conservation measures.
Crucially, this study shows that PAM could be successfully used to monitor this endangered species’
populations with minimal disturbance.

Biology 2023, 12, 1191. https:/ /doi.org/10.3390/biology12091191
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1. Introduction

Global biodiversity is in rapid decline [1,2], which is evident across a range of habitats,
including agricultural lands [3], freshwater ecosystems [4], the Arctic [5], and Antarc-
tica [6,7], but especially apparent in marine and coastal regions [8,9]. Seabirds, making
up around 3.5% of all avian species, have been classified as the most threatened avian
group, characterised by significantly poorer conservation statuses than other birds [10].
Population declines over the last 20 years have been recorded in approximately half of all
seabird species, and those of most concern are penguins (Sphenisciformes) and albatrosses
and petrels (Procellariiformes), together representing around 43% of all seabird species [10].
Since many seabird species are critical indicators for the health of their respective marine
ecosystems [11,12], their continued decline has drastic implications for not only their con-
servation but also the broader status of our oceans and coastal habitats. This is supported
by the fact that key threats to seabirds are anthropogenic activities known to negatively
affect marine ecosystems on larger scales, such as overfishing [13], pollution [14], habitat
degradation [15], incidental mortality after by-catch in fisheries gear [16], and human
disturbances at colonies, such as tourism [10,17,18].

Focusing on the conservation of umbrella species often allows for protecting the status
of their habitat and that of other species living within the same space. Selecting just a
single species can be beneficial for the conservation and protection of large areas [19], with
studies reporting positive effects on the conservation of intact and restoration of degraded
forests [20], and on aquatic biodiversity [21]. Thus, given the importance of seabirds as
indicator species, conserving seabird umbrella species could help prevent both the decline
of their respective populations and that of their habitat and other marine species within it.

Penguins (Spheniscidae) are a family of seabirds inhabiting most of the southern parts
of our planet. Out of the 19 penguin species recognised today [22], two are classified as
near threatened, four as vulnerable, and five as endangered [23]. Recently, three penguin
species have been internationally voted as highest priority for conservation efforts [24]; one
of which, the African penguin (Spheniscus demersus), is characterised by a largely depleted
population [23], with many island colonies subject to drastic declines and collapses, and
only two mainland colonies across South Africa [25,26]. Both individual survival and colony
breeding success are strongly impacted by habitat loss owing to resource competition
with industrial fisheries, the expansion of anthropogenic activities, and marine noise
pollution [26-29]. Moreover, the negative consequences of oil spills alone may be sufficient
to lead to the extinction of the African penguin [27,30,31]. Thus, well-founded conservation
actions are urgently needed to counteract their decline and aid populations’ recovery.

The efficacy of such conservation actions must be assessed to ensure they are success-
ful in increasing breeding success or breeding numbers. In that regard, improving our
understanding of population trends, threats, life history, distribution, and ecology are pri-
ority research areas that can inform and support conservation efforts [10,32]. Considering
the African penguin’s sensitivity to human disturbances and the recommendations within
the African Penguin Management Plan [33], noninvasive monitoring tools are essential
to minimise the adverse effects of further studies of this species” population trends and
breeding ecology on site. Observational studies or monitoring via visual remote sensing
tools, such as camera traps or drones, can provide essential insights into colony dynamics
and breeding success but often still require human presence in sensitive areas and can
be hindered by factors such as the need for good weather conditions and the limited
spatiotemporal resolution [34]. Because African penguins rely extensively on acoustic com-
munication for intraspecific communication, a powerful, noninvasive and cost-effective
way of monitoring penguin colonies could be passive acoustic monitoring (PAM), which
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would keep disturbances to a minimum [35] while effectively assessing the number of birds
within an area. Specifically, the distinctiveness of the ecstatic display song (EDS), which
consists of a sequence of short syllables (type A) followed by a long syllable (type B) and
an audible inspiration (type C), and the frequency at which it is produced could make
it a good target for detection in recordings [36]. Further, EDSs are important in territory
defence and mate choice in African penguins, with especially high calling rates during the
beginning of a breeding season [37].

To date, PAM has been used to investigate the relationship between acoustic activ-
ity and colony density in a variety of bird species (e.g., eastern wood pewee (Contopus
virens) [38], Forster’s terns (Sterna fosteri) [35], bell miner (Manorina melanophrys) [32], short-
tailed shearwaters (Ardenna tenuirostris) [39], Magellanic (S. magellanicus) and southern
rockhopper (Eudyptes chrysocome) penguins [34]). A review of multiple PAM surveying
attempts showed that 79% of studies investigating a relationship between the number of vo-
calisations and bird density or abundance obtained counts that agreed with those obtained
from human surveyors [40]. Additionally, in African penguins, acoustic indices such as the
acoustic entropy index (H) have already been shown to be valuable tools for predicting
the number of both EDSs and mutual display songs (MDSs) in soundscape recordings of
colonies, reflecting overall vocal activity [41]. However, not all studies report the successful
application of PAM to estimate population densities [42,43] and some suggest combining
them with other survey methods for accurate results [40]. Therefore, further investigations
of its applicability for, and accuracy in, the remote monitoring of African penguin colonies
are needed to effectively support the development of successful conservation efforts [33].

To investigate whether PAM could be a viable tool to estimate the density within
a colony, we deployed a series of static acoustic monitoring devices within the Stony
Point penguin colony (Betty’s Bay, South Africa), a key mainland colony with around
1500 breeding pairs as of July 2022 (~7% of the total African penguin population) [41].
To facilitate data handling and provide a modern, time-efficient strategy for counting
penguin vocalisations in audio recordings, we first aimed to automate EDS detection.
Then, we investigated to what extent weather variables affected calling rate, which can
guide the ideal timing of remote acoustic breeding censuses and improve their accuracy.
Lastly, taking those variations into account, we estimated the animal density within an
area by examining the relationship between total EDS numbers in our recordings and
visually observed penguins and callers to trial a novel, noninvasive counting tool useful
for this species’ conservation. As such, our study aimed to provide the first steps for the
development of a time-efficient remote monitoring tool for the endangered African penguin
while simultaneously providing insights into the broader use of PAM for the management
and conservation of sensitive, cryptic species.

2. Materials and Methods
2.1. Acoustic Recordings and Weather Data

We deployed three acoustic sensors (AudioMoth (AM); Open Acoustic Devices, 2022)
in IPX7 waterproof cases (48 kHz sampling rate, no filters applied) throughout the African
penguin colony at Stony Point (34°37'14.21” S, 18°89'32.65” E) in Betty’s Bay, South Africa,
and recorded the colony continuously from March to July 2022. The daily recording
schedule, from 4:00-9:00 and 16:30-21:30 South African Standard Time (SAST), was based
on previous investigations of peak acoustic activity at the same colony [41] and adjusted
to local sunrise and sunset times. This schedule resulted in a total of n = 6627 30 min
recordings (198,810 total mins) collected over 113 consecutive days. The recorders were
placed at locations with slightly different flora, shown on a map in Figure 1. One device was
set up in an area of dense dune spinach (Tetragonia decumbens) bushes covering the ground
completely (AM1), one in a grassy area dispersed with Baccharis halimifolia bushes (AM2),
and one at the southern end of the colony, where most penguin nests are sand burrows
covered by some dune spinach (AM3). AM1 and AM2 were spaced approximately 330 m
apart and AM2 was around 130 m from AM3. This layout would allow for an investigation

169



Biology 2023,12,1191

of how vegetation influenced penguin density and calling rate. The acoustic sensors
were tied to wooden poles at a height of around 20 cm and oriented to face downwards to
minimise directionality that could be introduced by the device casing and batteries. Devices
were collected for data download once per week to minimise disturbance.

Figure 1. Map and satellite image of the penguin colony and pictures of the three respective recording
sites. (A) A map of the location of the penguin colony within Africa and South Africa and satellite
image of the entire Stony Point penguin colony, with red circles indicating the locations of the
acoustic sensors. The righthand panels (B-D) show pictures of our three recording sites AM1, AM2,
and AM3, respectively.

A 3879 Diastella (March—June) and a Bresser WIFI Colour Weather Station (June and
July) set up according to the manufacturer’s instructions measured temperature, humidity,
wind direction and speed, barometric pressure, and precipitation rate at the colony through
a rain gauge, wind cups and vane, and a thermohygrometer. Additionally, the temperature
measured using the AM devices at the beginning of each recording session was extracted
using an adapted Python script (Open Acoustic Devices, 2020; Supplementary Information).

2.2. Visual Counting of Penguins

Visual observations were conducted twice throughout the breeding season: in early
May and late June/early July, representing the middle and end of one breeding cycle,
respectively. Here, the middle of a breeding cycle is defined as the period during which
most breeding pairs have chicks fully covered in their juvenile down feathers, whereas
the end of the cycle concerns the period during which most chicks have or are about to
fledge and leave the nests as “blues” with waterproof plumage. A 10.5 m radius around
each AM device, measured with a rangefinder, was marked with wooden poles to allow
for the accurate counting of penguins within a set radius. This radius was limited by
the layout of the colony, which includes some areas as narrow as 11-12 m between the
boardwalk and private property. Across a period of 10 consecutive days, an experimenter
(EH.) counted penguins twice daily, at sunrise and sunset, noting all visible penguins every
five minutes and all heard EDS vocalisations and identifying all callers within the radius
around the AM device for half an hour per site, resulting in a total of n = 48 observation
periods. Since visual sexing of African penguins is unreliable [44], both males and females
were counted. Observation times were shifted with sunrise and sunset in a way that the
first two sites were surveyed in the half hour before and after sunrise, while the third site
was surveyed either in the half hour before or after sunset. The schedule was rotated to
ensure that every site was surveyed at each of the four possible timeslots (before/after sun-
rise/sunset) at least twice during each 10-day observation period. Additionally, we counted
the number of occupied nests within the radius around the AM devices and calculated the
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resulting maximum penguin densities. The obtained number of callers within our defined
radius and the overall EDS numbers in our recordings would then allow us to investigate
whether the number of breeding pairs around the acoustic sensors could be estimated from
our recordings.

2.3. Data Analysis

The collected audio files were uploaded onto the OCCAM SuperComputer [45] at the
Competence Centre for Scientific Computing of the University of Turin. To automate the
detection of the number of EDSs inside the audio recordings, we used the monitoR [46]
package in R v.4.2.3 [47]. A typical EDS is usually composed of many short syllables (A)
followed by a long one (B) and an audible inspiration (C) [48], as visualised in Figure 2.
The large variations in the number of A syllables in a song [37] and the everchanging
characteristics of C syllables (e.g., frequency and frequency modulation, duration, etc.)
meant that focussing on the B-syllable for automatic detections would be the most reliable
means of acquiring accurate EDS numbers.
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Figure 2. An example recording containing EDS vocalisations. Panel (A) shows a 30 min recording
from one of our remote acoustic recorders taken at the Stony Point penguin colony, Betty’s Bay, South
Africa. Panel (B) represents the latter 15 min of the same recording, with single EDSs becoming
visible, and panel (C) visualises a single, typical EDS vocalisation from the same recording, with A, B,
and C indicating the repeated short syllables, the long detection target syllable, and the inspiration
syllable, respectively. The figure was created using Raven Pro v. 1.5.0 (Spectrogram window size:
1024, Hann window, overlap 50%).

As such, using five different B-syllable recordings, binary point-matching templates
were created through the monitoR automatic template creation tool [49]. Since different
templates could detect the same syllable, we merged all detections of different templates
found in the same minute (£1 s). Different threshold scores, above which any detections
would be counted as EDSs, were tested (20, 21, 22, 25, 27, and 30) to identify the most
accurate one based on visual spectrogram inspections and randomly generated detection
curves. Figure S1 in Supplementary Information (SI) visualises one of the five created
templates and detection curves of different scores. A threshold of 21 was found to be
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the most accurate, and as such, detections with scores > 21 were classified as EDSs. To
calculate the detector’s average sensitivity (true positive rate), all true positive (TP) and
false negative (FN) detections in n = 678 (around 10% of our final dataset) audio files
were manually counted using spectrographic inspection. Then, the true positive rate
was calculated as TP/(TP + FN) and found to be 65.79%. Additionally, the accuracy
of automatic detections was crosschecked by two independent observers (FEH. and E.T.)
conducting manual spectrographic counts of EDSs with visually assessed good or very
good signal-to-noise ratio (SNR) [50] on a subset of audio files (1 = 199) and validated using
Spearman’s rank correlation test.

2.4. Statistics—Modelling

A generalised linear mixed model (GLMM) approach was used to investigate the
impact of weather conditions on calling rate and the correlation between the average
number of identified callers and the number of recorded EDSs using the glmmTMB pack-
age [51] in R [47], comparing their respective full and null models. The first model analysed
the effects of temperature, wind speed, humidity, and location on the number of EDSs
recorded per 30 min while controlling for the recording date and time. Then, we created
the second GLMM to investigate whether the number of automatically detected EDSs in
our recordings correlated with the average number of penguins and callers counted within
the radius around the respective AM device while taking into account call rate variations
with weather conditions and controlling for location, time, and date of recording. In both,
correlation among all predictors was assessed using variance inflation factor (VIF) analysis
and significance was investigated using a chi-square test. Location was controlled for in the
second GLMM based on the first model’s results highlighting a significant effect between
the recorders. This showed whether PAM could be a reliable census tool for the defined
area of detection despite the influences of weather on calling rate. Graphs were made using
the sjPlot package [52] in R.

3. Results
3.1. Automating EDS Counting

We first set out to automate EDS detection in the recordings of our remote acous-
tic sensors, for which automatic detections were compared with manual spectrographic
counts. Spearman’s rank correlation showed a significant correlation between manual and
automatic counts, indicating that automatic counts could reflect the relative number of calls
present in a 30 min recording (1 = 199, R = 0.61, p < 0.001).

3.2. Influence of Environmental Variables on Calling Rate

EDS numbers were significantly correlated with all investigated weather variables
and location (full vs. null: x2 = 27,836.21, df = 5, p < 0.001). Both higher humidity (estimate
=0.003, se = 0.001, p < 0.001) and wind speeds (estimate = 0.013, se = 0.001, p < 0.001) led to
an increase in EDS production. In contrast, higher temperatures led to a decrease in calling
rate (estimate = —0.028, se = 0.001, p < 0.001). Lastly, AM1 recorded significantly less EDSs
than AM2 (estimate = 0.619, se = 0.004, p < 0.001), but more than AM3 (estimate = —0.031,
se = 0.005, p < 0.001). This was confirmed by our visual observations and the count of active
nests. AM2, characterised by a mixed vegetation of grass, bushes, and artificial burrows,
contained 27 nests and had the highest penguin density (0.156 penguins/m?); AM3, located
at the southern end of the colony and containing mostly sand burrows and small dune
spinach bushes, had 20 nests in its radius and the lowest density (0.116 penguins/m?); and
AM]1, which was solely surrounded by dune spinach, had a total of 22 nests and the second
lowest density (0.127 penguins/m?). Thus, while the environment found at the colony did
not allow for multiple replicates of each vegetation type, the high number of observation
sessions supported that habitat type may influence the overall penguin density or calling
rate; we therefore controlled for location in the subsequent GLMM.
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3.3. Relationship between EDS Counts and Penguin Abundance

Despite the variations in EDS numbers with environmental conditions, our model
showed that there was a significant correlation between the number of detected EDSs
and the number of callers (the number of penguins seen calling) within the 10.5 m radius
(full vs. null: x? =24.127, df = 2, p < 0.001). Specifically, the number of EDSs detected
in our recordings was significantly positively correlated with the number of callers visu-
ally observed within the 10.5 m radius around our devices (estimate = 0.369, se = 0.075,
p < 0.001), as shown in Figure 3, but not with the overall average number of penguins
present within a radius (estimate = —0.036, se = 0.022, p = 0.102), potentially because
transiting penguins, those crossing through the radius without having a nest therein, were
included in our counts. Thus, future studies should aim to effectively distinguish between
resident and transiting penguins to assess whether there is a correlation between resident
penguins and EDSs.

® mean detected EDSs
@® total detected EDSs

100 -

EDS

50 -

0 1 2 3 4 5 6
Callers counted within the 10.5 m radius

~ -

Figure 3. Correlation between the number of visually observed callers and the automatically counted
ecstatic display song numbers. An overlay of the model prediction (grey line) along with the 95%
confidence interval (shaded grey area). Red dots indicate the mean number of ecstatic display songs
(EDS) observed for the respective number of calling individuals within the 10.5 m radius around our
recording devices.

4. Discussion
4.1. Effectiveness of PAM

Passive acoustic monitoring has been shown to accurately reflect bird population
estimates in several species [32,34,35,38—40]. Similarly, despite some studies reporting less
accurate results [42,43], we revealed here its potential for accurate remote acoustic censuses
of an African penguin colony. Despite the identified effects of environmental variables on
the number of recorded EDS calls, we showed that there was a positive correlation between
the number of EDSs detected in our recordings and the number of callers observed within
our radii, indicating that PAM based on EDS detections could be an effective monitoring
tool for African penguin colonies.

However, our visual observations showed that the number of active callers within our
plots (0-7 penguins) was always lower than the number of active nests within that radius,
which lowers the risk of overestimation. Further, within a site, the average number of
counted penguins across our observational period (AM1: 7; AM2: 14; AM3: 11) was about
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half the number of active nests within the site (AM1: 22; AM2: 27; AM3: 20), and even less
were identified as active callers (AM1: 0.5; AM2: 0.5; AM3: 2), which often called multiple
times within a half-hour survey. However, these low medians and highly variable data
may have been caused by the occurrence of days of low vocal activity likely resulting from
the fact that our observations took place toward the end of the breeding season. Therefore,
to ensure accuracy of a remote censusing tool, we stress the importance of conducting
acoustic and visual surveys at the beginning of the breeding season when penguins are
most vocally active.

Lastly, the sensitivity of our detector (65.79%) indicates that another counting approach
may be needed, since reducing false negatives in monitoR is difficult, with the inclusion of
more templates leading to less accurate results.

4.2. Impacts on Detection Effectiveness

We further showed that environmental conditions—temperature, wind speed, hu-
midity, and location—affected the detection of EDSs in our recordings, which should be
considered when developing this census tool further. Variations between locations and
with varying weather conditions may have resulted from changes in vocal activity, penguin
density or penguin presence at the colony. Alternatively, differences in sound propagation
and detection between our AMs may have played a role.

First, we showed that all chosen weather variables—temperature, humidity, and
wind speed—affected calling rates and should thus be considered on census days, similar
to how forecasts are used in planning songbird transect surveys [53,54]. Higher wind
speeds may have directly increased the calling rate of penguins by, e.g., lowering the
perceived temperature, leading to higher vocal activity, or changed sound propagation
in a way that altered song detection at the receiver, our AMs, thus causing variations in
overall detection of EDSs at different wind speeds. Alternatively, the increased number of
recorded EDSs at higher wind speeds could have resulted from an increased number of
false positive detections in our automated detection. However, manual inspections of a
portion of the dataset showed that overestimations of EDSs did not always occur on days
with higher wind speeds. Similarly, higher humidity may be indicative of rainy days with
relatively lower or lower perceived temperatures on which penguins may call longer or
more frequently, which could explain the increased occurrence of EDSs.

Notably, decreasing the calling rate at higher temperatures could have important
implications for both mate selection and territorial disputes [36]. First, during hot weather,
fewer males may be prone to call, potentially leading to fewer new pairs formed at the be-
ginning of a breeding season, possibly resulting in more nonbreeding adults. Investigations
of whether the numbers of nonbreeding adults at colonies during a breeding season are
higher after a hotter start to the season may confirm this hypothesis. Second, since vocal
contests are usually the first step in territorial conflicts and often serve to assess rivals, they
frequently prevent the escalation of fights [55]. Thus, higher temperatures could lead to
fewer EDSs produced in territorial defence, which may increase physical territorial fights
and injuries, likely negatively affecting penguin survival. Alternatively, the lower number
of EDSs could reflect a higher absence of breeding individuals from the colony, spending
more time at sea. This could adversely affect chick survival rates, especially in young chicks.
As such, the decrease in EDSs at higher temperatures could have negative consequences for
the survival rate of African penguins given the current state of our climate and the rising
global temperatures [56]. Increased temperatures have already been shown to lead to a
shift in the timing of the 2022 breeding season and a decrease in egg survival rate, most
recently affected by a mass-abandonment following a hot spell in January 2022 at the Stony
Point colony, as indicated by the colony’s research manager (Van Eeden, L., Pers. Comm.).
Therefore, effective conservation strategies for the African penguin are necessary.

Furthermore, the variation in detected EDSs across locations suggest that penguin
density varies between locations of differing vegetation types, with some areas of the
colony supporting a higher local density than others. Alternatively, differences in EDS
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numbers across locations may be reflective of variations in sound propagation in areas with
different vegetation types or changes in calling rates rather than penguin density. However,
given that the number of identified active nests and detected EDSs was highest at AM2, the
location with the comparatively densest vegetation, it is suggested that habitat suitability is
the likely explanation for the observed variations in density rather than changes in calling
rate or sound propagation. Notably, despite habitat variations, PAM was successful in
identifying the relationship between EDSs and present callers, highlighting its usefulness
for the monitoring of species with cryptic nesting behaviour. Furthermore, our results can
provide information on suitable vegetation that can support larger numbers of penguins,
which can be important for improving existing colonies through habitat rehabilitation
actions and the planning of the establishment of artificial colonies [57], which is especially
essential given the expansion of urban areas into nature, decreasing the area available to
breeding colonies.

4.3. Improving Detections for Successful PAM

Others have suggested that an improved understanding of the focal species’ vocal
behaviour significantly improves the development of acoustic detections and passive
acoustic surveys [58]. Accuracy can be further improved by investigating the following
important factors: the ideal census time, specifically distinguishing between breeding and
nonbreeding seasons, the female-to-male singing ratio, and an expansion of the target
vocalisations and sampling radius.

Since previous research has suggested that EDSs have functions of both territory
defence and mate attraction [48], differences in the overall number of produced EDSs are
likely to appear between different stages of the breeding season. Thus, future investigations
should attempt to compare accuracy across all stages, such as the beginning, middle, and
end, to identify the ideal time of year or breeding season period during which the number
of EDSs most accurately reflects the number of active breeding pairs.

Furthermore, previous research on the female-to-male singing ratio reports that fe-
males produce EDSs, especially in territory defence [59], but further investigations of
this ratio are necessary to accurately estimate breeding pairs. On one hand, since visual
sexing is not possible in African penguins, assuming all callers to be a male may lead to
an overestimation of breeding pairs. On the other hand, depending on the female-to-male
singing ratio and the census timing, the fact that only one parent is usually present at a
nest during the chick-rearing period and both sexes produce EDSs may be beneficial for
acoustic censuses, since breeding pairs could still be counted correctly.

Additionally, the detection radius may be increased to improve the overall detection
of African penguins further. The fact that only a small portion of EDSs came from callers
within our radii may have resulted from including a relatively narrow radius compared
with the detection range of our AM devices. Similarly, since not all present penguins were
observed to produce EDSs, sampling could be expanded to include a larger portion of the
African penguin vocal repertoire, which consists of six identified calls and songs [36]. This
suggestion is supported by recent efforts to estimate population density in Magellanic and
southern rockhopper penguins using PAM, which included sounds other than calls, such
as huffs and sneezes, and obtained an accurate estimate [34].

Lastly, some have suggested that PAM is most efficient when combined with other
noninvasive census strategies [40], such as thermal sensing. The usefulness of thermal
sensing has recently been investigated in a study of American woodcock (Scolopax minor)
detection probability [60], which pointed out that, in forests, its accuracy declined with
vegetation density. However, given the absence of a forest-like environment with dense
trees found at our study sites, thermal sensing may be useful to support remote acoustic
censuses. This will be especially important for establishing whether the absence of EDSs in
recordings correlates to penguin absence or silence.
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5. Conclusions

We showed that PAM has the potential to become a useful, low-cost monitoring
tool for sensitive seabird species such as the African penguin despite the influences of
environmental variables on the number of detected EDSs in AM recordings. The detection
of African penguin EDS vocalisations was successfully automated, as confirmed by a
comparison between manually counted and automatically detected EDSs in our recordings.
We also found that humidity, wind speed, and temperature significantly affected EDS
production, with an increase at higher humidity and wind speeds and a decrease at higher
temperatures. Lastly, taking these weather effects into account, we showed a significant
correlation between the number of detected EDSs and the number of callers within a
10.5 m radius around our AM devices.

To further improve the accuracy of remote PAM censuses of this species and their
efficiency, the above outlined limitations should be considered in the further development
of this tool. Specifically, future research aiming to improve it further should focus on
determining the ideal census time within a breeding season, accurate assessment of the
female-to-male singing ratio to more accurately predict breeding pair numbers based on
EDS vocalisations, and an expansion of the target vocalisations and sampling radius.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/biology12091191/s1. The adapted Python script for AudioMoth
parameter extraction; Figure S1: Example of B-syllable recording and corresponding monitoR tem-
plate; Figure S2: Example of a detected EDS in an AudioMoth recording.
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Simple Summary: Mitochondria play a critical role in the energy metabolism of coral reef fish,
providing ATP to fuel cellular processes. A mitogenome study has been employed to investigate
the genetic diversity, population structure, and evolutionary relationships among coral reef fish
taxa. Species of the Holocentridae family play important ecological roles in coral reef communities.
Two subfamilies of this family, Holocentrinae and Myripristinae, exhibit similarities in morphology
and distribution, with minor differences in habitation and feeding behavior. Here, we present full
mitochondrial genome sequences of eight holocentrid species and report the results of a comparative
analysis with six previously published species. The results indicate that these mitogenome structures
are relatively conserved, except for the high variability in control regions. The whole genomes, except
for nad6, exhibited positive AT-skews and negative GC-skews. Furthermore, we compared the two
subfamilies to explore the reasons behind their varying inhabitation and behavior. Phylogenetic
analysis indicated all species formed two subfamilies, the Holocentrinae and Myripristinae, with
each subfamily comprising two genera. Positive selection analysis revealed that all protein-coding
genes (PCGs) were subjected to purifying selection. The data obtained from our study could serve as
a valuable resource for future investigations on the evolution and conservation of holocentrid fish.

Abstract: To understand the molecular mechanisms and adaptive strategies of holocentrid fish, we
sequenced the mitogenome of eight species within the family Holocentridae and compared them
with six other holocentrid species. The mitogenomes were found to be 16,507-16,639 bp in length and
to encode 37 typical mitochondrial genes, including 13 PCGs, two ribosomal RNAs, and 22 transfer
RNA genes. Structurally, the gene arrangement, base composition, codon usage, tRNA size, and
putative secondary structures were comparable between species. Of the 13 PCGs, nad6 was the
most specific gene that exhibited negative AT-skews and positive GC-skews. Most of the genes
begin with the standard codon ATG, except cox1, which begins with the codon GTG. By examining
their phylogeny, Sargocentron and Neoniphon were verified to be closely related and to belong to
the same subfamily Holocentrinae, while Myripristis and Ostichthys belong to the other subfamily
Myripristinae. The subfamilies were clearly distinguished by high-confidence-supported clades,
which provide evidence to explain the differences in morphology and feeding habits between the two
subfamilies. Selection pressure analysis indicated that all PCGs were subject to purifying selection.
Overall, our study provides valuable insight into the habiting behavior, evolution, and ecological
roles of these important marine fish.

Biology 2023, 12, 1273. https:/ /doi.org/10.3390/biology12101273
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1. Introduction

Holocentridae, a family of ray-finned fish, is also known as a nocturnal coral reef fish
family, with the subfamily Holocentrinae typically known as squirrelfish, while Myripristi-
nae members are known as soldierfish [1-3]. The family Holocentridae is primarily dis-
tributed in the tropical parts of the Atlantic, Indian, and Pacific Oceans. Typically, they
inhabit waters up to a depth of 100 m, although some species of the Ostichthys genus
(soldierfish) from the subfamily Myripristinae have been detected much deeper [4]. Holo-
centridae fish possess large eyes and are primarily active at night, suggesting they are
nocturnal in terms of their activity patterns [5]. The colors of the majority of Holocentridae
are either red or silver [6]. Members of the Holocentrinae subfamily (squirrelfish) possess
venomous spines near the gill opening, which can inflict painful wounds [7]. Regarding
feeding habits, squirrelfish mainly feed on small fish and benthic invertebrates, while
soldierfish typically feed on zooplankton [8]. Unlike adults, the larvae of Holocentridae
are pelagic and can be found far out at sea [9]. Currently, according to the statistics of
Fishes of the Word, a total of 83 species belonging to 8 genera are recognized, with Sargo-
centron and Myripristis being the most numerous genera, which contain 33 and 28 species,
respectively [10]. Based on our investigation, only four genera of Holocentridae have
been studied at the mitochondrial genome level so far, including Sargocentron, Neoniphon,
Myripristis, and Ostichthys, with Sargocentron and Neoniphon belonging to the Holocentrinae
subfamily and Myripristis and Ostichthys falling under the Myripristinae subfamily.

The Holocentridae family contributes to the ecological diversity of coral reefs. Prior to
the disclosure of its complete mitochondrial genome structure, several studies concentrated
on the physiology, ecology, and evolutionary aspects of this fish family. In a report by
Eric et al. in 2011, Holocentrids were identified as vocal reef fishes. In their study, the
authors compared sound production mechanisms across different species and found that
all fish possess fast-contracting muscles and have relatively similar sound-producing
mechanisms [1]. Fanny et al. (2021) studied the visual systems of Holocentridae and
compared the two subfamilies, the Holocentrinae and Myripristinae, demonstrating that
squirrelfish had a slightly more developed photopic visual system than soldierfish [3].
The evolution of holocentroids has also been evaluated. Andrews et al. (2023) reported
a new holocentroid species from the fossil material of the early Paleocene and estimated
a Danian divergence between Myripristinae and Holocentrinae from the fossil analysis
via micro-computed tomography, suggesting that several holocentroid lineages crossed
the Cretaceous—Palaeogene boundary [4]. These studies give us insight into the traits
of holocentrid fish and their ability to adapt to the marine environment, as well as their
evolutionary history and important role in the ocean ecosystem. Next, a study conducted
at the mitochondrial structure level will provide proof of previous findings and reveal a
systematic relationship of holocentrid species.

Mitochondria play a crucial role within eukaryotic cells, participating in various
essential processes such as ATP generation through oxidative phosphorylation, cell dif-
ferentiation, signaling, growth, and apoptosis [11-13]. The vertebrate mitogenome is
characterized by its small size, ranging from 16 to 17 kb, and its circular double-stranded
structure. A typical mitogenome contains 13 protein-coding genes (PCGs), 22 transfer RNA
genes (tRNAs), 2 ribosomal RNA genes (rRNAs), and two non-coding regions, namely, the
origin of L-strand replication (Or) and the control region (CR) [14,15]. Mitochondrial DNA
sequences have been extensively studied across various fields. In evolutionary biology,
they have been used to investigate the evolutionary relationships and genetic variation
between different species, while in biogeography, they have been used to uncover spatial
distributions and migration patterns [15]. Although mitochondrial function in corals is
highly conserved, it has been observed that the PCGs of some species undergo evolutionary
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selection in response to the metabolic demands imposed by extreme environments [16-19].
In a recent study by Ramos et al. (2023), selection tests were conducted on mitochon-
drial PCGs of deep-sea and shallow-water species, revealing that certain PCGs underwent
adaptive evolution during their adaptation to the deep-sea environment [16]. Another
extreme environment, the sub-zero habitat of the Antarctic, poses a significant challenge
to the survival of fish. Thus, Antarctic icefishes have developed a unique mechanism to
adapt to the inhabitants. In an earlier study conducted in 2010, O’Brien et al. observed
an increase in mitochondrial density in cardiac myocytes and oxidative skeletal muscle
fibers, accompanied by a proliferation of mitochondrial membranes. This expansion of
membranes facilitates the efficient intracellular diffusion of oxygen [20].

Although holocentrids play an irreplaceable role in coral reef ecosystems and several
studies have focused on their morphological characteristics, activity patterns, and under-
lying mechanisms, there has been limited research on their mitogenome characteristics
and evolutionary biology. In this study, we present eight mitogenomes for the first time
and report the results of a comparative analysis with six published mitogenomes. We
provide comprehensive insights into the detailed features of all mitogenomes with respect
to structure, gene arrangement, nucleotide composition, noncoding RNA, and codon usage.
Additionally, we explore the phylogenetic relationships between species and estimate the
selection pressures during their evolution. Through comparative analysis and newly gener-
ated results, we offer valuable insights into the evolutionary history of holocentrid species.
Furthermore, we make meaningful contributions towards identifying and protecting these
coral reef fish species.

2. Materials and Methods
2.1. Sampling, DNA Extraction, Library Construction, and Sequencing

In this study, we de novo sequenced eight holocentrid species, including Myripris-
tis kuntee (Shoulderbar soldierfish), Myripristis murdjan (Pinecone soldierfish), Myripris-
tis violacea (Lattice soldierfish), Neoniphon opercularis (Blackfin squirrelfish), Sargocentron
caudimaculatum (Silverspot squirrelfish), Sargocentron diadema (Crown squirrelfish), Sargo-
centron melanospilos (Blackblotch squirrelfish), and Sargocentron punctatissimum (Speckled
squirrelfish). The specimens were obtained from the Xisha Islands (15°46'~17°08' N,
111°11'~112°54’ E), China, and deposited in the South China Sea Fisheries Research Insti-
tute, Chinese Academy of Fishery Sciences. Six published mitogenome sequences from
the other six holocentrid species were downloaded from GenBank for an integrative and
comparative analysis: Neoniphon samara (Sammara squirrelfish), NC_063501.1; Sargocentron
spiniferum (Sabre squirrelfish), KX254549.1; Sargocentron rubrum (Redcoat; squirrelfish),
NC_004395.1; Myripristis vittate (Whitetip soldierfish), NC_063496.1; Myripristis berndti
(Blotcheye soldierfish), AP002940.1; Ostichthys japonicus (Japanese soldierfish), AP004431.1.

Total genomic DNA was extracted from the specimens using the E.Z.N.A.® Tissue
DNA Kit (OMEGA, Beijing, China) in accordance with the manufacturer’s protocols. Two
distinct types of tissue were sampled: a small fragment of muscle from a specimen or a
clip of the pelvic fin taken from the right side of a specimen. After DNA extraction, 1 pg
of purified DNA was randomly fragmented into fragments with a length ranging from
300 to 500 bp and used for subsequent library construction. Complete genomic libraries
were established using the Illumina TruSeqTM Nano DNA Sample Prep Kit (Illumina, San
Diego, CA, USA) in accordance with the manufacturer’s instructions. Then, libraries were
sequenced using the Illumina NovaSeq 6000 platform to obtain 150 bp paired-end reads.
The library construction and sequencing procedures were carried out by the Biozeron
Corporation (Shanghai, China).

2.2. Sequence Assembly, Annotation, and Analyses

Prior to assembly, raw reads were filtered using Trimmomatic (v0.39) [21] to re-
move the low-quality reads (the reads showing a quality score below 20, Q < 20), the
reads with adaptors, the reads containing a percentage of uncalled bases (“N” charac-
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ters) equal to or greater than 10%, and duplicated sequences. Filtered reads were as-
sembled into contigs using MitoZ (v2.3) [22], and potential mitochondrial contigs were
extracted by aligning them against the NCBI mitogenome database. Then, GetOrganelle
(v1.7.5) (https:/ /github.com/Kinggerm /GetOrganelle, accessed on 20 March 2022) was
used to assemble the mitogenomes [23]. After assembly, the starting position and orien-
tation of the mitochondrial sequence were obtained based on a reference genome. An-
notation of the mitogenomes to protein-coding genes (PCGs), tRNAs, and rRNAs was
performed using MITOS [24] and Mitoannotator (v3.83) [25]. Functional annotations of
PCGs were performed using sequence-similarity Blast searches with a typical cut-off E-
value of 10~° against several publicly available protein databases: NCBI non-redundant
(N1) protein database, Swiss-Prot, Clusters of Orthologous Groups (COGs), and Kyoto
Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) terms. tRNA
genes were searched using tRNAscan-SE (v2.0) [26], and their secondary structures were
drawn via RNAplot from the package ViennaRNA (v2.5.1) [27]. Base composition and
codon distributions were analyzed using MEGA 7.0 [28], and the nucleotide composi-
tion skewness was measured using the following formulas: AT-skew = (A — T)/(A +T)
and GC-skew = (G — C)/(G + C) [15]. Relative synonymous codon usage (RSCU) was
calculated using the “cusp” of EMBOSS package (v6.6.0.0) [29]. Circular genomes were
visualized using the CGView tool (http://stothard.afns.ualberta.ca/cgview_server/, ac-
cessed on 25 March 2022) online [30]. The r package “ComplexHeatmap” was used to
draw heatmaps. The conserved-sequence block domains (CSBs) of control regions were
determined by comparing them with public holocentrid species.

2.3. Phylogenetic Analyses

The phylogenetic relationships were reconstructed using the 13 PCGs of the 14 holocen-
trid fish mitogenomes; three parrotfish, namely, Scarus frenatus (0Q349185.1, Bridled par-
rotfish), Scarus niger (0Q349187.1, Dusky parrotfish), and Scarus prasiognathos (0Q349189.1,
Singapore parrotfish), were used as outgroup taxa. Multiple sequence alignment was
performed using MAFFT (v7.453) [31] with default parameters. The alignment results
were further trimmed to eliminate the ambiguous positions using Gblocks (v0.91b) [32].
Then, trimmed sequences were concatenated into a supermatrix with FASconCAT [33].
Fasta files were converted into Nexus format using Geneious (v.2022.2.2) [34]. Phyloge-
netic relationships were inferred from the concatenated dataset using maximum likelihood
(ML) and Bayesian inference (BI) methods. ML analyses were performed using IQ-TREE
(v1.6.12) [35] with the following parameters: “-m MFP -b 1000 -bnni”. By using these
parameters, the best-fit substitution models (including FreeRate heterogeneity models) and
partition schemes were inferred via the built-in ModelFinder [36]. “MFP” (ModelFinder
Plus) allows for extended model selection followed by tree inference, while “-b 1000”
ensures that 1000 bootstrap searches will be performed in order to infer the consensus
trees. Bl analysis was carried out using MrBayes (v3.2.7a) [37]. Before BI analysis, the best
model was selected with jModeltest (v2.1.10) [38], and the model of JC was optimal for
analysis with nucleotide alignment. Then, BI analysis was performed using four simul-
taneous Markov Chain Monte Carlo chains for 2,000,000 generations and sampled every
1000 generations, using a burn-in of 25% generations. The average standard deviation of
split frequencies was set as less than 0.01. Phylogenetic trees generated from both ML and
BI methods were visualized in FigTree (v1.4.4) (http://tree.bio.ed.ac.uk/software/figtree/,
accessed on 10 June 2023).

2.4. Positive Selection

Positive selection refers to the evolutionary process through which genetic variants
increase in frequency within a given population until they become prevalent. This phe-
nomenon results from the advantageous traits conferred by these genetic variants, which
enhance the fitness and reproductive success of the individuals carrying them. To perform
positive selection analysis, first, a multiple-codon alignment was produced for each PCG
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from the corresponding aligned predicted protein sequences using PAL2NAL [39]. Then,
positive selection analyses were performed using two codon-based maximum likelihood
methods, i.e., Single Likelihood Ancestor Counting (SLAC) and Fixed Effects Likelihood
(FEL), as implemented via HYPHY (v2.5.39) (MP) [40] on a Linux system. SLAC represents
a substantially enhanced and refined version of the Suzuki-Gojobori counting method and
is designed to assess the rate of nonsynonymous and synonymous substitutions in DNA
sequences, thereby shedding light on the selective pressures operating on specific genes
during the progress of evolution. FEL is also an innovative and statistically robust approach
rooted in likelihood-based methods aiming to characterize the evolutionary dynamics of
genetic sequences in the context of codon substitution models. In this study, the number of
non-synonymous substitutions per non-synonymous site (dN) and the number of synony-
mous substitutions per synonymous site (dS) were estimated using both methods. And the
dN/dS ratio (or w) was taken as a judgment of the selective pressure on each codon of the
PCGs. In detail, the ratio dN/dS > 1 suggests positive or diversifying selection, dN/dS < 1
suggests negative or purifying selection, and dN/dS = 1 indicates neutral evolution. The
significance level of the positive selection estimated from both SLAC and FEL analyses was
set as p-value < 0.05.

3. Results
3.1. General Features of Mitochondrial Genomes

The total length of the eight newly sequenced complete mitogenomes ranged from
16,507 bp in Sargocentron punctatissimum to 16,639 bp in Neoniphon opercularis (Table S1).
All mitogenomes comprised 37 genes, including 13 PCGs, two rRNAs (125 rRNA and 165
rRNA, named rrnS and rrnL), one control region (CR), and 22 tRNAs (Table 1, Figure 1,
Table S2, Figure S1). Taking Myripristis kuntee as an example, the total length of the 13 PCGs
in the mitogenome is 11,439 bp, which accounts for 69.20% of the entire mitogenome. In
total, 12/13 of the PCGs are encoded on the Heavy (H) strand in the positive direction,
except for the gene nad6 (NADH dehydrogenase subunit 6), which is located on the Light
(L) strand in the reverse direction (Figure 1, Table 1). Fourteen of the tRNAs, namely,
trnD, trnK, trnG, trnR, trnH, trnS1, trnl1, trnT, trnF, trnV, trnl2, trnl, truM, and trnW, are
located on the H-strand, while the other eight tRNAs (trnS2, trnE, trnP, trnQ, trnA, trnN,
trnC, and trnY) are located on the L-strand (Figure 1, Table 1). This arrangement pattern
of genes is identical among holocentrid species (Table S2) and is similar to that found in
most vertebrates [41]. The comparative analysis of 14 mitochondrial genomes with respect
to structure reveals that they are almost identical, and no rearrangements of genes have
occurred, but the control region was the most variable region among the species in both
length and nucleotide composition (Figure 2, Figure S2).

Table 1. Summary of the mitochondrial genomes of holocentrid fish. Myripristis kuntee was taken as

an example.

Gene Start End Strand Size (bp) Start Codon  Stop Codon Anticodons

cox1 1 1557 + 1557 GTG AGA —
trnS2 1553 1623 — 71 - — TGA
trnD 1627 1698 + 72 - - GTC
cox2 1712 2402 + 691 ATG T —
trnK 2403 2475 + 73 - — TTT
atp8 2477 2644 + 168 ATG TAA —
atpb 2635 3318 + 684 ATG TAA —
cox3 3318 4103 + 786 ATG TAA -
trnG 4103 4173 + 71 - - TCC
nad3 4174 4524 + 351 ATG TAG -
trnR 4523 4591 + 69 - — TCG
nad4l 4592 4888 + 297 ATG TAA —
nad4 4882 6262 + 1381 ATG T -
trnH 6263 6331 + 69 - — GTG
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Table 1. Cont.

Gene Start End Strand  Size (bp) Start Codon  Stop Codon Anticodons

trnS1 6332 6399 + 68 - - GCT
trnL1 6401 6473 + 73 - - TAG
nad5 6474 8312 + 1839 ATG TAA -
nadé6 8308 8829 - 522 ATG AGG -
trnE 8830 8898 - 69 - - TTC
cob 8905 10,045 + 1141 ATG T -
trnT 10,046 10,117 + 72 — - TGT
trnP 10,122 10,191 - 70 - - TGG
trnF 11,054 11,121 + 68 - — GAA
S 11,122 12,070 + 949 - - -
trnV 12,071 12,142 + 72 - - TAC
rrnL 12,170 13,814 + 1645 - — -
trnL2 13,839 13,912 + 74 - . TAA
nadl 13,913 14,887 + 975 ATG TAA —
trnl 14,892 14,961 + 70 - — GAT
trnQ 14,961 15,031 - 71 — - TTG
trnM 15,031 15,100 + 70 — - CAT
nad2 15,101 16,147 + 1047 ATG TAA -
trnW 16,147 16,219 + 73 — - TCA
trnA 16,221 16,289 - 69 - - TGC
trnN 16,291 16,363 — 73 - — GTT
trnC 16,397 16,461 - 65 - - GCA
trnY 16,462 16,529 — 68 - — GTA
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Figure 1. Map of the mitochondrial genomes of holocentrid species. Myripristis kuntee was taken
as an example. PCGs are indicated by blue arrows, tRNA genes are indicated by brown arrows,
and rRNA genes are indicated by lavender arrows. tRNAs are denoted by single-letter amino acid
abbreviations followed by anticodons. Peaks on the black cycle indicate the GC content, while the
outward and inward directions indicate GC content above or below average level. The purple and
green cycles show the GC skew, where skew values between 0 and 1 are shown in purple and those
between —1 and 0 are shown in green. Ticks in the inner cycle indicate the sequence length.
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Figure 2. Gene arrangement and comparative genome analysis of 14 mitochondrial genomes of
holocentrid species.
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Two types of start codons and five types of stop codons were used in 14 species.
Taking M. kuntee as an example, most of the PCGs begin with the standard codon ATG,
except cox1 (cytochrome c oxidase subunit I), which begins with the codon GTG (Table 1).
Table 1 also displays the utilization of stop codons in the M. kuntee mitochondrial genome.
Overall, seven PCGs (atp8, atp6, cox3, nad4l, nad5, nadl, and nad2) end with TAA, while
nad3 terminates with TAG, nad6 terminates with AGG, cox1 terminates with AGA, and the
remaining three PCGs (cox2, nad4, and cob) end with an incomplete terminating codon T--
(Table 1).

3.2. Nucleotide Composition of Protein-Coding Genes of the Holocentrid Mitogenomes and the
Codon Usage

The nucleotide compositions were comparable among all 14 species. For the whole
mitochondrial genome, the overall A + T content ranges from 53.12% in M. murdjan to
56.85% in N. sammara, while the G + C content ranges from 43.15% in N. sammara to
46.88% in M. murdjan (Table S3). For the PCGs of the 14 mitogenomes, the average A + T
content is 53.95%, which is slightly lower than the average of the whole genome, 54.70%.
When focusing on each of the 13 PCGs, the lowest A + T content was found in nad4l
(50.63 = 1.50%), while the highest was found in cox2 (55.33 & 1.61%) (Table S3). Taking
M. kuntee as an example, the A + T content of its PCGs was 52.20% (Table S3). All the
holocentrid mitogenomes exhibited AT bias in the whole mitogenome, tRNAs, rRNAs, and
most of the PCGs (Figure 3, Table S3). The largest AT-skew values were observed in rRNAs,
all of which were positive, while the smallest and most negative values were found in the
PCG nadé6 (Figure 3, Table S3). For most of the PCGs, the AT-skew was higher than the
GC-skew, except for nad6, which exhibited an unusual AT-skew and GC-skew (Figure 3).
The negative AT-skew and positive GC-skew observed indicated that nad6 displayed an
excess of T over A and G over C. Moreover, the average AT-skew and GC-skew values of
all 13 PCGs were negative (Figure 3, Table S3).

AT-skew GC-skew

PRLEIRF PO L EFITIDIAILELREHFP O DG
N LEFE & @Q}\O@QQO & g? S R S F ’\@5 FEFL L
o

Figure 3. The base skew of various datasets among 14 mitogenomes, with hierarchical clustering of
holocentrid species (y-axis) based on AT skew and GC skew.

The relative synonymous codon usage (RSCU) values for the PCGs are summarized
in Figure 4 and Table S4. Excluding stop codons, there are 3813 codons in the mitogenome
of M. kuntee. The codons encoding Arg, Leu, and Ser are the most frequent, while those
encoding Trp and Met are scarce (Figure 4A). The heatmap, which was generated based on
RSCU values, illustrates the resemblance of codon usage patterns among 14 mitogenomes
(Figure 4B). Among the codons coding Ala, GCC (RSCU = 1.75) is the most frequently used.
Also, it is the most frequently used codon among the 61 codons that encode amino acids.
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Figure 4. (A) Relative synonymous codon usage (RSCU) in the holocentrid mitogenome, for
which Myripristis kuntee was taken as an example. Codon families are indicated below the x-axis.
(B) Heatmap based on RSCU of 14 mitogenomes.

3.3. Transfer RNA and Ribosomal RNA

All 22 typical tRNAs of the vertebrate mitochondrial genome were found in the
mitogenomes (Figure 5A). Taking M. kuntee as an example, the tRNA size ranged from 65
to 74 bp. Most tRNAs could be folded into the canonical clover leaf secondary structure.
The secondary structure of tRNAs generally contains four domains and a short variable
loop: the amino acid acceptor (AA) stem, the dihydrouridine arm (D stem and loop, D),
the thymidine arm (T stem and loop, T), the anticodon arm (AC stem and loop, AC), and
the variable (V) loop (Figure 5A). However, as determined from the comparison of four
representative species from the genera Myripristis, Neoniphon, Sargocentron, and Ostichthys,
trnC-GCA (Cys) is supposed to lose the D loop in M. kuntee and O. japonicus (Figure 5B). The
tRNA trnS1-GCT (Ser) is characterized by a special V loop and a large ring structure in the
D loop in three of the four typical holocentrid species, but O. japonicus does not have these
two structures (Figure 5B). Moreover, all species lack a D stem in trnS1-GCT (Ser), thus
leading to failure in the formation of the typical clover leaf structure (Figure 5B). Regarding
another special tRNA, trnH-GTG (His), when focusing on the T stem, N. opercularis and S.
caudimaculatum possess a small ring due to the high GC content (Figure 5B).
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Figure 5. (A) Putative secondary structure of tRNAs in holocentrid mitogenomes. (B) Differential
secondary structure of trnC-GCA (Ala), trnS1-GCT (Ala), and trnH-GTG (Val) of four holocentrid
species. Arrows were used to highlight the different structural features of the three tRNAs.

Two ribosomal RNAs (12S rRNA and 16S rRNA, or rrnS and rrnL) are located on the
H-strand in all holocentrid mitogenomes. These two genes were separated by trnV-TAC
(Val), a feature often found in the mitochondrial genomes of vertebrates [41-43]. Taking M.
kuntee as an example, the lengths of its 125 rRNA and 16S rRNA genes were 949 bp and
1645 bp, respectively. The total A + T content of these two rRNA genes was 53.93%, higher
than their G + C content. Moreover, this mitogenome had a positive AT-skew (0.27) and a
negative GC-skew (—0.12) (Table S3). Other species showed similar results to M. kuntee.

3.4. Overlaps and Control Regions

When focusing on the 12 protein-coding genes on the heavy strand in the positive
direction, a total of three overlaps from genes were detected in the mitogenomes of holocen-
trids (Table 1, Table S2). Taking Myripristis kuntee as an example, the longest overlap was
found between atp8 and atp6, with a highly conserved 10 bp motif of “AGCTTCTTCG”,
while the second longest overlap was found between nad4l and nad4, with a 7 bp sequence,
“ATGCTAA”. Apart from that, a 5 bp overlapped sequence, “CCTAA”, was observed
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between nad5 and nad6. Also on the same strand, the control region, located between trnP
and trnF, with a range from 838 bp in Sargocentron diadema to 960 bp in Neoniphon opercularis,
was the most variable region among species. Notably, this variable region accounted for
the predominant portion of length discrepancies observed within the mitogenomes of holo-
centrids. Five conserved sequence blocks (CSB), CSB-I, CSB-11I, CSB-III CSB-1V, and CSB-V,
were detected (Figure 6) from the alignment of control regions. The base composition was
extremely unique to each CSB, with CSB-I being T- and A-rich, CSB-II being AT- and C-rich,
CSB-III being T- and C-rich, CSB-1V being C-rich, and CSB-V being A- and C-rich (Table 2).

CSB-1
Sargocentron caudimaculatum ~~GCACTTAACTGAACTATTCCTGGCATTTGGTTCCTACTTCAGGGCCATT
Sargocentron spiniferum —GCACTTAACTGAATTATTCCTGGCATTTGGTTCCTAATTCAGGGTCATT
Sargocentron melanospilos —TCACTTGATTGAACTATTCCTGGCATTTGGTTCCTATTTCAGGAACA-—
Sargocentron rubrum —-TCACTTGATTGAACTATTCCTGGCATTTGGTTCCTATTTCAGGAACA-—
Neoniphon sammara —GCACTTTGATGAACTATTACTGGCATTTGGTTCCTATTTCAGGTACAT-
Sargocentron diadema ~TCACTTATTTGAATTATTCCTGGCATTTGGTTCCTATTTCAGGGCCATA

—GCACTTTAATGAATTATTACTGGCATTTGGTTCCTATTTCAGGGCCAT-
GGCATTTGAATGAACTATTACTGGCATCTGGTTCCTATTTCAGGTCCAT-
—ACACTT-AATGATCTATTACTGGCATCTGGTTCCTATTTCAGGTATAA-
—ACACTT-AATGATCTATTACTGGCATCTGGTTCCTATTTCAGGTACAA-
—ACACTA-AATGATCTATTACTGGCATCTGGTTCCTACTTCAGGCACA-—
—ACACTG-AGTGATCTATTACTGGCATCTGGTTCCTATTTCAGGTACAA-
Myrij i —TCACTT-AGTGAACTATTCCTGGCATTTGGTTCCTACTTCAGGTCCAT-
Ostichthys japonicus —TCACTT-AGTGAACTATTCCTGGCATTTGGTTCCTATTTCAGGTCCAT-

Sargocentron punctatiss
Neoniphon opercularis

% % KAk AKAE KA kkkkkkkkk KKKKKK ok
CSB-II
Sargocentron caudimaculatum  ATGGTGGTAATACATA--TTAACCTTTAC-CCCACATGCCGGGCATTCTC
Sargocentron spiniferum ATGGTGGTAATACATA--TTAACCTTTAC-CCCACATGCCGGGCATTCTC
Sargocentron melanospilos ATGGTGGTAATACATA--TTAACCTTTAC-CCCCCATGCCGAGCGTTCTT
Sargocentron rubrum ATGGTGGTAATACATA--TTAACCTTTAC-CCCCCATGCCGAGCGTTCTT
Neoniphon sammara ATGGTGGTAATACATAAGTTAACCTTTAC-CCCACATGCCGGGCGTTCCT
Sargocentron diadema ATGGTGGAATTACATA--TTAACCTTTAC-CCCACATGCCGAGCACTCTT
Sargocentron punctatissimum — ATGGTGG-AGTACATAA-TAAACCTTTAC-CCCACATGCCGAGCATTCTC

Neoniphon opercularis ATGGTGGAATTACATA--TGAACCATTAAACCCACATGCCGGGCATTCTT
¢ i ATGGTGG-CGTACATAA-ATACCCTTTAC-CCCACATGCCGAGCACTCTT
ATGGTGG-CGTACATAA-ATACCCTTTAC-CCCACATGCCGAGCACTCTT
ATGGTGG-AGTACATAG-TTACCCTTTAC-CCCACATGCCGGGCGCTCTT
ATGGTGG-AGTACATAG-TCACCCTTTAC-CCCACATGCCGGGCGCTCTT
ATGGTGG-AGAACATA--TTACCCTTTAC-CCCACATGCCGGGCACTCTT

Ostichthys japonicus ATGGTGG-AAAACATA--TTACCCGTTAC-CCAGCATGCCGAGCACTCTT
[P ok kk Kok kxk kx xkkAkxk Ak kx
CSB-III
Sargocentron caudimac GCC-AAAGGGCAGTTGGTTCTCCTTTTTTAGCTTCCTTTCACCTTACATT
Sargocentron spiniferum GCT-AAGGGGCAGTTGGTTTTCCTTTTTTAGCTTCCTTTCACCTTACATC
Sargocentron melanospi TCT-AAGGGGCAACGGGTTTTCCTTTTT-AGCTTCCTTTCACCTTACATT
Sargocentron rubrum TCT-AAGGGGCAACGGGTTTTCCTTTTT-AGCTTCCTTTCACCTTACATC
Neoniphon sammara TCT-AAGGGACAATTGGTTAATCTTTTTTAGCTTCCTTTCATTTTACATC
Sargocentron diadema TCCCGAGGGGCAAGGGGTTTTCCTTTTT-AGCTTCCTTTCACTTTACATC
Sargocentron punctatissimum  TCC~RAAGGGCAATTGGTATTTCTTTTTTAGCTTCCTTTCACTTTACATT
Neoniphon opercularis TCC-AAAGGACAATGGGTTTATAATTTTTAGCTTCCTTTCACTTGACATC
My istis kuntee TCT-AARAGGGTAAGGGGTTTTACCTTTTCCGCTCCCTTTCATTTTACATT
Myripristis violacea TCT-AAAGGGTAAGGGGTTTTACTTTTTCCGCTCCCTTTCATTTTACATT

1 is murdjan TCT-AAAGGGTAAGGGGTTTACCTTTTTTCGCTCCCTTTCATTTCACATC
Myripristis berndti TCT-AAAGGGTAAGGGGTTTACCTTTTTTCGCTCCCTTTCATTTTACATC
1 vittata TCT-AATGGGCAACGGGTTTACCTTTTTCCGCTCCCTTTCATCTTACATC
Ostichthys japonicus TCT-AAAGGGCAAGGGGTTC-TCTTTTTTAGCTTCCTTTCATCTTACATC

* * okk ok kkk Kkkk kkk kkkkkkk ok kkkk
CSB-1V

Sargocentron caudimaculatum CCCCCTTCGTTTTTGCGCGTTAAACCCCCC-TACCCCCC-AACACCCCTA
Sargocentron spiniferum CCCCCTCCGTTTTTGCGCGTTAAACCCCCC-TACCCCCC-AACACCCCTA
Sargocentron melanospilos CCCC-TCCGTTTTTGCGCGTTAAACCCCCC-TACCCCCCTAACACTCCTG
Sargocentron rubrum CCCC-TCCGTTTTTGCGCGTTAAACCCCCC-TACCCCCCTAACACTCCTA
Neoniphon sammara CCCC-CTGGGTTTTGCGCGTTAAACCCCCC-TACCCCCC-AATACTCCTA
Sargocentron diadema CCCCCTCGGTTTTTGCGCGT-AAACCCCCC-TACCCCCC-AATACTCCTG

gocentre issi CCCC-CTGGTTTTTGCGCGT-AAACCCCCC-TACCCCCC-AACACTCCTG
Neoniphon opercularis CCCC-CTGGTTTTTGCGCGTTAAACCCCCC-TACCCCCC-TATACTCCTG
Myripristis kuntee CCCC-CTGGCTTTTTCGCGTTAAACCCCCC-TACCCCCC-TACACCCCTG
M is violacea CCCC-CTGGCTTTTTCGCGTTAAACCCCCC-TACCCCCC-TACACCCCTG

Myripristis murdjan CCCC-CTGGTTTTTTCGCGTTAAACCCCCCCTACCCCCC-TACACTCCTG
Myrij is berndti CCCC-CTGGTTTTTTCGCGTTAAACCCCCCCTACCCCCC-TACACTCCTG
My) Vi CCCC-CTGGTTTTTTCGCGT-AAACCCCCC-TACCCCCC-TACACCCCTG
Ostichthys japonicus CCCC-TCGGCTTTTGCGCGTCAAACCCCCC-TACCCCCC-TACACTCCTG
[ X kdkkk kkkkk kdkkkkkkkk Kk kkkk ok kK KAk
CSB-V

Sargocentron caudimaculatum AGATCTCTATCACTCCTGTAAACCCCCCGGAAACAGGATAAACCTTCGGG
Sargocentron spiniferum AGATCTCTATCACTCCTGTAAACCCCCCGGAAACAGGATAAACCTTCGGG

ocentron melanospilos AGATCTATATTATTCCTGTAAACCCCCCGGAAACAGGA--AAACCTCGAG
Sargocentron rubrum AGATCTATATTATTCCTGTAAACCCCCCGGAAACAGGA--AAACCTCGAG
Neoniphon sammara AGATTCCTAATATTCCTGTAAACCCCC-GARRACAGGACTAAACCTCGAG
Sargocentron diadema AGATTACTATTATTCCTGTAAACCCCCCGGAAACAGGATCTAACCCCGAG
Sargocentron punctatissimum — AGATCGCTATTATTCCTGCAAACCCCCCGGAAACAGGAC--AACCTCGAG
Neoniphon opercularis AGATCACTGTCATTCCTGCAAACCCCC-GAAAACAGGACTAAACCTCGAG
Myripristis kuntee AGACCTCTATCACTCCTGCAARACCCCCCGGAAACAGGAC-AAATCTCAAA

Myripristis violacea AGACCTCTATCACTCCTGCAAACCCCCCGGAAACAGGAC-AAATCTCAAA
Myripristis murdjan AGATCCTTATCACTCCTGCAAACCCCCCGGAAACAGGAC-AAACCTCAAA
Myripristis berndti AGATCCTTATCACTCCTGCAAACCCCCCGGAAACAGGAC-AAACCTCAAA

Myripristis vittata AGACCTCTATCACTCCTGCAAACCCCCCGGARACAGGAA-AAGTCTCAAA
Ostichthys japonicus AGATCTTTATTACTCCTGCAAACCCCCCGGARACAGGAA-A-GTCTCAAG
*xx Kk AAAAE kkkkkkKK K KKKKKAARK *

Figure 6. Conserved sequence blocks (CSBs) of the control region in the holocentrid mitogenomes.
The asterisks are used to indicate the conserved sites.
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Table 2. The base composition of the CSBs of the control region of parrotfish mitogenomes.

Base Composition (%) CSB-1I CSB-1I CSB-III CSB-1V CSB-V
A 27.66 25.53 18.37 12.77 36.73
T 38.30 25.53 42.86 23.40 14.29
G 14.89 17.02 16.33 10.64 12.24
C 19.15 3191 22.45 53.19 36.73

On the light strand, the special non-coding region Oy, (the origin of light strand repli-
cation), with a length ranging from 28 to 37 bp among species, is known to regulate the
encoding of the nad6 gene and eight tRNAs. Structurally, Oy, is situated within the cluster
of five tRNA genes (WANCY), and its secondary structure exhibits a stable stem-loop con-
figuration, characterized by a tight structure with seven G-C pairs in the genera Neoniphon,
Sargocentron, and Ostichthys and eight G-C pairs in the genus Myripristis (Figure 7). The
G-C base pairs forming the stem exhibited a high level of conservation, maintaining their
stability across different instances. In contrast, the composition of bases within the loop
region displayed variability, with the presence of T being notably limited.

AR

N.opercularis ~ N.sammara S.punctatissimum  S.diadema S.caudimaculatum

()

S.spiniferum  S.melanospilos S.rubrum O.japonicus
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M.vittata M.murdjan M.berndti M.kuntee M.violacea
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Figure 7. Putative secondary structure of the origin of L strand replication (Op) in 14 holocentrid
species. The color-scaled bar represents base pairing probabilities calculated using CentroidFold
software (http:/ /rtools.cbrc.jp/centroidfold/, accessed on 1 September 2023).

3.5. Phylogenetic Analysis

To explore the evolutionary patterns of the 14 holocentrid species, phylogenetic trees
were constructed using both ML and BI methods based on 13 PCGs, and three parrotfish
from our previous study were used as outgroups [15]. The topological structures of the
phylogenetic trees obtained using the two methods were congruent, except that the BI
tree had higher support values on the clade of Neoniphon (Figure 8). Both trees delimited
two prominent clades: clade A and clade B. Clade A consists of species from the genera
Ostichthys and Myripristis, while clade B consists of the other two genera, Neoniphon and
Sargocentron. In general, different species of the same genus clustered into the same clade.
In clade B, the genera Neoniphon and Sargocentron clustered together, with BI posterior
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probabilities (PP) equal to 1 and an ML bootstrap (BP) equal to 100, which implies a close
relationship phylogenetically. However, the fact that the Neoniphon clade has become
independent suggests it is a new population or a close relative of the genus Sargocentron.
O.japonicus in clade A clustered together with species of Myripristis, suggesting its mor-
phological similarity with that genus. Interestingly, two subfamilies of Holocentridae,
Holocentrinae and Myripristinae, were clearly distinguished with high confidence, with a
PP equal to 1 and a BP equal to 100, suggesting the independence of the squirrelfish and
the soldierfish groups and potential differences in morphology and feeding habits between
these two subfamilies.

1/100

Genus and Species Common name Subfamily Family
N.opercularis Blackfin squirrelfish
1/100
1/100 N.sammara Sammara squirrelfish
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Figure 8. Phylogenetic trees were constructed using the nucleotide sequences of the 13 PCGs of the
holocentrid mitogenomes, and three parrotfish mitogenomes were taken as the outgroup. Both the BI
method and the ML method were used. The numbers beside the nodes are posterior probabilities (BI)
and bootstraps (ML), respectively.

3.6. Non-Synonymous, Synonymous Substitutions, and Positive Selection

To better understand the role of selective pressure, the dN and dS values of the PCGs
were calculated using two codon-based maximum likelihood methods, SLAC and FEL. A
total of 3381 amino acid sites was calculated using both methods (Figure 9). As determined
from the SLAC result, 378 sites are prone to undergoing positive/diversifying selection
(dN — dS > 0), but the p-values were not significant (>0.05). Of the rest 3003 sites, 1784 are
under negative/purifying selection, with dN — dS < 0 and a p-value < 0.05 (Figure 9A),
while the others have a p-value > 0.05. From the FEL analysis, 2459 sites were detected with
dN/dS <1 (w < 1) (Table S5). nad5 and atp8 presented the highest and lowest numbers
of amino acids under purifying selection, respectively (Figure 9B), while nad4 presented
the highest percentage of amino acids under purifying selection (Figure 9C). Collectively,
all PCGs were subject to purifying selection, with most dN — dS values lower than 0 or
dN/dS values lower than 1 (w < 1), taking a p-value < 0.05 as a threshold.
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Figure 9. Positive selection of the 13 PCGs in the mitogenomes. (A) Detailed site-by-site AN — dS
results from the SLAC analysis. (B) Number of amino acids under purifying selection (AN/dS < 1 or
w < 1) determined via the FEL method. (C) % of amino acids under purifying selection determined
using the FEL method.

4. Discussion

In this study, we found that the overall codon usage among the 14 holocentrid species
is similar. But when focusing on the PCGs within each species, most of the genes begin with
the standard codon ATG, except cox1, which begins with the codon GTG. Previous research
reported that ATG was the most prevalent in the mitochondrial genome of vertebrates
and was exclusively used in the cox3 gene, while GTG was primarily utilized in the cox1
gene in over 95% of species [14]. In fish, such as the fathead minnow (Pimephales promelas)
and parrotfishes, ATG acts as the start codon for all PCGs except cox1, which uses GTG as
the start codon [15,44]. Unlike bony fish, in certain marine animals, like sea cucumbers,
the start codon GTG is frequently employed in the genes responsible for encoding NADH
dehydrogenase subunits, including genes like nadl, nad4l, and nad5 [45]. Stop codon usage
of the mitogenomes was also found to be similar among species, with more than half of
the PCGs (7/13) using TAA as a stop codon; three PCGs terminating with TAG, AGG, and
AGA, respectively; and the other PCGs ending with an incomplete terminating codon,
i.e., T. The usage of start and stop codons in this study is comparable to findings for other
fish. Satoh et al. (2016) conducted a codon usage analysis on 250 fish and discovered the
utilization of nine types of start codons and seven types of stop codons [14]. The most
frequently used start codons were ATG and GTG, whereas TAA, TAG, AGA, and AGG
were all used as complete stop codons. Additionally, three types of incomplete stop codons
(TA-, T--, and AG-) were also employed.

The RSCU analysis revealed that the codons were more prone to using A and T than
C and G. The codons encoding Arg, Leu, and Ser were highly abundant, whereas those
encoding Trp appeared infrequently (Figure 4A). These results are similar to those on the
codon usage in the Characidae family [46] but different from this usage for invertebrate
species such as Lysmata vittate [47]. Moreover, GCC-Ala (RSCU = 1.75) is the most frequently
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used codon in the mitogenome of M. kuntee. Usually, the RSCU intuitively reflects the
preference for codon usage [48]. The observed bias of A and T nucleotides in holocentrid
species likely contributed to a corresponding bias in the usage of codons. Previous studies
reported that a notable characteristic of the mitochondrial genome in other teleost species
is the A and T bias, resulting in a consequential bias in the encoded amino acids [14,15].

The comprehensive phylogenetic tree generated using the mitogenomes of holocentrid
fish indicates the evolutionary position of the two subfamilies. The subfamilies distinctly
diverged, which was supported with high confidence, providing evidence explaining the
differences in morphology and feeding habits between the two subfamilies. According to
previous studies, fish from these two subfamilies share some similarities but also demon-
strate unique characteristics in their habitats and lifestyles. During the larval stage, both
subfamilies live in the upper pelagic ocean and feed on zooplankton [49]. As they transi-
tion into juvenile life, the majority of holocentrids migrate to shallow tropical coral reef
habitats [10], where the subfamily Holocentrinae adopts a nocturnal lifestyle and feeds
on benthic crustaceans, while the subfamily Myripristinae feeds on zooplankton in the
water column [50]. Our previous study on parrotfish indicated that ecological differences
in habitats affect the formation of morphology and feeding habits and might act as the
primary driving force in species diversification [15]. And the visual system of the two
subfamilies differed after settlement, with Myripristinae showing a more pronounced
adaptation for scotopic vision than Holocentrinae [2]. Moreover, high-confidence clades
support the notion of two genera in each clade. Within Holocentrinae, a previous analysis
indicated that there was strong support for the genera Neoniphon and Sargocentron being
paraphyletic [51]. In more specific terms, the genome characteristics of the mitochondrion
indicate that the species N. opercularis and N. samara are phylogenetically closer to S. punc-
tatissimum and S. diadema than to other species within the genus Sargocentron. This could
suggest the existence of an evolutionary correlation between the two genera. However,
the cited author proposed that Neoniphon and Sargocentron probably underwent a complex
evolution but did not derive from a common ancestry as determined via Bayesian ancestral
state reconstruction methods [51].

Positive selection is an evolutionary process in which advantageous genetic variations
(mutations) increase in frequency within a population. However, under natural conditions,
the primary form of selection is purifying selection, which continually removes harmful
mutations that occur in each generation [52,53]. In this study, the purifying selection
for PCGs was prominent, thus ensuring that deleterious mutations cannot take over the
population of Holocentridae. Previous studies on other reef fish have also shown that PCGs
of the mitochondrial genome undergo purification selection [15], indicating fewer amino
acid variations during evolution. The nad5 is a core subunit of NADH dehydrogenase,
which is located on the mitochondrial membrane and is involved in the function of the
respiratory chain, while atp§ synthesizes ATP and serves as the primary energy source for
mitochondrial oxidative phosphorylation. The properties of purification exhibited by nad5
and atp8 make them potential markers for identifying holocentrids.

5. Conclusions

In this study, a mitogenome study was employed to investigate the genetic diversity,
population structure, and evolutionary relationships of the reef fish family Holocentridae.
Eight holocentrid mitogenomes were sequenced, and a comparative mitogenome analysis
with six published holocentrid fish was performed. Our characteristic analysis indicated
that a typical holocentrid mitogenome is 16,239 bp in length and encodes 37 genes. For all
the species, the mitogenome structures were relatively conserved. The whole genomes of
the mitochondria exhibited positive AT-skews and negative GC-skews. Among the 13 PCGs,
nad6 was the most specific gene that exhibited negative AT-skews and positive GC-skews.
GCC-Ala is the most frequently used codon in the mitogenome. Most of the genes, except
cox1, begin with the standard codon ATG. Our phylogenetic analysis supports the notion
that the genera Sargocentron and Neoniphon belong to the subfamily Holocentrinae, while the
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genera Myripristis and Ostichthys belong to the subfamily Myripristinae. The clades provide
evidence to explain the differences in morphology and feeding habits between different
subfamilies. The conducted positive selection analysis indicates that all the PCGs were
under purifying selection. nad5 and atp8 are potential markers for identifying holocentrids.
Our study contributes to an in-depth understanding of the biological characteristics and
evolutionary relationships of holocentrid fish and enriches the mitochondrial genome
resources of coral reef fish.
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Simple Summary: The present research enriches our comprehension of the mitogenomic genetic
features, genetic diversity, evolutionary past, and conservation prerequisites of Psettodes flatfishes
on a global scale. This study focuses on the matrilineal evolutionary path of these primitive groups,
with a specific emphasis on the complete mitogenome of the Psettodes belcheri and casting light on its
genetic composition, structural traits, and evolutionary chronicle. Exploring genetic variations and
phylogenetic relationships uncovers the intricate evolutionary links between Psettodes species and
their broader context within the Pleuronectiformes species. The complex interplay of hydrographic
conditions, ocean currents, and ecological factors emerges as pivotal in shaping the evolutionary
landscape of these flatfishes. Given the potential consequences for conservation, this study highlights
the necessity for a holistic comprehension of marine environments and the ramifications of climate
change and human interventions on flatfish species.

Abstract: The mitogenomic evolution of the Psettodes flatfishes is still poorly known from their range
distribution in eastern Atlantic and Indo-West Pacific Oceans. The study delves into the matrilineal
evolutionary pathway of these primitive flatfishes, with a specific focus on the complete mitogenome
of the Psettodes belcheri species, as determined through next-generation sequencing. The mitogenome
in question spans a length of 16,747 base pairs and comprises a total of 37 genes, including 13 protein-
coding genes, 2 ribosomal RNA genes, 22 transfer RNA genes, and a control region. Notably,
the mitogenome of P. belcheri exhibits a bias towards AT base pairs, with a composition of 54.15%,
mirroring a similar bias observed in its close relative, Psettodes erumei, which showcases percentages of
53.07% and 53.61%. Most of the protein-coding genes commence with an ATG initiation codon, except
for Cytochrome c oxidase I (COI), which initiates with a GTG codon. Additionally, four protein-
coding genes commence with a TAA termination codon, while seven others exhibit incomplete
termination codons. Furthermore, two protein-coding genes, namely NAD1 and NADS, terminate
with AGG and TAG stop codons, respectively. In the mitogenome of P. belcheri, the majority of
transfer RNAs demonstrate the classical cloverleaf secondary structures, except for tRNA-serine,
which lacks a DHU stem. Comparative analysis of conserved blocks within the control regions of two
Psettodidae species unveiled that the CSB-II block extended to a length of 51 base pairs, surpassing
the other blocks and encompassing highly variable sites. A comprehensive phylogenetic analysis
using mitochondrial genomes (13 concatenated PCGs) categorized various Pleuronectiformes species,
highlighting the basal position of the Psettodidae family and showed monophyletic clustering of
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Psettodes species. The approximate divergence time (35—10 MYA) between P. belcheri and P. erumei was
estimated, providing insights into their separation and colonization during the early Miocene. The
TimeTree analysis also estimated the divergence of two suborders, Psettodoidei and Pleuronectoidei,
during the late Paleocene to early Eocene (56.87 MYA). The distribution patterns of Psettodes flatfishes
were influenced by ocean currents and environmental conditions, contributing to their ecological
speciation. In the face of climate change and anthropogenic activities, the conservation implications
of Psettodes flatfishes are emphasized, underscoring the need for regulated harvesting and adaptive
management strategies to ensure their survival in changing marine ecosystems. Overall, this study
contributes to understanding the evolutionary history, genetic diversity, and conservation needs of
Psettodes flatfishes globally. However, the multifaceted exploration of mitogenome and larger-scale
genomic data of Psettodes flatfish will provide invaluable insights into their genetic characterization,
evolutionary history, environmental adaptation, and conservation in the eastern Atlantic and Indo-
West Pacific Oceans.

Keywords: marine fish; ancient lineages; mitogenome; phylogeny; evolution; oceanography

1. Introduction

Flatfishes, also known as flounders, soles, halibuts, turbots, plaices, and tonguefishes,
are classified as Pleuronectiformes. This order is split into two suborders: Psettodoidei,
which includes the single-family Psettodidae, and Pleuronectoidei, which includes 13 fami-
lies [1]. Flatfishes live mostly in tropical and subtropical marine habitats, preferring shallow
parts of the continental shelf with soft sandy bottoms [2]. Their evolutionary journey,
particularly marked by cranial asymmetry and unique scale structures, has facilitated
their successful adaptation and dominance in benthic aquatic habitats [3-5]. The genus
Psettodes is a “primitive” flatfish group within the monotypic Psettodidae family, with three
recognized species: Psettodes belcheri, Psettodes bennettii, and Psettodes erumei [6]. While
P. erumei, commonly referred to as the Indian halibut, ranges expansively across the Red Sea
and the Indo-West Pacific Ocean, the other two species are confined to the eastern Atlantic.
Intriguingly, the ranges of P. belcheri and P. bennettii exhibit partial overlap, spanning from
the west Sahara to the Liberian coast.

The economic significance of flatfishes has led to their frequent capture through dem-
ersal trawling in marine ecosystems [7]. The Indian halibut (P. erumei) is heavily harvested
within the tropical fishing zone as defined by the United Nations Food and Agriculture
Organization (FAO) [8]. Despite this heavy exploitation, the IUCN Red List classifies infor-
mation on the status of these three Psettodes species as ‘Data Deficient.” [9]. Furthermore,
the extraordinary transformation from bilateral pelagic larval symmetry to adult flattened
symmetry limits flatfishes to demersal zones on the sea bottom, owing to their unusual
temperature-mediated spawning behavior [10]. While most flatfish species have either a
right-sided (dextral) or a left-sided (sinistral) mouth, several species, including Psettodes,
display varying degrees of dextral to sinistral polymorphism [11]. This sexual dimor-
phism in external morphology often poses challenges in species identification. Moreover,
this characteristic complexity in external appearance frequently hinders precise species
differentiation among flatfishes [12].

The integration of molecular data has become integral in the exploration of global
flatfish species, encompassing diverse aspects such as species identification [13], systematic
classification [14], phylogenetic relationships [15], and population structure estimation [16].
Genetic information has also found utility in identifying valuable commercial species and
managing aquaculture stocks [17,18]. The acquisition of comprehensive genomic resources
is pivotal for advancing flatfish research and its manifold applications [19]. While the
origins of flatfishes have long been debated, recent molecular insights lend support to the
concept of a ‘lower-percoid” origin, a perspective gaining prominence in the field of teleost
ichthyology [20-22]. The taxonomic placement of Psettodes has stirred argument, especially
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in the context of analyses involving nuclear and mitogenomic data. This genus consistently
diverges from other flatfishes (Pleuronectiformes), instead aligning with other carangi-
morphs [23-26]. A comprehensive phylogenetic analysis utilizing 1000 ultraconserved
DNA element loci across 45 carangimorphs subsequently solidified the monophyly of flat-
fishes [27]. Later studies, involving complete mitogenome-based phylogeny and molecular
clock analyses, offered insights into the enigmatic placement and evolutionary divergence
of the Psettodes genus within the context of other carangimorphs and pleuronectoids [28,29].
However, these investigations were limited to a single Psettodes taxon (P. erumei) from the
Indo-Pacific region, highlighting the need for expanded inquiries involving other congeners
from the Atlantic Ocean.

An integrated strategy that looks beyond superficial investigation is required for an
accurate appraisal of speciation within maritime ecosystems. Advances in technology,
spanning maritime engineering to genomics, are facilitating the investigation of marine
speciation [30,31]. To enhance our grasp of Psettodes’ maternal evolutionary path, this study
seeks to construct the complete mitogenome of P. belcheri, elucidate its genomic attributes,
and establish its phylogenetic relationships. This endeavor contributes to understanding
the maternal evolution of these ancient lineages in marine environments, strengthening
the mitogenomic repository of flatfishes, and expanding our scientific insight into the
Psettodidae family on a global scale. While marine habitats harbor a diverse array of life
forms, our understanding of speciation in marine ecosystems is comparatively limited
compared with freshwater systems, necessitating urgent exploration of the mechanisms
driving speciation and adaptation [32]. Given the unique distribution of Psettodidae
flatfishes across the eastern Atlantic, Red Sea, and Indo-West Pacific Ocean, this study
also aims to estimate the divergence time between two Psettodidae species (P. belcheri and
P. erumei) and investigate potential evolutionary scenarios within the marine environment.

2. Materials and Methods
2.1. Sampling and Species Identification

A solitary specimen of the spottail spiny turbot, scientifically known as P. belcheri, was
acquired from the estuaries of the Kineke River (latitude 2.938611° N, longitude 9.911667° E)
located in Kribi, Cameroon (Figure 1). The identification process was meticulously carried
out in accordance with available taxonomic keys [33]. Upon euthanizing the specimen with
MS-222 (200 mg /L), muscle tissue was aseptically collected from the ventral thoracic region.
The voucher specimen was duly archived in 10% formaldehyde at the Fisheries and Animal
Industries department (MINEPIA) in Yaoundé, Cameroon. Simultaneously, a tissue sample
was preserved at the Department of Marine Biology, Pukyong National University in
Busan, South Korea. The Institutional Animal Care and Use Committee of the host institute
granted approval (Approval Code: PKNUIACUC-2022-72, dated 16 December 2022) for
the utilization of deceased fish muscle tissue in molecular investigations. To enhance
our comprehension of their geographical distribution, global maps of Pleuronectiformes,
inclusive of the range distributions of P. belcheri and its congeners (P. erumei and P. bennettii),
were obtained in .shp file format from the IUCN database (https://www.iucnredlist.org/,
accessed on 15 August 2023) (Figure 1).

2.2. DNA Extraction, Mitogenome Sequencing, and Assembly

The AccuPrep® Genomic DNA extraction kit, manufactured by Bioneer in Daejeon,
Republic of Korea, was utilized to extract genomic DNA, following the established standard
protocol. The quality and quantity of the resulting genomic DNA were meticulously evaluated
employing a NanoDrop spectrophotometer (Thermo Fisher Scientific D1000, WA, USA). To
obtain the comprehensive mitogenome of P. belcheri, sequencing procedures were executed
using the NovaSeq platform, provided by Illumina and accessible at Macrogen (https://dna.
macrogen.com/, accessed on 15 August 2023) in Daejeon, Republic of Korea. The sequencing
libraries were prepared following the manufacturer’s instructions for the TruSeq Nano DNA
High-Throughput Library Prep Kit (Illumina, Inc., San Diego, CA, USA). In short, 100 ng of
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genomic DNA underwent fragmentation using adaptive focused acoustic technology (Covaris,
Woburn, MA, USA), resulting in blunt-ended dsDNA molecules with 5'-phosphorylation.
After the end-repair step, DNA fragments were size selected using a bead-based method.
These fragments were then modified with the addition of a single ‘A’ base and ligated with
TruSeq DNA UD Indexing adapters. Subsequently, the products were purified and enriched
through PCR to create the final DNA library. Library quantification was performed using
gPCR, following the gPCR Quantification Protocol Guide (KAPA Library Quantification kits
for Illumina Sequencing platforms), and quality assessment was carried out using Agilent
Technologies 4200 TapeStation D1000 screentape (Agilent Technologies, Santa Clara, CA,
USA). Finally, paired-end (2 x 150 bp) sequencing was performed by Macrogen using the
NovaSeq platform (Illumina, Inc., San Diego, CA, USA). Over 20 million raw reads underwent
processing using the Cutadapt tool (http://code.google.com/p/cutadapt/, accessed on 15
August 2023) to trim adapters and remove low-quality bases, with a Phred quality score (Q
score) cutoff of 20. The Geneious Prime version 2023.0.1 was used to assemble the targeted
genome from the high-quality paired-end NGS reads. This assembly was accomplished by
employing reference mapping with the mitogenome of a closely related species as a reference,
and we employed default mapping algorithms. Mitogenome assembly was accomplished
by scrutinizing the alighment of overlapping regions via MEGA X [34]. The boundaries
and orientations of individual genes were validated using the MITOS v806 (http:/ /mitos.
bioinf.uni-leipzig.de, accessed on 15 August 2023) and MitoAnnotator (http:/ /mitofish.aori.u-
tokyo.acjp/annotation/input/, accessed on 15 August 2023) web servers [35,36]. To further
corroborate protein-coding genes (PCGs), the translated putative amino acid sequences were
scrutinized using the Open Reading Frame Finder web tool (https:/ /www.ncbi.nlm.nih.gov/
orffinder/, accessed on 15 August 2023), based on the vertebrate mitochondrial genetic code.
The resultant mitogenome of P. belcheri was duly submitted to the global GenBank database.

Antarctica Warm Current » Cold Current

Figure 1. Global distribution of Pleuronectiformes along with the ocean surface currents (warm and
cold currents are marked by the red and blue arrow, respectively). Collection locality of Psettodes
belcheri is marked by a red pin from Cameroon, Africa. The .shp files were acquired from the [IUCN
database (accessed on 15 August 2023). The species photographs were taken by the sixth author
(F.Z.G) and edited manually in Adobe Photoshop CS 8.0.

2.3. Mitogenomic Characterization

A spherical representation of the generated mitogenome was crafted using MitoAn-
notator (http://mitofish.aori.u-tokyo.ac.jp/annotation/input/, accessed on 15 August
2023). A comprehensive comparative analysis was carried out to assess the mitoge-
nomic architecture and variations within our generated sequence in relation to two pre-
existing mitogenomes from a single congener, P. erumei (FJ606835, sourced from China,
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and AP006835, sourced from Japan). The calculation of intergenic spacers, which separate
adjacent genes, and overlapping regions was performed manually. To determine the nu-
cleotide compositions of protein-coding genes (PCGs), ribosomal RNA (rRNA), transfer
RNA (tRNA), and the control region (CR), we employed MEGA X [34]. Similarly, base
composition skews, as previously detailed, were computed using the following formulas:
AT-skew = [A — T]/[A + T], GC-skew = [G — C]/[G + C] [37]. The verification of initiation
and termination codons for each PCG, as well as adherence to the vertebrate mitochondrial
genetic code, was carried out using MEGA X. Additionally, the boundaries of rRNA and
tRNA genes were confirmed through the use of the tRNAscan-SE Search Server 2.0 in
conjunction with ARWEN 1.2 [38,39]. Structural domains within the control region were
delineated through CLUSTAL X alignments [40], and tandem repeats were explored uti-
lizing the online Tandem Repeats Finder web tool (https:/ /tandem.bu.edu/trf/trf html,
accessed on 15 August 2023) [41].

2.4. Genetic Distance, Phylogenetic Analyses, and TimeTree Estimation

Genetic distances were computed using the Kimura 2-parameter (K2P) method within
MEGA X. Due to the unavailability of the complete mitogenome of P. bennettii, intra-species
and inter-species distances were determined using the widely employed mitochondrial
COI gene. To elucidate the matrilineal phylogenetic connections, 14 mitogenomes from
13 Pleuronectiformes species were sourced from the GenBank database (accessed on 15 Au-
gust 2023) [28,42—49] (Table S1). Dataset preparation adhered to methodologies outlined
in two recent Pleuronectiformes studies [26,50]. The spotfin flounder, Cyclopsetta fimbriata,
was categorized within the recently established family Cyclopsettidae (=Paralichthyidae II).
Additionally, two Cynoglossidae species were included: Cynoglossus gracilis (=Cynoglos-
sidae I) and Symphurus orientalis (=Cynoglossidae II). The mitogenome of Lates calcarifer
(DQO010541), from the Centropomidae family, was incorporated as an outgroup. Concate-
nation of all 13 PCGs was executed using the iTaxoTools 0.1 tool to construct the dataset
for phylogenetic analysis [51]. In order to prevent inadvertent gaps within the dataset
alignment, we consciously excluded the non-coding rRNA genes and control regions from
the current phylogenetic analysis. Model selection yielded the ‘GTR + G + I’ model as
the most suitable, determined by the lowest Bayesian Information Criterion (BIC) score
using PartitionFinder 2 through CIPRES Science Gateway v3.3 and JModelTest v2 [52-54].
Employing Mr. Bayes 3.1.2, a Bayesian (BA) tree was constructed, employing nst = 6, along
with one cold and three hot Metropolis-coupled Markov Chain Monte Carlo (MCMC)
chains. The analysis spanned 10,000,000 generations with tree sampling at every 100th
generation and 25% of samples discarded as burn in [55]. Visualization of the BA tree
was accomplished using the iTOL v4 web server (https://itol.embl.de/login.cgi, accessed
on 15 August 2023) [56]. Additionally, the divergence time estimation was performed
using the RelTime method following standard protocol as implemented in MEGA X [57].
This approach was intended to reduce the large computational time involved in Bayesian
methods [58,59]. After loading the sequences data, the constructed maximum-likelihood
topology (nwk format) was used as a baseline tree. After specifying the outgroup taxa,
the TimeTree computation incorporated two calibration constraints through the calibration
editor: the divergence from the sister lineage of Citharidae (55.54 MYA) and Achiridae
(49.73 MYA), as established in a previous study [28].

3. Results and Discussion
3.1. Mitogenomic Structure and Organization

In this study, the mitogenome of P. belcheri (16,739 bp) was characterized and assigned
the GenBank accession number OR231239. The circular mitogenome of P. belcheri comprised
13 protein-coding genes (PCGs), 22 transfer RNA genes (tRNAs), 2 ribosomal RNA genes
(rRNAs), and a non-coding AT-rich control region (CR). Among these, 28 genes (12 PCGs,
2 rRNAs, and 14 tRNAs) were positioned on the heavy strand, while NAD6 and 8 tRNAs (trnQ,
trnA, trnN, trnC, trnY, trnS2, trnE, and trnP) were situated on the light strand (Table 1, Figure 2).
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Table 1. List of annotated mitochondrial genes of Psettodes belcheri.

Genes Start End Strand Size (bp) I{II::ll;g:tIil;Ce Anti-Codon Start Codon Stop Codon
tRNA-Phe 1 69 H 69 0 TTC
12S rRNA 70 1030 H 961 0
tRNA-Val 1031 1102 H 72 26 GTA
16S rRNA 1129 2830 H 1702 0
tRNA-Leu 2831 2903 H 73 0 TTA
ND1 2904 3878 H 975 4 ATG AGG
tRNA-Ile 3883 3952 H 70 1 ATC
tRNA-GIn 3954 4024 L 71 -1 CAA
tRNA-Met 4024 4093 H 70 0 ATG
ND2 4094 5138 H 1045 0 ATG T--
tRNA-Trp 5139 5211 H 73 2 TGA
tRNA-Ala 5214 5282 L 69 1 GCA
tRNA-Asn 5284 5356 L 73 38 AAC
tRNA-Cys 5395 5460 L 66 0 TGC
tRNA-Tyr 5461 5530 L 70 1 TAC
COI 5532 7082 H 1551 0 GTG TAA
tRNA-Ser 7083 7153 L 71 8 TCA
tRNA-Asp 7162 7230 H 69 8 GAC
con 7239 7929 H 691 0 ATG T--
tRNA-Lys 7930 8004 H 75 1 AAA
ATP8 8006 8170 H 165 -7 ATG TAA
ATP6 8164 8844 H 681 2 ATG TA-
COIII 8847 9629 H 783 2 ATG TA-
tRNA-Gly 9632 9702 H 71 0 GGA
ND3 9703 10,050 H 348 1 ATG T--
tRNA-Arg 10,052 10,120 H 69 0 CGA
ND4L 10,121 10,414 H 294 —4 ATG TAA
ND4 10,411 11,791 H 1381 0 ATG T--
tRNA-His 11,792 11,859 H 68 0 CAC
tRNA-Ser 11,860 11,927 H 68 6 AGC
tRNA-Leu 11,934 12,006 H 73 0 CTA
ND5 12,007 13,845 H 1839 -1 ATG TAA
ND6 13,845 14,363 L 519 0 ATG TAG
tRNA-Glu 14,364 14,432 L 69 5 GAA
Cytb 14,438 15,578 H 1141 0 ATG T--
tRNA-Thr 15,579 15,652 H 74 -1 ACA
tRNA-Pro 15,652 15,724 L 73 0 CCA
Control region 15,725 16,747 H 1023
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13 genes; 2 rRNAs; 22 tRNAs
16,747 bp
GC: 46 %

@ transfer RNAs &€& B NADH dehydrogenase genes
@ ribosomal RNAs O Cytochrome c oxidase genes
@ D-loop O ATP synthase genes

Figure 2. The mitochondrial genome of Psettodes belcheri drawn by the MitoAnnotator online server.
PCGs, rRNAs, tRNAs, and CR are indicated by different color arcs. The species photographs were
taken by the sixth author (F.Z.G) and edited manually in Adobe Photoshop CS 8.0.

A similar distribution of genes on heavy and light strands was evident in other
Pleuronectiformes species, with total lengths ranging from 16,506 bp (C. fimbriata, family
Cyclopsettidae, AP014590) to 18,706 bp (Samariscus latus, family Samaridae, KF494223).
Variability in mitogenomic lengths was largely attributed to duplications in the control
regions (CRs) [44]. The mitogenome of P. belcheri showcased five overlapping regions,
spanning a total of 14 bp. The longest overlap (7 bp) was observed between ATP syn-
thase 8 (atp8) and ATP synthase 6 (atp6). Similarly, both P. erumei mitogenomes (FJ606835
and AP006835) displayed five overlapping regions totaling 23 bp, with the longest over-
lap (10 bp) between atp8 and atp6, mirroring P. belcheri. Moreover, P. belcheri exhibited
15 intergenic spacer regions spanning a total of 106 bp, with the longest (38 bp) situated
between trnN and trnC. Conversely, P. erumei mitogenomes contained 11 intergenic spacer
regions spanning 77-78 bp, with the longest (37-38 bp) found between trnN and trnC
(Table S2). Nucleotide composition analysis revealed the AT-biased nature of P. belcheri
mitogenome (54.15%), encompassing 28.09% A, 16.24% G, 29.56% C, and 26.06% T. Sim-
ilar AT richness was observed in the nucleotide composition of the other two P. erumei
mitogenomes, ranging from 53.07% to 53.61% (Table 2). The AT skew and GC skew of P.
belcheri mitogenome were recorded as 0.037 and —0.291, respectively. Comparative analysis
of P. erumei mitogenomes demonstrated an AT skew range of 0.076 to 0.077, and a GC skew
range of —0.323 to —0.328 (Table 2). This consistent nucleotide composition pattern and
AT bias were also observed in other previously described fish mitogenomes [60,61]. The
genetic variations identified within the Psettodes mitogenome may be tied to their evolution-
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ary progression and energy metabolism, echoing findings in other fish species [62]. This
research offers valuable insights into the structural attributes of Psettodes mitogenomes,
which hold significance in deciphering the functionalities of these mitogenomes and their
encoded genes.

Table 2. Nucleotide composition of the mitochondrial genomes of two Psetfodes species.

Species Name Size (bp) A% T% G% C% A+T% AT-Skew GC-Skew

Complete mitogenome

P. belcheri (OR231239) 16,747 28.09 26.06 16.24 29.56 54.15 0.037 —0.291
P. erumei (FJ606835) 17,315 28.83 24.78 15.71 30.68 53.61 0.076 —0.323
P. erumei (AP006835) 16,683 28.57 24.50 15.78 31.15 53.07 0.077 —0.328

PCGs

P. belcheri (OR231239) 11,427 25.00 27.73 16.00 31.27 52.74 —0.052 —0.323
P. erumei (F]606835) 11,427 25.37 25.75 15.62 33.25 51.13 —0.008 —0.361
P. erumei (AP006835) 11,426 25.33 25.62 15.62 33.43 50.95 —0.006 —0.363

rRNAs

P. belcheri (OR231239) 2689 31.42 21.38 21.87 25.33 52.81 0.190 —0.073
P. erumei (FJ606835) 2680 3243 20.56 20.86 26.16 52.99 0.224 —0.113
P. erumei (AP006835) 2680 32.43 20.45 20.90 26.23 52.87 0.227 —0.113

tRNAs

P. belcheri (OR231239) 1556 27.83 27.31 23.14 21.72 55.14 0.009 0.032
P. erumei (FJ606835) 1553 27.17 26.85 23.82 22.15 54.02 0.006 0.036
P. erumei (AP006835) 1554 27.28 26.83 23.68 22.20 54.12 0.008 0.032

CRs

P. belcheri (OR231239) 1015 30.25 33.40 12.51 23.84 63.65 —0.050 —0.312
P. erumei (FJ606835) 1601 38.91 33.92 10.31 16.86 72.83 0.069 —0.241
P. erumei (AP006835) 968 42.15 36.36 7.13 14.36 78.51 0.074 —0.337

3.2. Protein-Coding Genes

A cumulative length of 11,427 bp in P. belcheri mitogenome was occupied by a total of
13 protein-coding genes (PCGs), accounting for 68.27% of the whole sequence. Among these,
the shortest PCG was ATPS, spanning 165 bp, while NADS5 represented the longest PCG
with a length of 1839 bp. In both P. erumei mitogenomes, the total length of PCGs ranged
from 11,426 bp (68.49%) to 11,427 bp (65.99%). The PCGs of P. belcheri were characterized
by an AT bias of 52.73%, accompanied by AT skew and GC skew values of —0.052 and
—0.323, respectively (Table 2). Similarly, the mitogenomes of P. erumei displayed an AT bias
ranging from 50.95% to 51.12%, coupled with AT skew values of —0.008 to —0.006 and GC
skew values of —0.363 to —0.361. Most of the PCGs commenced with an ATG (Methionine)
initiation codon, except for COI, which began with a GTG (Valine) codon. A parallel pattern
of initiation codons was apparent in all PCGs of the other two P. erumei mitogenomes.
Among the PCGs, the conventional TAA termination codon was observed in four instances
(COI, ATP8, NADA4L, and NADS), while seven PCGs featured incomplete stop codons
(T-/TA-). Additionally, two PCGs, NAD1 and NADS6, terminated with AGG and TAG
stop codons, respectively. A corresponding distribution of stop codons was also noted in P.
erumei mitogenomes (Tables 2 and S3). These incomplete stop codons could potentially be
completed with TAA during RNA processing, as previously suggested [63]. As observed in
other fish species, the identified genetic disparities might lead to the independent selection
of PCGs [64]. PCGs play pivotal roles in oxidative phosphorylation, ATP synthesis, and the
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encoding of proteins within the electron transport pathways. Consequently, the inclusion
of mitogenomes from various Psettodes species could facilitate the exploration of variations
in gene expression and energy utilization.

3.3. Ribosomal RNA and Transfer RNA Genes

Within the P. belcheri mitogenome, the ribosomal RNA genes collectively spanned
2689 bp, equivalent to 16.06% of the complete mitogenome. This encompassed a small
ribosomal RNA (125 rRNA) measuring 961 bp and a large ribosomal RNA (165 rRNA)
with a length of 1702 bp. Comparatively, the total length of P. erumei’s rRNAs (2680 bp)
was shorter than that of P. belcheri (Table 2). The ribosomal RNAs AT composition ranged
from 52.81% (P. belcheri) to 52.99% (P. erumei). Comparative analysis indicated AT skew
values ranging from 0.190 (P. belcheri) to 0.227 (P. erumei), while GC skew values ranged
from —0.113 (P. erumei) to —0.073 (P. belcheri) in the ribosomal RNA (Table 2). These rRNA
genes’ structural arrangement, notably the conserved loops, offer critical insights into the
catalytic chemical processes underlying protein synthesis [65]. Additionally, the P. belcheri
mitogenome featured 22 tRNA genes, exhibiting varying lengths from 66 bp (trnC) to 75 bp
(trnK), collectively constituting 1556 bp or 9.29% of the entire mitogenome. The combined
tRNA length in both P. erumei mitogenomes was shorter (1553 bp and 1554 bp) than that
of P. belcheri (Table 2). The tRNAs displayed an AT bias in both P. belcheri (55.14%) and P.
erumei (54.02% to 54.12%). AT skew values ranged from 0.006 (P. erumei) to 0.009 (P. belcheri),
while GC skew values ranged from 0.032 (P. belcheri and P. erumei, AP006835) to 0.036 (P.
erumei, FJ606835) (Table 2). Most tRNAs were predicted to adopt the typical cloverleaf
secondary structure, except for trnS1, which lacked the DHU stem, consistent with findings
in other Pleuronectiformes [66,67]. These genetic attributes are pivotal for shaping transfer
RNAs secondary structures and their functional roles within diverse biological systems [68].
In terms of comparative structural features, 15 tRNA genes (trnA, trnF, trnQ, trnM, trnW,
trnN, trnC, trnY, trnS2, trnD, trnG, trnR, trnH, trnE, trnP) were constructed through both
conventional Watson—-Crick base (A=T and G=C) pairing and wobble base pairing (G-T),
while the remaining seven tRNA genes were exclusively built with Watson—Crick base
pairs (Figure 3).

3.4. Features of Control Region and Gene Arrangements

The comprehensive length of P. belcheri control region (CR) reached 1015 bp, compris-
ing 63.65% AT content. Conversely, the complete lengths of P. erumei’s CRs varied, ranging
from 968 bp to 1601 bp. The AT skew fluctuated between —0.050 (P. belcheri) and 0.074 (P.
erumei), while the GC skew ranged from —0.337 (P. erumei, AP006835) to —0.241 (P. erumei,
FJ606835) (Table 2). P. belcheri mitogenome recorded more than two copies of 72 bp tandem
repeats, whereas the mitogenomes of P. erumei hosted over eight copies (FJ606835) and
more than twelve copies (AP006835) of 56 bp repeats. Four conserved blocks (CSB-D, CSB-I,
CSB-1II, and CSB-III) were detected in both P. belcheri and P. erumei mitogenomes, consistent
with their presence in other teleost fishes [66,69]. Of these blocks, CSB-II was the longest
at 51 bp, compared with CSB-D (27 bp), CSB-I (36 bp), and CSB-III (35 bp) (Figure 4A).
Comparative analyses unveiled substantial nucleotide variability and parsimony informa-
tive nucleotides within CSB-II relative to the other three conserved domains. This AT-rich
regulatory region holds the potential for assessing population structures and identifying
inter- and intra-specific differences among Psettodes species via these variable nucleotides.
As demonstrated in other species, such conserved domains are integral for mitochondrial
genome replication and transcription [69,70]. Intriguingly, these primitive Pleuronecti-
formes fishes maintain a gene order within their mitochondrial genomes that aligns with
that of ancestral teleosts [71] (Figure 4B). However, Pleuronectiformes mitogenomes ex-
hibit repeated instances of control region duplications and gene rearrangements [72-76].
These mechanisms involving genomic rearrangement through double replications, random
loss, dimer-mitogenomes, and non-random loss contribute to understanding the structural
diversity of mitogenomes and the intricacies of mitochondrial genome evolution.
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Figure 3. Secondary structures of 22 transfer RNAs (tRNAs) of P. belcheri display the structural
variation. The tRNAs are denoted by full names and IUPAC-IUB single-letter amino acid codes. The
first structure shows the nucleotide positions and details of the stem-loop of tRNAs. Watson—Crick
and wobble base pairing are marked by black and red color bars, respectively.
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Figure 4. (A) Comparison of length and nucleotide composition of four conserved domains of
two Psettodes species control regions. The variable nucleotides are marked in stars; (B) The gene
arrangements of two Psettodes species mitogenomes.

3.5. Genetic Distances and Mitogenomic Phylogeny

The species under investigation, P. belcheri, displayed substantial inter-species genetic
distances of 14.00% and 17.30% when compared with its congeners P. bennettii and P.
erumei, respectively, as confirmed through the analysis of the COI gene (Figure S1). A
particularly noteworthy finding is the pronounced genetic divergence of 14% observed
between P. belcheri and P. bennettii, despite their shared presence in the western Atlantic. This
genetic disparity, noteworthy in the context of their parapatric distribution and significant
overlap, points to a significant level of reproductive isolation between these species. The
examination of population genetic structures within P. belcheri and P. bennettii will provide
valuable insights into their migratory patterns within the mutual habitat of the eastern
Atlantic Ocean. Employing a phylogenetic analysis grounded in mitogenomes, the study
effectively categorized all studied Pleuronectiformes flatfishes using a concatenation of
13 PCGs, supported by robust posterior probability (Figure 5). The resultant phylogeny
derived from mitogenomes aligns harmoniously with previous evolutionary hypotheses
concerning Pleuronectiformes species [26,28,29]. Importantly, representative species from
the suborders Psettodoidei and Pleuronectoidei formed coherent monophyletic clusters
within the present topology. The spottail spiny turbot, P. belcheri, clustered consistently with
its congeners, most notably P. erumei. The family Psettodidae emerged as the basal node of
Pleuronectiformes, occupying a unique position as an ancestral group among other flatfish
families. Furthermore, the conducted cladistic analysis showcased a sister relationship
between C. gracilis (=Cynoglossidae I) and S. orientalis (=Cynoglossidae II) (Figure 5). The
application of mitochondrial genome-based and phylogenomic assessments has proven
successful in elucidating higher teleostean phylogenies, encompassing flatfishes [77-79].
To establish the precise matrilineal evolution of Psettodes flatfishes within the monotypic
family Psettodidae, the generation of the P. bennettii mitogenome emerges as a pivotal
task. Notably, a wealth of genetic data, spanning multi-locus exon-capture data and whole
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genome sequencing, has recently provided fresh insights into the phylogeny and genetic
evolution of flatfishes [80-85]. The integration of such extensive genetic information depicts
the potential to illuminate the evolutionary landscape of primitive Psettodes flatfishes in the
near future.
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Figure 5. The Bayesian matrilineal phylogeny based on the concatenated sequences of 13 PCGs
exhibits the evolutionary relationship of Psettodes species with other Pleuronectiformes. The Bayesian
posterior probability values are displayed with each node.

3.6. Divergence Time and Diversification

The application of TimeTree analyses has illuminated the temporal aspects of the evo-
lutionary history of P. belcheri and P. erumei. These two species have a wide divergence time
during the late Eocene to early Miocene, approximately 35 to 10 million years ago (MYA)
(Figure 6). Remarkably, the family Psettodidae (suborder Psettodoidei) demonstrated an
early divergence of approximately 56.87 MYA from other flatfish families (suborder Pleu-
ronectoidei) during the late Paleocene to early Eocene (Figure 6). The other Pleuronectoidei
flatfish families diverged from each other between the Oligocene and early Eocene periods,
with dates ranging from 29.93 MYA to 54.98 MYA (Figure 6). The distribution pattern of
Psettodes flatfishes, specifically within the family Psettodidae, has fascinated many ichthyol-
ogists. The interannual variability in early life phenology and dispersal of flatfishes has
been established as being influenced by bathymetry, changes in water salinity, oceanic
temperature, and wind conditions [86,87]. Thus, the study of the evolution and diversifica-
tion of marine fishes necessitates a discussion that takes into account genetic connectivity,
divergent selection, as well as possible demographic and ecological opportunities [88].
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Figure 6. The maximum-likelihood-based TimeTree elucidates the approximate divergence time of
the Psettodes species along with other Pleuronectiformes species. The approximate divergence times
are marked displayed with each node. The red squares represent the calibration points obtained from
the prior work [26].

The Miocene epoch, spanning from around 23 million to 5.3 million years ago, marked
a period of substantial environmental transformation on Earth [89]. This era witnessed
shifts in both climate and oceanic conditions, representing a transition between the stable
warmth of the early Cenozoic and the later variable and colder conditions [90]. During the
Miocene, elevated temperatures contributed to higher sea levels through the melting of
polar ice and seawater expansion [91]. Furthermore, the tectonic activity in the Miocene
shaped ocean basins and seafloor topography, with the collision of tectonic plates, influ-
encing ocean currents and marine habitats. Consequently, coastlines took on different
configurations than those seen today, with numerous present-day land areas submerged
under shallow seas. The epoch was characterized by significant biological evolution, with
the emergence of contemporary marine species lineages influencing the rich biodiversity
of modern oceans [92,93]. Such diversification was prompted by factors such as varying
oceanic temperatures, changing sea levels, and the availability of ecological niches.

In the context of understanding the evolutionary scenarios of Psettodes flatfishes,
particularly following their colonization in the eastern Atlantic and Indo-West Pacific
regions by the demersal lineage, a critical integration of the maximum-likelihood time-tree
computation framework and marine ecological factors becomes essential. Notably, while
P. belcheri is distributed across both the South and North Atlantic Oceans, spanning the
western coast of Africa from Angola to western Sahara, P. bennettii is confined solely to
the North Atlantic, with a distribution encompassing Gambia, Guinea, Guinea-Bissau,
Mauritania, Morocco, Senegal, and Western Sahara. The sympatric speciation of these
two species may be attributed to ecological selection within the pelagic environment.
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Since ancient time, the hydrographic and climatic conditions in the North and South
Atlantic Oceans have differed significantly due to the Coriolis effect induced by Earth’s
rotation (Figure 7A). In the North Atlantic, the circulation of oceanic currents results in
distinct oceanic gyres, with the warm Gulf Stream current flowing northward and the
cold Canary Current flowing southward [94]. The interplay of these currents, along with
the North Equatorial Current, contributes to the formation of the North Atlantic gyre
(Figure 7B). Conversely, the southern Atlantic Ocean features counterclockwise current
circulation, dominated by the anticyclonic subtropical gyre and bounded by several major
surface ocean currents (the Antarctic Circumpolar Current, the Benguela Current, the South
Equatorial Current, the Brazil Current, and the Malvinas Current) (Figure 7C).

Eocene (56 to 33.9 MYA)

_PACIFIC |

OCEAN,

North Atlantic
Ocean
Pacific
South Ocean

South Atlantic Indian
Ocean Ocean

LGRS
LA

@ Psetfodes bennetti

Gyre

Figure 7. (A) Maps displaying the maritime environments during the Eocene and Miocene periods
(source: Encyclopeedia Britannica, Inc.). Schematic representation of the major current systems, as
defined by the International Group for Marine Ecological Time Series, in the North Atlantic, South
Atlantic, and Indo-West Pacific regions. This section also explores the potential diversification and
colonization of primitive flatfishes: (B) P. bennettii, (C) P. belcheri, and (D) P. erumei. The illustration of
the Psettodes species was sourced from the free media repository (Wikimedia Commons), as well as a
previous study [33]. The maps were generated using the DIVA-GIS platform, utilizing IUCN range
distribution data (.shp files). Additionally, the illustration of ocean currents is based on insights from
a previous study [94]. Violet arrows indicate the warmer currents, while the blue arrows signify the
cooler currents.

The Indian Ocean, characterized by the presence of the Arabian Sea and the Bay of Ben-
gal, as well as warm and cold currents such as the Western Australian cold current, forms
the Indian Ocean gyre. The divergence time of Psettodidae from other Pleuronectiformes
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during the late Paleocene to early Eocene suggests that these primitive flatfishes may have
emerged in the eastern Atlantic Ocean. The currents and salinity levels of both the North
and South Atlantic Oceans may have constrained the distribution of the two Psettodidae
species, P. belcheri and P. bennettii, to the continental shelves of western Africa. The other
congener, P. erumei, likely evolved during the early Miocene and colonized into the Red Sea
to the Indo-West Pacific Ocean due to the formation of the Antarctic Circumpolar Current
(Figure 7D). Notably, the Agulhas Current may have acted as a barrier to the distribution
of P. erumei between the Indian Ocean and the Atlantic Ocean. Despite the differences in
hydrography, the high saline outflow from the Red Sea to the Indian Ocean results in similar
characteristics of these two marine environments, allowing for similar flatfish communities
to thrive. However, the Indian Ocean and Western Pacific Ocean are seismically active due
to the presence of tectonic plate boundaries. Ecological speciation scenarios are frequently
invoked to explain such patterns, yet distinguishing between ecological adaptation and
allopatric speciation remains challenging [95]. The dispersal of P. erumei from the Indian
Ocean to the West Pacific Ocean may have been driven by the Equatorial Counter Current
of the Indian Ocean gyre. Such ecological features greatly influence the evolution and
adaptation of other flatfish species, including Psettodes, and have the potential to increase
endemism in certain demersal ecosystems in marine settings. An intriguing case of rapid
ecological speciation has been observed in Baltic flounder species, involving the develop-
ment of a new ecological niche through a demersal spawning behavior, constituting the
fastest speciation event documented for a marine vertebrate [32]. As a result, the peculiar
spawning behavior attributes of Psettodes flatfishes, as well as ecological variables that may
lead to reproductive isolation, suggest a process of ecological speciation.

3.7. Conservation Implication

Marine ecosystems remain relatively unexplored on a global scale, facing substantial
gaps and challenges in terms of biodiversity assessment and the generation of genetic
data [96,97]. In addition to the overarching influence of climate change, anthropogenic
activities consistently pose threats to marine organisms, including flatfishes, across all
oceanic regions [98-100]. Given the conservation significance of Psettodes flatfishes, the
co-occurrence of both East Atlantic species within a portion of their range underscores the
necessity for regulated harvesting within the framework of a multispecies fishery strategy.
As global climate change progresses, marked alterations in environmental conditions such
as elevated water temperatures, decreased oxygen levels, and modified wind patterns
impact fish reproduction and recruitment on a global scale [101]. Consequently, increasing
environmental variability is poised to exert negative repercussions on fish stock dynamics.
Adaptations in fisheries and fishery management will likely encompass adjustments in
fishing locales, target species, and the establishment of Marine Protected Areas (MPAs),
highlighting the need for flexibility in both exploitation practices and management ap-
proaches. Nonetheless, predictions indicate that climate change will lead to heightened
freshwater runoff in the eastern Atlantic Ocean (including basins of the Senegal, Gam-
bia, Volta, Niger, and Congo Rivers), Indian Ocean (encompassing basins of the Zambezi,
Limpopo, Indus, Ganges, Godavari, Brahmaputra, Irrawaddy, and Mekong Rivers), and
western Pacific Ocean (such as the Pearl and Yangtze River Basins). This rise in runoff
is anticipated to lower salinity levels, thereby constricting the distribution of numerous
marine species. The reduction in salinity, driven by climate change, may exert severe selec-
tive pressure on pelagic-spawning species, potentially prompting a shift in reproductive
behavior towards demersal spawning and even leading to local extinctions. Concurrently,
the combined impact of eutrophication and climate change has accelerated the occurrence
of hypoxia and anoxia in bottom waters where salinity conditions are conducive to pelagic
spawning [102,103]. Consequently, the spawning habitat of pelagic flatfishes, currently
delimited by geographic constraints, is likely to diminish in the future. This evolving
scenario raises concerns about the potential local extinction of these species, underscoring
the urgent need for comprehensive conservation strategies.
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4. Conclusions

In conclusion, this study investigated the detailed analysis of the mitogenome of P.
belcheri, shedding light on its genetic composition, structural organization, and evolutionary
history. Furthermore, the genetic distances and phylogenetic relationships were explored,
unveiling the evolutionary relationships among Psettodes species and their broader place-
ment within the Pleuronectiformes order. Notably, the study identified significant genetic
divergence between P. belcheri and P. bennettii in the mitochondrial COI gene, suggesting
reproductive isolation despite their shared habitat. The phylogenetic relationship, diver-
gence times, and diversification patterns were also estimated, providing insights into the
emergence and distribution of Psettodes species in various oceanic regions. The interplay
of hydrographic conditions, ocean currents, and ecological factors played crucial roles in
shaping the evolutionary landscape of these flatfishes. Given the potential conservation
implications, this study highlighted the need for a comprehensive understanding of marine
ecosystems and the effects of climate change and anthropogenic activities on flatfish species.
Conservation strategies and the establishment of MPAs were emphasized as essential
components in safeguarding the diversity and sustainability of marine life, particularly
species such as Psettodes flatfishes. In summary, the present analysis of the mitogenome and
evolutionary history of Psettodes flatfishes offers valuable insights into the genetic attributes
and possible ecological adaptations in East Atlantic and Indo-West Pacific Oceans.
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