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Globally, groupers (Serranidae) are commercially important fish species. Hybridization within this family has been reported in captivity and natural environments, usually among congeneric species. However, intergeneric hybridization has been reported only occasionally. Given the commercial interest in these fish, artisanal or recreational fishermen easily notice “weird-looking” individuals. This is the case of an unidentified grouper noticed by a spearfisher in Lebanese Mediterranean waters. Visual comparisons raised the possibility that the observed specimen was a hybrid. Molecular analysis based on two mitochondrial and three nuclear markers was performed to investigate this potential hybrid’s affinity. The discordance of the phylogenetic gene trees of the mitochondrial and nuclear markers indicates that E. marginatus and M. rubra are potential parent species of a hybrid individual in our samples. The subsequent haploweb analysis based on the S7 nuclear marker reveals the affinity of the hybrid individual to both E. marginatus and M. rubra. In this specific hybridization case, the nuclear marker S7 emerges as a valuable diagnostic tool for species delineation and hybrid detection.
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Introduction

Hybridizations between grouper (family: Serranidae) species have been reported in both natural and artificial environments. Some of the hybridization cases include species from different genera (Chen et al., 2017). The genetic similarities (p-distance, based on GenBank COI sequences) between each natural or artificial hybridizing parent grouper species pair range from 0.00 to 0.17 (He et al., 2022), and they include many different genera such as Epinephelus, Cephalopholis, and Cromileptes (Glamuzina et al., 1999; James et al., 1999; Liu et al., 2007; Addin and Senoo, 2011; Kiriyakit et al., 2011; Wang et al., 2014; Payet et al., 2016; Sun et al., 2016; Chen et al., 2017; Ching et al., 2018; Qu et al., 2018; He et al., 2022).

Unlike other hybridizing marine fishes in Pomacentridae (Hobbs et al., 2009; Tea et al., 2020), Pomacanthidae (Kemp, 2000), Acanthuridae (DiBattista et al., 2016), and Chaetodontidae (Montanari et al., 2012, 2014; DiBattista et al., 2015), some species from Serranidae have relatively higher market values (Craig et al., 2011). Hence, the Serranidae hybrids have a good chance of being noticed by artisanal or recreational fishers. A similar case has been documented on another group of high-economic value fishes. Fishermen from the Baltic Sea, who extensively trade flatfishes (family: Pleuronectidae) in Scandinavian fish markets, first noticed the hybridization between Pleuronectes platessa and Platichthys flesus (He and Mork, 2015). They even gave the name “Leps” (Danish) to the hybrid to separate it from their purebred parent species before scientists studied the hybridization case and developed identification tools (Sick et al., 1963; Kijewska et al., 2009; He et al., 2020).

Several approaches have been utilized for hybrid detection. According to previous studies, intermediate coloration (Kemp, 2000; Marie et al., 2007; Hobbs et al., 2013; Hobbs and Allen, 2014; DiBattista et al., 2015), morphology comparison (Wang et al., 2014; He et al., 2019a; He et al., 2020), isozyme electrophoretic patterns (Sick et al., 1963; He and Mork, 2015), diagnostic nuclear marker (van der Meer et al., 2012; Bernardi et al., 2013; Walter et al., 2014; Qu et al., 2018; He et al., 2018a; He et al., 2019b), microsatellites (Harrison et al., 2014; He et al., 2019a; He et al., 2019b; He et al., 2019c), and even genome-wide sequence comparison (Montanari et al., 2014) are all good candidates for identifying and confirming hybridization cases. Diagnostic nuclear markers are one of the most cost-efficient and robust methods with relatively high accuracy for hybridization detection purposes (He et al., 2018a).

A hybrid grouper was noticed by one of the authors (MB) in a photograph posted on social media in February 2017. It showed a spear fisher from Beirut holding three groupers, one of which seemed unusual (Figure 1A). Unfortunately, the fish was consumed but visual identification indicated a possible hybrid between Epinephelus marginatus and Mycteroperca rubra (Figure 1A). Approximately 15 months later, a similar hybrid grouper specimen was speared from the same area (Figure 1B). It was immediately purchased and processed.




Figure 1 | (A) Specimen of Epinephelus marginatus (left), hybrid (middle), and Mycteroperca rubra (right) speared near Beirut, Lebanon in February 2017. (B) Hybrid grouper was sampled from off the Beirut port and used in the current study (AUBM OS3979).



In the current study, several genetic markers from mitochondrial and nuclear regions were sequenced on the hybrid and parent species. The parent species candidates were chosen according to phylogenetic relatedness (Ma and Craig, 2018), previous hybridization records (Glamuzina et al., 1999), and visual identification results. The hybridization case could be further supported by subsequent molecular analysis based on the sequenced regions. The diagnostic markers could also be found and used as species delineation and hybridization detection tools for the grouper hybridization case.





Materials and methods

The grouper hybrid specimen was collected from off the Beirut port (33.907723°N, 35.504040°E) on May 2, 2018 (Figure 1B). The whole specimen was preserved and deposited in the marine collection of the American University of Beirut (accession number: AUBM-OS3979). Potential parent species (E. costae n=3, E. marginatus n=3, E. aeneus n=3, and M. rubra n=4) were collected from the same region on June 11 and 19, 2018. Fin clips were taken from fresh specimens at the time of collection, preserved in 96% ethanol, and stored at -20°C. A subsample (approximately 2 mm2) of each tissue was retrieved and used for DNA extraction, and samples were extracted using Qiagen DNeasy Blood & Tissue Kits (Qiagen, Hilden, Germany; Production Cat. No./ID: 69504).

To investigate potential diagnostic markers for clear discrimination between purebred parent species, nuclear single-copy marker TMO-4c4, nuclear ribosomal protein gene S7, and bone morphogenetic protein gene BMP4 were amplified using TMO-4C4F/TMO-4C4R (Lyons et al., 1997), S7RPEX1F/S7RPEX2R (Chow and Hazama, 1998), and BMP4Cos2FA/BMP4Cos2R primers (Cooper et al., 2009), respectively. To investigate maternal contributions of the hybrid, mitochondrial COI fragments and Cytb fragments were amplified with FishF2/FishR2 (Ward et al., 2005) and Cytb9/Cytb7 (Song et al., 1998). Additional nuclear marker primers, including RAG1 (Lovejoy and Collette, 2001), RAG2 (Cooper et al., 2009), ETS2 (Lyons et al., 1997), and RYR3 (Qu et al., 2018), could not be amplified across all the species. Therefore, they are not discussed further (Appendix file 1).

The QIAGEN Multiplex PCR Kit (Qiagen) was used for PCR. The PCR cycling parameters were as follows: initial denaturation at 95°C for 15 min; followed by 35 cycles of 94°C for 45 sec, annealing for 60 sec (optimal annealing temperatures in Appendix file 1), and 72°C for 60 sec; with a final elongation step of 72°C for 10 min. The PCR products were checked under UV light after running in 1% agarose gel at 90 V for 45 min. All PCR products were cleaned by incubating with exonuclease I and FastAP™ Thermosensitive Alkaline Phosphatase (ExoStar; USB, Cleveland, OH, USA) at 37°C for 60 min followed by incubation at 85°C for 15 min. The final products were sequenced in forward and reverse directions with fluorescently labeled dye terminators following the manufacturer’s protocols (BigDye, Applied Biosystems Inc., Foster City, CA, USA), and they were analyzed using an ABI 3130XL Genetic Analyzer (Applied Biosystems).

The sequences were aligned using the software Geneious Prime (Biomatters Ltd., Auckland, New Zealand), and they were uploaded to GenBank (COI: ON303310-23; Cytb: PP234656-68; TMO-4c4: ON329845-58; S7: ON329831-44; BMP4: ON329859-72). COI fragments from each species were blasted on GenBank, and they were found to be 98%-100% identical to voucher sequences from their respective species (Accessions: MH707768, MH707833, JX456389, MN729687). The mitochondrial DNA sequences of Plectropomus leopardus (COI : MG253533 and Cytb: MG253561, same individual) were downloaded and used as outgroup for subsequent phylogenetic analysis.

When hybridization, gene flow, or incomplete lineage sorting occurs, MrBayes’s Bayesian inference phylogenetic analysis (Ronquist et al., 2012) would show gene tree discordance between different gene markers. Observing the discordance between mitochondrial and nuclear gene trees, introduced by potential hybrid samples, helps indicate the parent species involved in hybridization among the collected samples.

In that regard, separate phylogenetic trees were generated using the MrBayes phylogenetic tree-building plug-in of Geneious prime (Biomatters Ltd., Auckland, New Zealand) based on the concatenated mitochondrial and nuclear gene fragments. The substitution model for each marker (COI: HKY+I; Cytb: HKY+G; BMP4: T92; S7: T92; TMO-4c4: JC69) was obtained using MEGA 6 (Tamura et al., 2013). The MCMC chain length was set up for 1,000,000 generations with a burn-in of 100,000. The average standard deviation of split frequencies (ASDSF) were monitored using the MrBayes plug-in (Ronquist et al., 2012), and they were found to be less than 0.009 when the chains stopped. The genetic difference (p-distance) between purebred species was calculated using MEGA 6 (Tamura et al., 2013).

Haploweb method was used to delineate the affinity of the hybrid individual. Haplotypes of each nuclear marker were inferred using the Bayesian analysis PHASE 2.1 (Stephens and Donnelly, 2003), and they were implemented in DnaSP 5.0 (Librado and Rozas, 2009). Each run was performed with a burn-in of 10,000 generations followed by 1,000,000 generations. Samples with double peaks in sequence chromatograms were found to be heterozygotes (Flot and Tillier, 2006). Two haplotypes of each sequence were separated using SeqPHASE (Flot, 2010). After delineation, heterozygote specimens were represented by two haplotype sequences in the alignments used for network construction. Median-joining networks showing relationships among the haplotypes were generated using NETWORK v4.6.1.3 (Bandelt et al., 1999). Haplowebs were derived from median-joining networks by drawing curved lines to connect haplotypes that co-occurred in heterozygous hybrids (Flot et al., 2010).





Results

The major clades in the Bayesian phylogenetic tree based on mitochondrial fragments were well supported by high posterior probabilities (1), and the tree topology was consistent with a previous study (Ma and Craig, 2018). The hybrid was well clustered with E. marginatus samples (Figure 2), indicating that the maternal material of this hybrid came from a female E. marginatus. The major clades in the nuclear phylogenetic tree were well supported by high posterior probabilities (Figure 2). The clustering result of hybrid specimens showed inconsistency with the mitochondrial marker based tree. The hybrid specimen clustered with M. rubra individuals, indicating that the paternal material came from this species of grouper (Figure 2). Although E. aeneus hybridized with E. marginatus in artificial environments (Glamuzina et al., 1999), this was not the case in the present study. No evidence indicated that E. costae was involved in the hybridization process; however, due to its close phylogenetic relations to hybrid parent species, it was included in the haplotype network/haploweb analysis as an outgroup.




Figure 2 | Phylogenetic relationships of Epinephelus marginatus, Mycteroperca rubra, E. costae, E. aeneus, and the hybrid represented in the Bayesian phylogenetic tree based on mitochondrial DNA (COI and Cytb) and three concatenated nuclear DNA markers (S7, BMP4, and TMO-4c4). Each branch represents an individual; the species name and sample ID (for the samples collected during the current study)/GenBank accession number (for downloaded reference data) are indicated in tip labels. Statistical support on each species clade (flagged with a colored rectangle) of the phylogenetic tree was given by Bayesian inference posterior probabilities. Colors denote species as indicated by the legend.



Grouper samples were well discriminated by approximately 60 and 80 substitutions in the 635 bp COI fragments (93 mutations in total, haplotype diversity 0.78) and 703 bp Cytb fragments (126 mutations in total, haplotype diversity 0.98) haplotype networks, respectively. These samples formed reciprocally monophyletic clades in the haplowebs. The hybrid was well blended into the E. marginatus gene pool on mitochondrial markers (Figure 3). The p-distance between purebred E. marginatus and M. rubra (based on COI sequences) was 0.10, which falls in the range of other purebred grouper species involved in previously confirmed hybridization cases (p-distance: 0.00 - 0.17).




Figure 3 | Phylogenetic relationships of Epinephelus marginatus, Mycteroperca rubra, E. costae, E. aeneus, and the hybrid haplotypes represented in network-based haploweb of COI, Cytb, S7, BMP4, and TMO-4c4. Each circle represents a unique haplotype, and the size of the circle is proportional to its total frequency. The red rhombus represents the missing haplotype. Each branch connecting different circles represents a single nucleotide change, and black cross-bars represent an additional nucleotide change. Red cross-bars in the haploweb represent deletion/insertion. The dashed line represents mutually exclusive species gene pools. Curves connecting haplotypes indicate these haplotypes occur in heterozygous individuals. If the curves connect haplotypes within a color, it indicates a heterozygous purebred individuals. The curve connect haplotypes of different colors indicate an individual with potential hybrid lineage. Colors denote sample species as indicated by the legend.



More than 10 mutations well discriminated among E. costae, E. marginatus, and M. rubra individuals in the haploweb based on 512 bp S7 fragments (35 mutations in total, haplotype diversity 0.94. Figure 3). The purebred samples formed reciprocally monophyletic species clades in the haploweb, with purebred heterozygous individuals linking diverse haplotypes within their respective mutually exclusive gene pools. The hybrid specimen, displaying heterozygosity with haplotypes from both E. marginatus and M. rubra clades, provided robust genetic evidence supporting its hybrid identity. Although the hybrid exhibited S7 haplotypes from different origins, it does not necessarily imply this individual is a first-generation hybrid; a recent hybridization event may be the alternative explanation, e.g., if alleles have not yet drifted (if S7 is a neutral marker) or have not yet been selected away (if S7 is a non-neutral marker). The hybrid’s connection of S7 gene pools from both species validates the occurrence of natural hybridization between E. marginatus and M. rubra. The nuclear marker S7 emerges as a valuable diagnostic tool for species delineation and hybrid detection in this specific hybridization context.

In the haploweb based on 483 bp BMP4 nuclear marker fragments (15 mutations in total, haplotype diversity 0.92), clear species boundaries among E. costae, E. marginatus, and M. rubra were not evident. Reciprocal monophyletic species clades were absent. The reticulate haplotype relationships suggest the possible existence of incomplete lineage sorting or hybridization. Even though purebred E. costae, E. marginatus, and M. rubra individuals exhibited distinct haplotypes, the presence of a putative hybrid with BMP4 haplotypes from E. marginatus and M. rubra does not definitively confirm hybridization on this marker. Therefore, the BMP4 fragment could not serve as diagnostic marker for this particular hybridization case (Figure 3).

The 453bp TMO-4c4 fragments from E. costae formed reciprocally monophyletic clade in the haploweb (4 mutations in total, haplotype diversity 0.48). No mutually exclusive gene pools observed between E. marginatus and M. rubra on the TMO-4c4 marker in the haplotype network. This nuclear marker was not suitable for species delineation for these two species (Figure 3).





Discussion

The study confirmed natural hybridization between E. marginatus and M. rubra. Studying natural hybridization cases would increase the understanding of evolution and biodiversity. For economically valuable species involved in hybridization cases, misidentification of hybrid to parent species might have a negative influence on the effectiveness of catch quota setting. If hybrid offspring have reproduction deficiencies, the significant gamete waste for natural stocks could result due to groupers’ alpha male-dominated reproduction behavior. If the hybrid offsprings are fertile, subsequent repeat backcross to both or one side might cause reverse speciation or so-called hybrid extinction. Through the same route, the escape of artificial grouper hybrids from aquaculture facilities may introduce genetic pollution into the local stock, potentially leading to the extinction of native populations.

For the hybrid under study, maternal material came from the E. marginatus, and paternal material came from the M. rubra. More hybrids need to be sampled and identified using diagnostic markers for further investigation into the origin of reproduction material in this hybridization case to determine if the process is unidirectional or bidirectional.

The nuclear ribosomal protein gene S7 marker could be used as a diagnostic marker for species delineation and hybrid detection. This marker could reliably detect hybrids, including at least first-generation hybrids, between E. marginatus and M. rubra. However, the identification of backcrossing hybrids needs to be further tested. For example, the ability to detect backcrossing would require additional diagnostic markers and ensuring that they are in linkage equilibrium. Previous studies on Plectropomus leopardus and P. maculatus hybridization cases indicated that with two diagnostic markers, the identification accuracy of backcrossed hybrids was approximately 74% as these hybrids had the potential to regain homozygosity in diagnostic nuclear markers (He et al., 2018a).

The difference in genetic similarity (COI p-distance) between the purebred parents E. marginatus and M. rubra, compared with the p-distance of purebred parents in other hybridization cases within Serranidae, was not obvious. Artificial hybridization between E. polyphekadion and E. fuscoguttatus was documented with a similar COI p-distance (~0.11, According to James et al. (1999). And the largest known p-distance between purebred parents for a serranid hybrid is 0.17 (Chen et al., 2017). For predicting reproduction barriers, the current confirmed grouper hybridization cases offer a good reference range of purebred parents species genetic similarity. Future hybridization investigations could utilize this range to estimate reproduction possibilities.
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