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Abstract

:

The studies on the bioinvasion phenomenon focus mainly on the biological and ecological traits of a species, while scattered literature is addressed to a correct systematic assessment and an updated geographical distribution on the whole. It is noteworthy that non-indigenous species should be monitored on both sides of their range, i.e., towards the front of dispersal and beyond the original range. The backside range boundaries are not often monitored or well delimited; thus, the novel global distribution of an invasive taxon is not often accurately delimitated. A model species for highlighting criticisms about the scarce knowledge on the novel range was chosen. Brachidontes pharaonis is a mussel that has successfully colonised the Mediterranean Sea, following an immigration pathway through the Suez Canal from the Red Sea, presumably from a wider Indo-Pacific area. In this case, the Indo-Pacific boundaries have been overlooked and are still misunderstood due to diverse causes, principally as the synonymy with the congeneric B. variabilis has created confusion in the taxonomic identification. The present review demonstrates that the borders of the B. pharaonis range are still unclear and that the species should be analysed in a wider geographical area. Records of B. pharaonis from Southeast Asia should be treated with caution as this area is out of its range. The Indian and Pacific Oceans host the taxon B. variabilis, composed of two potential cryptic species. Data from the literature highlight the importance of the integrative taxonomic approach to solving various issues concerning the species group complex, morphological variations and cosmopolitan claims of species.
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1. Introduction


Marine invasive species significantly alter the biodiversity of local ecosystems at fundamental levels. By introducing new competitive behaviours, dynamics and predatory practices into ecosystems where they are introduced [1], these species upset the natural equilibrium and consistency of native environments [2], contributing to the reduction of biodiversity. Human activities, particularly maritime transport and the discharge of ballast water, are often the primary means by which these non-native species cross biogeographic boundaries. Once these invasive organisms gain a foothold, they can dominate local species for resources, modify physical environments and spread new diseases, resulting in the decline or even the extinction of local species.



During the last century, many exotic species arrived in the Mediterranean Sea after the opening of the Suez Canal [3]. Most of these Lessepsian migrants established breeding populations. To evaluate potential risks and impacts on natural ecosystems, particularly in the rapidly changing Mediterranean Sea, a widely acknowledged aim is to explore biological traits and ecological plasticity, mainly of the most abundant invasive species [4,5,6,7]. It has been demonstrated that invertebrate invaders can tolerate high fluctuations in salinity and temperature [8]; an example is the skeleton shrimp Paracaprella pusilla, an alien invasive species in the Mediterranean, recorded abundantly in the vicinity of outfalls of desalination plants where hypersaline brine plume occur [9].



This review focuses on Brachidontes pharaonis, a frequent mussel originating from the Indo-Pacific area that has successfully colonised the Mediterranean through the Suez Canal from the Red Sea.



The presence of Brachidontes pharaonis has led to significant ecological effects, such as disruptions in food chains [10,11] and the displacement of indigenous mussels within aquaculture communities [11]. These changes not only diminish the variety and numbers of native species but also undermine essential ecosystem functionalities and services, including water purification and providing habitats for various species. The continuous threat from invasive species highlights the urgency for integrated management efforts focusing on prevention, early detection and swift action to lessen their environmental impacts. Addressing the rapid degradation of local biodiversity has become critical. Most of the current research is dedicated to understanding the biological characteristics and adaptability of predominant invasive species [4,5,6,7], starting with a thorough examination of bioinvasion phenomena. The phenomenon of bioinvasion also requires a comprehensive understanding across the boundaries of the species range, not only encompassing the forefront of dispersal but also extending beyond the species’ original range. This is crucial because the new distribution of invasive species is frequently challenging to precisely demarcate on both sides [12].




2. The Species Brachidontes pharaonis


Brachidontes pharaonis (P. Fisher, 1870), an umbonally non-septate marine Mytiloidea, is a small Lessepsian mussel (max length 40 mm) (Figure 1) found abundantly in mid-littoral habitats.



It is an euryhaline, eurythermal, general filter feeder, and its physiological plasticity has played an essential role in the colonisation of the Mediterranean Sea [13]. In the areas where wave exposure and sedimentation conditions are optimal [14,15], B. pharaonis forms beds, reaching high densities (>10,000 ind/m2) and covering entirely rocky shores (Figure 2).



Many life-history traits, including high fecundity, planktonic larvae and early maturity, enable B. pharaonis to colonise several types of habitats across a wide geographic range [16,17,18,19]. Additionally, recent coastal monitoring, to assess the fouling biodiversity, has introduced new perspectives. A long-term qualitative survey has been conducted for 10 years in a locality of the central Mediterranean Sea on the northern coast of Sicily Island (Italy). The coastal epibenthic fouling communities were sampled at least once a year to monitor biodiversity changes in a specific site vulnerable to bioinvasions, i.e., a recreational marina (central Mediterranean Sea, 38°07′14.04″ N, 13°22′12.84″ E; Figure 3). The mussel was collected on ropes every year for the last decade. Specimens, not always aggregated in clusters or patches of different lengths, have been found; in some cases, mussels showed full gonads. The mooring ropes were regularly cleaned by the owners of the boats; thus, the mussels are thought to continuously recruit the substrate (direct observation).



The features of Sicily have made this island a crossroads for marine species dispersal pathways, making it a sort of ‘trap’ for marine species carried by currents [3], thereby establishing local and scattered populations, such as the ones described above, on the Sicilian coast, which may guarantee the survival of the species in the Mediterranean Sea. Such observations add a further driver of species distribution, as some sites with “neglected specimens” can be a kind of sink-and-source site where settlement and growth are guaranteed (sink) and spawning and dispersal are assured (source). The environmental features of some sites and the high population connectivity conferred by the planktonic larvae can provide support for such a dispersal mechanism, not only based on the establishment of mytilid beds at high densities.



Recent observations from the Mediterranean Sea show that the range of B. pharaonis is still in a phase of expansion [3,14]. The species has spread from the eastern to the western Mediterranean basin, up to the northern Adriatic Sea, reaching the Venice lagoon and the coasts of Croatia, and westwards along the Tunisia, French and Spanish coasts [7,16] [20,21,22,23].



The pathway of dispersion has been demonstrated to be the result of the phenotypic and ecological traits of the species [8]. Curatolo [24] demonstrated a high differentiation in shell morphological features: the specimens grown in sand had a greater ventral concavity and a major broadened and angular dorsal margin (a kind of ‘triangular form’; see mussels shown below in Figure 1, in sharp contrast to specimens living on rocky shores. The development of strongly triangular morphs may have been triggered by competition for food, as individuals may have better access to the water column and have an advantage when competing for food in an environment with low hydrodynamics.




3. The Criticisms about B. pharaonis Distribution


The great differentiation detected by molecular markers was the cause of the no longer accepted synonymy of B. pharaonis with B. variabilis (Krauss), the last species distributed in the Indo-Pacific region. Different studies allocated B. pharaonis as the valid name to be used for the species occupying the Mediterranean and the northern Red Sea and considered B. variabilis a complex of two different taxonomic entities distributed in the Indo-Pacific waters [6,19,24]. However, recent assignments of the B. pharaonis taxon to samples collected in areas other than the Mediterranean and Red Sea [25,26,27,28] highlights the necessity for a deeper knowledge of the Brachidontes pharaonis–variabilis dichotomy.



Most pieces of literature report genetic patterns of B. pharaonis [6,16,17,18,19,20,24,26,29,30,31]. The analyses conducted on mitochondrial DNA [6,16,18,19,24,26,30,32] have shown a surprising variability within the species and the existence of separate clades. In particular, two co-existing mitochondrial forms, named L and M (according to the name of the substituted amino acids, leucine and methionine), seemed to be the result of paleo-vicariance processes that occurred in the Red Sea, of which traces remain in the sequence of the mtDNA [18]. In contrast with this ancient polymorphism, B. pharaonis samples collected in the Mediterranean and the Red Sea did not show a geographical structuring but showed an adequate level of genetic cohesion [6,18,24,30].



The identification of B. pharaonis is often complicated by the large variability of its morphological traits. Swennen et al. [27] identified samples as B. pharaonis collected in the Gulf of Thailand, with radial ribs bifurcating, inner margin crenulated on the posterior side, and colour yellowish-brown and internally shiny purplish. However, a recent paper by Wells et al. [33] stated that B. pharaonis in Thailand was misidentified with B. variabilis, corroborating the difficulties in taxonomic diagnosis [28].



It is noteworthy that several studies have listed B. pharaonis as present in Southeast Asia (Indonesia, Malaysia and Thailand) [24,25,28,34] and in the central Indian Ocean (Sri Lanka) [26] (these last referred to the sequences included in the tree of Figure 4: Sri Lanka Accession Number: AJ865780, AJ865781, AJ865786, AJ865782). Some authors have categorised the species in these zones as non-indigenous, originating from the western Indian Ocean and the Red Sea through shipping activities [25,33,35]. Unpredictably, the species has even considered native to the Mediterranean Sea [26].



The genus Brachidontes often occurs as one of the most common bivalve taxa in enclosed coastal marine habitats, such as Indonesian marine lakes [35]. The high degree of morphological variability of B. pharaonis has been evidenced for the variable valves in shape and height/length ratio [36] and the terminal umbone (often expanded posteriorly, sometimes arcuate and occasionally subcylindrical, with beaks being not quite terminal)—features which could also be ascribable to the sister species B. variabilis [37,38].
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Figure 4. Bayesian inference tree built using COI as a marker using published data [19,24,27,38]; a posterior value > 0.8 is shown; sequences from the Mediterranean and the Red Sea are highlighted in red, the southwestern Indian Ocean in green and the group from eastern Indian Ocean and western Pacific Ocean in blue. 
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As a consequence, different studies [24,29,37] have applied an integrated approach by combining the data from genetics with geometric morphometrics on valves to reinforce the three lineages within the Brachidontes pharaonis + variabilis group, respectively, from the Mediterranean and Red Sea, from the Indian Ocean and from the Pacific Ocean. A further inferred phylogenetic tree has been built herein with the mitochondrial COI sequences (Figure 4) retrieved from the literature [19,24,38]. This was congruent with the existence of the three lineages, also supported by the previous geometric morphometric data of shells [24] (shown in the CVA scatterplot; Figure 5).



The sequences were aligned in BioEdit [39] using ClustaW [40] and default parameters; then, they were handled in Beauti 2 2.6.0 and analysed in Beast 2 2.6.6 [41,42,43]. The Bayesian analysis was conducted for 100,000,000 generations in Cipres Portal [44] and HKY and Yule as models. The molecular clock used was 1.21 × 10−8 according to Marko [45].



COI sequences representative of the different B. pharaonis/variabilis samples worldwide were analysed. Twenty-eight sequences from the Mediterranean Sea (Sicily, Turkey, Tunisia, Egypt) and Red Sea (Northern Red Sea, Southern Red Sea, Gulf of Suez), six from the Southwestern Indian Ocean (Madagascar and South Africa) and eight from the Eastern Indian Ocean/Western Pacific Ocean (Sri Lanka and Hainan Island, China) were retrieved from previous studies [19,24,27,38]. The COI molecular marker has attracted some criticism regarding the current taxonomic identification. The sequences from the Mediterranean and Red Sea cluster in a single group with a solid posterior value (0.99), which corresponds to the Brachidontes pharaonis taxon. The Southwestern Indian Ocean and the Eastern Indian Ocean + Western Pacific Ocean sequences are two additional well-identified clusters (posterior value of 1) corresponding to the two cryptic Brachidontes cf. variabilis entities.



Despite the present phylogenetic pattern, which mirrors the past literature, individuals from Sri Lanka have been identified as B. pharaonis [27] and samples from both lineages, Brachidontes cf. variabilis, are still identified indistinctly as B. variabilis (Figure 6), though previous results have demonstrated the dichotomy within the Indo-Pacific area [19].



It is noteworthy that the tree lineages have a congruity in the marine biogeographical provinces [52]. The Red Sea, the Western Indian Ocean and the Indo-Polynesian areas are identified as provinces for the presence of a high level of endemism and the isolation from other provinces due to barriers [52], as often revealed in other species distributed worldwide (e.g., [53]). The three lineages detected depict these three provinces: the B. pharaonis originated from the Red Sea and invaded the Mediterranean Sea; the Brachidontes cf. variabilis from Madagascar and South Africa belong to the Western Indian Ocean Province; and the B. cf. variabilis samples from Sri Lanka and China are included in the Indo-Polynesian Province. In particular, the clustering of these two last populations may be explained by a recent colonization (less than 100,000 years before present) of the Eastern India ancestral population after the Sunda Shelf Barrier disappeared at the end of the last glaciation and the Indo-Polynesian Province was born [52].



Regarding the Red Sea Province, it should be highlighted that previous genetic data [26] had revealed a point break in the southern Red Sea, between B. pharaonis samples from the northern Red Sea (i.e., sequences from [30]) and Eritrea; curiously, it has not been herein confirmed as northern and southern Red Sea samples clustered together (Figure 4).



Furthermore, records from the Persian-Arabian Gulf, embedded in the Western Indian Ocean Province, report both B. variabilis (from Iraq [46]; Iran [50]; Qatar [51]; Saudi Arabia [47]) and B. pharaonis (Kuwait [48]; United Arab Emirates [26]), generating great taxonomic confusion.



As such, records of Brachidontes pharaonis or B. cf. variabilis from the Indian Ocean and western Pacific regions should be treated with caution; the three entities that resulted in being discriminated against (Figure 4 and Figure 5) should be deeply investigated and the borders of the B. pharaonis range delineated as they are not clear yet (Figure 6).




4. Conclusions


The present paper could be considered as a baseline for future evaluations, and it also echoes the need for an integrative taxonomic framework for the proper identification of the species. The phenomenon of marine bioinvasions is certainly the most challenging to monitor. Unrestricted by scientific and sampling tracking, the species move freely under the sea, and often, they are found in new geographical areas after they have already established themselves. This is particularly true for small-sized invertebrates; their detection occurs when specialised taxonomists identify them, whereas large-sized animals or plant detection is easier and nowadays also supported and assisted by citizens’ involvement.



Among the various challenges in drawing the diffusion and dispersal models of an invasive alien species, the delimitation of the boundaries of the maximum range that the species can reach is a major task, along with the characterization of the morpho-anatomical and physiological traits that enable the species to survive in a new environment. In addition to this consideration, errors in taxonomic identification create confusion and limit the accurate monitoring of a species. Consequently, assessing the state of the art in cases where there is a rich bibliography on a species becomes a crucial step in the study of specific taxa.
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Figure 1. External view of valves of Brachidontes pharaonis specimens, collected from the Mediterranean Sea (above) and the Red Sea (below). 
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Figure 2. Above: the mytilid beds (A) and a detail of the aggregated shells of Brachidontes pharaonis specimens (B) in Sicily, southern Italy, Mediterranean Sea. Below: a different mytilid aggregation (C), and a detail of individual specimens of Brachidontes pharaonis detectable by the very small black scattered shells (D) in the Dahab lagoon, Egypt, Red Sea. 
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Figure 3. The fouling community on the mooring ropes where scattered Brachidontes pharaonis individuals occurred (A–C). A specimen of the mussels sampled (D). 
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Figure 5. The CVA scatterplot of the Brachidontes pharaonis–variabilis complex from the three biogeographical regions analysed by [24]. Mediterranean Sea + Red Sea (MM): red circles; Indian Ocean (OI): green circles; and Pacific Ocean (OP): blue circles. (Image courtesy T. Curatolo) 
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Figure 6. Distribution map of specimens identified as Brachidontes pharaonis using genetic and geometric data (red dots), dubious specimens identified as B. pharaonis using morphological approach (black dots) and specimens of Brachidontes cf. variabilis (blue dots); all records are from published data [3,6,7,8,11,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,46,47,48,49,50,51]. Brachidontes pharaonis extends its range in the Red Sea Province and from there to the Mediterranean Sea. At the same time, the identification of specimens from the Western Indian Province and Indo-Polynesian Province is still somewhat unclear and causes misunderstandings, implying a deep revision of the genus. 
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