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The Asian green mussel (AGM), Perna viridis, is a mussel of ecological and economic importance throughout much of the tropical and subtropical regions of Asia, from China and Korea in the east to Oman on the Arabian Peninsula in the west. We collated published DNA sequence data and then analysed 467 bp of cytochrome c oxidase I gene (COI) sequence variation from 649 mussels (576 from SE Asia and 73 from India) to test for regional differentiation. Analysis of molecular variation, a haplotype network and a neighbour-joining tree all revealed significant differentiation between mussels from India and those from SE Asia. We observed a greater number of segregating sites (haplotypes) and private haplotypes than expected for Indian mussels compared to SE Asian mussels, based on the respective sample sizes. Tests of neutrality revealed population expansion or a recent selective sweep for only the mussels from India. We suggest that the differentiation of the Indian from the SE Asian mussels is explained by the pronounced seasonal input of freshwater into the northern Bay of Bengal area, which acts as a (semi-permeable) barrier to gene flow between the two regions (i.e., east versus west of the Bay). This suggestion is based on the oceanography of the region and is consistent with the biogeography and reports of genetic breaks in a range of taxa in this region. Further targetted sampling of AGMs from the east coast of India, Bangladesh and Myanmar is required to test this hypothesis, and additional sampling of AGMs from west of India (e.g., Pakistan, Iran, the Arabian Peninsula) will also be informative. Finally, this study is based on the analysis of a single marker (COI) because this is all that is presently available from published sources but we note that the application of new molecular markers such as single nucleotide polymorphisms to newly collected mussel samples will greatly advance our understanding of the AGM genetic discontinuity and its age, and help test its geographical location and its nature (e.g., a steep/shallow cline or a stepped cline).
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Introduction

The study of the distribution of organisms or species and the factors that control their distributions has benefitted dramatically from the development and application of molecular genetic methods to infer native areas and times of diversification between species or lineages within species (e.g., Creer et al., 2016; Porter and Hajibabaei, 2018). Earlier studies focussed on explaining large-scale patterns of distributions based on presence-absence and/or abundance data, typically in the absence of molecular data (e.g., Ekman, 1953; Darlington, 1957; Briggs, 1974; Longhurst, 2007). Advances in molecular biology (e.g., Mantooth and Riddle, 2011) and the development of phylogeography (Avise, 2000) have encouraged the study of fine-scaled patterns of distribution, both in terms of accounting for rare and/or cryptic species (Jörger and Schrödl, 2013; Fišer et al., 2018; Struck et al., 2018) and for describing within-species genetic diversity such as the presence of differentiated lineages (e.g., Apte and Gardner, 2002; Gardner et al., 2010; Boehm et al., 2013; Bowen et al., 2016).

For marine coastal species, some sort of barrier to gene flow may exist between contemporary sites (populations) either side of a major feature and result in differentiated lineages that reflect the biogeographic history of the species (Barber et al., 2000; Apte and Gardner, 2002; Periasamy et al., 2017). It is therefore not unusual for genetic diversity (e.g., allelic richness, genotypic frequencies) within a species to align with biogeographic boundaries, providing intraspecific concordance between biogeography and phylogeography (Bowen et al., 2016). In a number of notable cases major rivers have been shown to act as barriers to the movement of some marine species because their larvae and/or adults cannot survive the major salinity perturbation caused by the river as it flows into the coastal marine zone; that is, the river outfall acts as a barrier to gene flow and/or may mark a biogeographic boundary (Dong et al., 2012; Wang et al., 2015; Moura et al., 2016; Chang et al., 2017; Davis et al., 2018). Understanding how patterns of regional genetic differentiation within a broadly distributed species arose and are maintained is still, however, a major challenge (Avise, 2000; Apte and Gardner, 2002; Gardner et al., 2010).

The Asian green mussel (AGM), Perna viridis Linnaeus 1758, is a subtropical and tropical mussel of the family Mytilidae (Bivalvia, Mollusca). It is widely distributed throughout the Indo-Pacific region, from approximately Oman (Persian Gulf) in the west to eastern China and western Korea in the east. This region of native distribution includes much of Malaysia, Thailand, Viet Nam, the Philippines, Taiwan, Hong Kong, Singapore, western Indonesia as well as India, Sri Lanka, Pakistan, Iran and Oman (Siddall, 1980; Wood et al., 2007; Gilg et al., 2013; Gardner et al., 2016; Dias et al., 2017). The AGM occurs most often in intertidal and/or shallow subtidal rocky reef environments, usually in waters of higher and more constant salinity regimes (Segnini et al., 1998; Rajagopal et al., 2006). P. viridis is both an ecosystem engineer (e.g., Crooks, 2002; Borthagaray and Carranza, 2007; Sousa et al., 2009) and an important aquaculture and wild-caught fisheries species (Vakily, 1989; Ong et al., 2009; Prakoon et al., 2010; Awan et al., 2012; Divya et al., 2012; Laxmilatha, 2013; Divya et al., 2020; Rejeki et al., 2020) and is an important source of protein and revenue for peoples in many coastal locations throughout SE Asia (FAO, 2019). In addition, the AGM is now a widely distributed invasive species (CABI, 2021), being found in many warm-water locations, including Brazil, Cuba, eastern Indonesia, Jamaica, Japan, South Africa, Trinidad and Tobago, southeast USA, Venezuela, and several island locations in the South Pacific Ocean (e.g., Siddall, 1980; Hanyu and Sekiguchi, 2000; Baker et al., 2007; Gilg et al., 2013; Castillo et al., 2014; Huhn et al., 2015; Micklem et al., 2016; Dias et al., 2017; de Messano et al., 2019; Arrieche et al., 2020).

Determining patterns of genetic diversity within a species is important for phylogeographic understanding (Avise, 2000; Bowen et al., 2016) and as a basic component of biodiversity protection (e.g., CBD, 1992; CBD, 2020). For the AGM several regional-scale studies have used different genetic markers to report what are generally low levels of spatial genetic differentiation amongst native populations from locations including southern China and the South China Sea, peninsular Malaysia, Sabah Malaysia, the Gulf of Thailand, Singapore and southern India (Ong et al., 2009; Prakoon et al., 2010; Divya et al., 2012; Lin et al., 2012; Ye et al., 2015; Ye et al., 2016; Lau et al., 2018; Divya et al., 2020). Overall, these findings indicate that gene flow is moderately high within a region and that genetic divergence is therefore low: such findings are consistent with a mussel species that has very large population sizes, which produces millions of larvae per mass spawning event, and for which the pelagic larval duration is 21-35 days (Laxmilatha et al., 2011). These life-history and demographic characteristics tend to facilitate wide-spread genetic connectivity (larval exchange), which in turn tends to minimise genetic differences amongst populations (e.g., Weersing and Toonen, 2009; Gardner et al., 2010; Faurby and Barber, 2012).

Whilst much is known about regional-scale population genetic variation of the AGM very little is known at the continental scale across its full distributional range. The reasons for the absence of information are likely to be: (1) the logistic and legal (e.g., permitting) difficulties of obtaining mussel samples from multiple locations/countries across such a large natural distribution (approx. 10,000 km of longitude and many different countries) and (2) the research focus on the AGM as a bioinvader outside the region as opposed to a focus on its intrinsic genetic diversity inside the region of its natural distribution. Whilst not specifically addressing the question of continental-scale within-species genetic diversity, earlier studies using different markers and approaches have noted a pronounced genetic split between native Indian mussels and native mussels from SE Asia (Gilg et al., 2013; Gardner et al., 2016; Dias et al., 2017; Ye et al., 2021). The reason for this apparent genetic discontinuity between mussels from the Indian subcontinent and those from SE Asia, and its specific location, have not previously been investigated and requires examination. However, it is immediately noticeable that the Bay of Bengal separates the Indian and the SE Asian mussels.

The Bay of Bengal (BoB) is one of the world’s 64 large marine ecosystems and is the largest bay in the world, with an area of 2,172,000 km2 (Brewer et al., 2015). The BoB is bordered by India and Sri Lanka to the west, Bangladesh to the north, and Myanmar to the east, whilst the Andaman and Nicobar Islands along the eastern boundary separate the Bay from the adjacent Andaman Sea. A large number of major rivers (including the Irrawaddy, Ganges, Brahmaputra, Meghna, Mahanadi, Godavari, Krishna and Salween) flow from the Himalayan Mountains through the region of Bengal and into the bay (NOAA n/d; Behara and Vinayachandran, 2016). During the monsoon season >200 km3 of water drains into the BoB; annually the Ganges-Brahmaputra-Meghna system contributes 1032 km3 of freshwater input, and ~2.5 billion tonnes of sediment enter the bay each year from the Ganges River alone (NOAA n/d; Kay et al., 2018). This riverine input causes a warm, low-salinity, nutrient and oxygen-rich layer (sometimes referred to as a barrier layer) to form to a depth of 100 m and that extends ~1,500 km into the BoB from the northern coastline (NOAA n/d; Behara and Vinayachandran, 2016; Kay et al., 2018; Rainville et al., 2022). Upper ocean circulation in the BoB is complex and identifying an ‘average’ pattern is often confounded by pronounced seasonal (monsoonal) variation (Rainville et al., 2022). Nonetheless, circulation reverses semi-annually, although not exactly matching wind direction, and in both seasons circulation is largely unorganised and characterised by meso-scale cyclonic (during the northeast monsoon) and anti-cyclonic (January to April) eddies (Chamarthi et al., 2008; Brewer et al., 2015; Behara and Vinayachandran, 2016; Rainville et al., 2022). Because the BoB receives a vast volume of freshwater on a seasonal time scale this water needs to be transported out of the bay (Behara and Vinayachandran, 2016; Herron et al., 2022). This is achieved largely by the East Indian Coastal Current (EICC) on the western side of the bay during November–January and by equator-ward flowing currents on the eastern side during both summer and winter (Chaitanya et al., 2014; Behara and Vinayachandran, 2016 and references therein, although not all studies agree on this e.g., Rainville et al., 2022). This phenomenon of southward flowing water along the eastern coast of India has been described as a ‘river in the sea’ and is so pronounced that it has been measured by fishermen in knee-deep water (Chaitanya et al., 2014). Finally, the region is also characterised by periods of variable upwelling and downwelling that modify the depth of the thermocline, and which support important regional fisheries (Chamarthi et al., 2008; Brewer et al., 2015; Rainville et al., 2022).

In the present paper we examine for the first time the phylogeographic relationships between two spatially explicit groups of Asian green mussels either side of the Bay of Bengal. We test the hypothesis of genetic differentiation between Indian (western) and SE Asian (eastern) mussels using mitochondrial (COI) DNA sequence data compiled from published sources and downloaded from GenBank. To better understand where and why a pronounced genetic break exists in a species that (1) is widely and continuously distributed, at least where suitable habitat exists, (2) has very large population sizes and considerable capacity for natural larval dispersal, (3) is moderately tolerant of environmental variation and establishes successfully and rapidly in new locations, and (4) which is a member of an old evolutionary genus (dating back to the Eocene, ~ 60 M years before present: Moore, 1969), we examine our findings in the context of the coastal physical oceanography and regional-scale processes that may act as a natural barrier to gene flow for the AGM between the Indo-Pacific region and Indian Ocean region.





Materials and methods




Sequence data

DNA sequence data for part of the cytochrome c oxidase I gene (COI) were compiled from a variety of sources (Table S1). Criteria for inclusion in this study included (1) that the sequence data must have been extracted from a mussel that was considered to be native to the region from which it was collected (i.e., the mussel was clearly not an invader at a site outside the accepted range of P. viridis), (2) that site location and region of origin information were provided, and (3) that the sequence was of sufficient length and quality to permit alignment and subsequent trimming against all other sequences to produce an alignment that was informative (Table S1).

We use the term ‘location’ to identify site of collection (China - mainland, Hong Kong, India, Indonesia, Philippines, Singapore, Taiwan, Thailand, Viet Nam) and the term ‘region’ to refer to sites east of the Bay of Bengal (China - mainland, Hong Kong, Indonesia, Philippines, Singapore, Taiwan, Thailand, Viet Nam) and west of the Bay of Bengal (India) (Figure 1).




Figure 1 | Map of location (China - mainland, Hong Kong, India, Indonesia, Philippines, Singapore, Taiwan, Thai land, Viet Nam) of mussels for which COI sequence data are available, including haplotypic diversity per location (larger circles indicate more mussels). AG, Arabian Gulf; AS, Andaman Sea; BoB, Bay of Bengal; I O, Indian Ocean; PO, Pacific Ocean.







Data analysis

COI sequence data were imported in FASTA format into Geneious (v7.1.8, BioMatters Ltd, ww.geneious.com), checked for quality and consistency, and aligned using MAFFT (Katoh et al., 2002). Sequence ends were trimmed to give a 467 bp aligned sequence for subsequent analysis. Analyses were conducted to test for location (country) and regional (west versus east of the Bay of Bengal) differences amongst or between samples.

The software FaBox v1.61 (Villesen, 2007 - https://birc.au.dk/~palle/php/fabox/) was used to count haplotypic variation: private (found only at a single location or within a single region) and shared haplotypes were identified. Permutational RxC testing (Miller, 2005) was employed to test for haplotypic variation as a function of the number of mussels per location or region. Because RxC is a permutational test it generates both a P value and a standard error (SE) for the P value, and it does not require observed or expected cell values of ≥5.

Using DnaSP v.6.12.03 (Rozas et al., 2017) standard diversity indices including number of segregating sites (S), haplotype diversity (H), mean number of pairwise differences (Π), and nucleotide diversity (π) were estimated for each population. Estimates of genetic distance between pairs of locations and between the two regions were calculated using different metrics (GST, NST, ΦST). These values were tested for differentiation from zero in GenAlEx v6.5.03 (Peakall and Smouse, 2012) using 999 permutations. P-values of the 36 tests were corrected for multiple testing using the Benjamini-Hochberg false discovery rate test as implemented in the software package Bonferroni Calculator v1.1 (Lesack & Naugler, 2011).

To measure deviation from the null hypothesis of constant population size and random mating, neutrality testing was conducted using Tajima’s D (Tajima, 1989) values that were estimated by comparing the differences between the number of segregating sites and the average number of nucleotide differences for mussels from each location or region. Positive D values indicate an absence of significant recent mutations that may result from balancing selection or a decline in population size, whereas negative values reflect excess recent mutations that may indicate population expansion or a selective sweep. Fu’s FS values were calculated in DnaSP: negative values of Fu’s FS provide evidence for an excess of haplotypes and likely population expansion. Finally, the Ramos-Onsins and Rozas R2 statistic, where lower values are expected to reflect recent population expansion, was also calculated in DnaSP. Fu’s FS value is generally thought to be better for large sample sizes whereas the Ramos-Onsins and Rozas R2 statistic is better for small sample sizes (Ramos-Onsins and Rozas, 2002). Significance (p-values) for these statistics were calculated via the coalescence approach in DnaSP.

The software PopART (Leigh and Bryant, 2015) was used to construct haplotypic networks to illustrate relationships amongst COI haplotypes of the 467 bp aligned sequences as a function of location and region. PopART was also employed to carry out an AMOVA (analysis of molecular variation) to test for genetic subdivision across the range of P. viridis samples. AMOVA (Excoffier et al., 1992; Dupanloup et al., 2002) is based on a priori location or region (group) designations and works to identify groups with the lowest within-group genetic variation. Where appropriate, location was nested within region to test for differentiation between regions, amongst locations and across all individuals. Levels of significance were tested using 1000 permutations.

A neighbour-joining consensus tree was generated using the Geneious software for the COI sequences to examine the relationships amongst all haplotypes as a function of location and region. Bootstrapping (999 permutations) was performed to evaluate support for the branches.






Results

In total, 649 COI sequences were retained, for which there was confidence that the individual mussel was native (i.e., clearly not introduced), site/region/country collection data were provided (Table 1), and we could obtain a trimmed and informative sequence of 467 bp.


Table 1 | Genetic diversity measures for mussels from nine locations and two regions.



In total, 39 different haplotypes were observed, of which 28 were private at the location level (Figure 1; Table S2). The number of observed haplotypes and the number of private haplotypes as a function of location were significantly different (P < 0.0001, SE < 0.0005 in both cases). For the observed haplotypes there were more haplotypes observed than expected amongst the mussels from India and Taiwan, and fewer than expected from Indonesia and Singapore. For the private haplotypes, there were far more observed than expected for mussels from India and fewer than expected for mussels from Indonesia and Singapore (Table S3). At the regional level there more haplotypes and also far more private haplotypes observed than expected for the mussels from India (west of the Bay of Bengal) and fewer than expected for SE Asia (i.e., east of the Bay of Bengal) - P < 0.0001, SE < 0.0001 in both cases (Table S3).

Excluding the mussels from the Philippines and Viet Nam (because n = 2 in both cases) the location-specific estimates of nucleotide diversity (π) ranged from 0.00178 (India) to 0.00541 (Taiwan), haplotypic diversity (Hd) ranged from 0.494 (India) to 0.895 (Taiwan), and the average number of pairwise nucleotide differences (k) ranged from 0.833 (India) to 2.526 (Taiwan). The number of segregating sites (number of haplotypes) ranged from 6 (Thailand) to 18 (India) and the number of parsimony informative sites ranged from 6 (China, Thailand, Taiwan) to 9 (Singapore). At the regional level (Table 1) the mussels from west of the Bay of Bengal (n = 73) exhibited lower values for all indices (except the number of parsimony informative sites which was the same) as the mussels from east of the Bay of Bengal (n = 576).

For neutrality testing, the only estimate of Tajima’s D value that was statistically significantly was that for India (D = -2.305, P < 0.01), which may indicate population expansion or a recent selective sweep (Table 2). Statistically non-significant Tajima’s D values for the mussels from SE Asian locations suggest that these populations may be at or near to equilibrium status. Fu’s FS test results for the locations were all negative, but only the result for India was statistically significant and indicative of a recent population expansion. For the two regions, the west (India) result was highly statistically significant whilst the east (SE Asia) result was borderline statistically significant, suggesting a large and recent population expansion to the west of the Bay of Bengal and the possibility of a recent expansion to the east. The Ramos-Onsins and Rozas R2 test results were all positive (in the range 0.0280 to 0.1497 for the individual locations) and the smallest value was observed for the Indian sample (low R2 values are indicative of population expansion). Of the seven location-specific tests only that for India was statistically significant. For the two regions the R2 value of the west (India) was ~50% of that of the east (SE Asia) and only the result for the west region was statistically significant. Overall, these Ramos-Onsins and Rozas R2 test results indicate recent population amongst the Indian (western) mussels and no expansion amongst the mussels of the eastern sites and the east region (Table 2).


Table 2 | Tests of deviation from neutrality (possible range expansion) for mussels from seven locations and two regions.



Estimates of genetic distance between pairs of locations and between the two regions were consistent regardless of which metric (GST, NST, ΦST) was used so we only present here the results for ΦST. After correction for multiple testing 19 of the 36 tests (p-value ≤ 0.024) were statistically significant. Across all nine pairwise location comparisons the ΦST values ranged from 0.000 (negative values have been set to zero) to 0.857, with a mean ± SD of 0.308 ± 0.283, and when the samples from the Philippines and Viet Nam (n=2 in both cases) were excluded the ΦST values ranged from 0.000 to 0.656, with a mean ± SD of 0.212 ± 0.212 (Table 3; Figure S1). All pairwise combinations involving the mussels from India were highly statistically different from zero (Table 3; Figure S1). Excluding the Philippines and Viet Nam samples, the India sample had the highest mean ΦST value of 0.520, which was between 2 and 3.7 times the values exhibited by the populations from SE Asia (a high of 0.250 for Thailand and a low of 0.140 for Taiwan) (Table 3). Not surprisingly, the ΦST value of genetic differentiation between the regions – east versus west of the Bay of Bengal – was high at 0.498.


Table 3 | Estimates of pairwise genetic distance estimates (ΦST - below diagonal) and significance levels (P based on 999 permutations - above diagonal) between nine sampling locations.



AMOVA testing was carried out at four different spatially explicit levels (Table 4). AMOVA revealed statistically significant differences in COI sequence variation amongst mussels of all nine locations (25% of total variation, ΦST = 0.249, p < 0.001) and also amongst mussels from the eight southeast Asia locations (12% of total variation, ΦST = 0.118, p < 0.001). AMOVA also identified statistically significant differences in COI sequence variation amongst mussels of all nine locations when nested within region (43% of total variation amongst regions and 9% among locations, ΦST = 0.519, ΦSC = 0.161, p < 0.001) and also between the two regions (15% of total variation, ΦST = 0.151, p < 0.001). Thus, whilst all four models were statistically significant, the best fit AMOVA model included all nine locations when nested within region (east versus west of the Bay of Bengal) and the poorest performing model involved only the eight locations from SE Asia.


Table 4 | AMOVA results at four different levels: all nine locations regardless of origin, the eight locations in southeast Asia (i.e., excluding India), for the nine locations nested within region, and for the two regions.



Different haplotypic networks were constructed using PopART but all gave basically the same result – clear separation of Indian mussels from those of SE Asia (Figure 2). Six main haplotypes (H1, H2, H3, H5, H9 and H12) were identified, from which all other haplotypes branched. Haplotype H5, being most frequent in the Indian mussels, was clearly separated from the other five haplotypes, for the nine-location TCS network and most evidently for the two-region TCS network (Figure 2). Haplotype H5 (Indian mussels) was mostly closely linked to haplotype H3 (one base change) and then to H1 (two base changes).




Figure 2 | Haplotype network showing differentiation between mussels from east of the Bay of Bengal (SE Asia in green) and west of the Bay of Bengal (India in pink). Individual haplotypes are labelled H1 to H39; size of size represents number of individuals per haplotype.



The NJ tree revealed two main clusters, with an incomplete separation of Indian mussels from the SE Asian mussels (Figure 3). On the main branch of the tree most samples were from Hong Kong and Singapore, with others from Indonesia, the Philippines, and Thailand. Of the 14 haplotypic branches in this first cluster (which was composed of 4 subclusters) only one (haplotype 1) had a single Indian mussel and only 7 were private haplotypes. There was no evidence of geographic structure amongst these haplotypes. The remaining haplotypes formed a distinct second cluster with bootstrap support of 54% (bootstrap support values across the NJ tree were in the range 51 to 61%). This second main grouping was dominated by mussels from India, with representation from other locations to a lesser extent. This grouping of 25 haplotypes contained 21 private haplotypes, 14 of which were found only in India (Figure 3). Of the six most frequently occurring haplotypes (Table S2) four of them (H1, H2, H9, H12) occurred in the first cluster and two (H3, H5) in the second cluster.




Figure 3 | Neighbour Joining tree of COI sequence variation for the Asian green mussel, Perna viridis. Number at end of each branch represents haplotype whilst country name indicates unique haplotypes (haplotype number with no country name is a shared haplotype). Numbers are per cent bootstrap support values for major nodes.







Discussion

Our analyses of COI sequence variation (n=649 sequences of 467 bp length from 9 locations and 2 regions) reveal for the first time the existence of statistically significant genetic differentiation between P. viridis mussels from west of the Bay of Bengal (India) and those from east of the Bay (SE Asia). There is proportionately greater haplotypic diversity and a greater number of private haplotypes within the 73 mussels from India than exists within the 576 mussels from SE Asia. In addition, AMOVA clearly shows that the greatest level of differentiation exists when sampling locations are nested within regions (east versus west of the Bay of Bengal) and the TCS haplotypic network and the NJ tree both show a high (but incomplete) level of differentiation between mussels from either side of the Bay of Bengal.




Limitations

Our study is based on results from only one marker – mtDNA COI partial gene sequence. Ideally, multiple markers should be used in a study such as this because they are more informative than a single marker (e.g., Larraín et al., 2018; Zbawicka et al., 2019; Simon et al., 2020; Zbawicka et al., 2022) and because assessment of genetic diversity within the mitogenome may not reflect genetic diversity within the nuclear genome (reviewed by Toews and Brelsford, 2012). Preliminary assessment of the use of other markers for P. viridis (e.g., ITS, Cyt-b, 16S, D-loop) revealed too little data (small samples sizes, too few sampling locations) from published sources, including GenBank, to be informative. In addition, where markers such as ITS have been used for the assessment of local scale genetic diversity there is limited or no power to detect differences and the COI marker is far more informative (e.g., Gardner et al., 2016; Ye et al., 2021). Thus, right now we can only use a single marker because this is all that is publically available and informative, and because sampling of new mussel samples from the Indo-Pacific region is too challenging (logistical difficulties make field work of this type prohibitively expensive and permitting issues limit access). Future work on this topic will benefit from the use of combined mitogenome and nuclear genome markers, as well as the use of newer, highly polymorphic markers such as single nucleotide polymorphisms (SNPs) to better understand contemporary gene flow versus historic patterns of genetic structure.





The Bay of Bengal as a barrier to gene flow

As noted in the Introduction, the Bay of Bengal is a large marine ecosystem, the largest bay in the world, and is characterised by very strong seasonal input of freshwater. Our results have, for the first time, highlighted the BoB region as the area of interest but identifying the exact location of the genetic discontinuity in the AGM between western (India) and eastern (SE Asia) regions of the bay is presently impossible because there has been no reported sampling of mussels from most of the Bay of Bengal itself. To the west of the bay region AGMs have been sampled for COI analysis from approximately Chennai (India) and on the east coast of the bay from Thailand and Malaysia. There has also been very limited sampling from Kochin (southern India) or to the west, including Oman. Whilst the AGM has been recorded from many other sites both in the region of the BoB itself (e.g., Bangladesh) and beyond, they have not been subject to genetic analysis. Examination of biogeographic patterns for the BoB region are informative and provide clear evidence of distributional discontinuities in numerous species (e.g., Sivadas and Ingole, 2016) and within-species genetic discontinuities for a range of taxa including seagrass, dolphins and horseshoe crabs (Nguyen et al., 2014; Amaral et al., 2017; Periasamy et al., 2017). The influence of pronounced seasonal salinity variation on coastal biota is not surprising given the osmotic stress that such variation may induce and the physiological responses (stenohaline versus euryhaline) of different taxa (e.g., Wang et al., 2011a; Wang et al., 2011b; McFarland et al., 2013; Pourmozaffar et al., 2020; Suokhrie et al., 2021). To better understand the shape (e.g., shallow cline, stepped cline, linear gradient) and to identify the exact location of differentiation of eastern from western mussels more sampling of the AGM is required from the east coast of India, from Bangladesh and from the coast of Myanmar. Additional work describing, for example, the timing of gametogenesis and spawning plus larval tolerance of environmental variation including salinity fluctuation of P. viridis in the Bay of Bengal region and how these key biological responses relate to the timing of major freshwater outflow into the BoB may provide insight into how it is that a seasonal barrier (freshwater outflow) to gene flow may act to prevent or minimise connectivity between eastern and western regions.





Regional population genetic differentiation

In India, P. viridis is found extensively along the western (Arabian Sea) coastline from the north (Gulf of Kutch, Gujarat State), but in particular in the state of Kerala in the south. On the east coast (Bay of Bengal) it is found at least as far north as Chilka Lake (Orissa State), as well as at the Andaman and Nicobar Islands (Andaman Sea) (Jones and Alagarswami, 1973; Divya et al., 2012; Laxmilatha, 2013). Divya et al. (2012) assessed genetic variation of P. viridis from three mainland Indian sites using RAPDs and concluded that all sites formed a single stock characterised by high levels of gene flow. Their fourth sample, from the offshore Andaman Islands (located to the southeast of the Bay of Bengal), was differentiated from the three mainland samples. More recently, Divya et al. (2020) assessed variation at the ATP-ase6 and cyt-b loci in mussels from two sites on the west coast (Goa and Kollam – Arabian Sea), two on the east coast (Chennai and Vishakapatnam – Bay of Bengal) and one from Port Blair in the Andaman and Nicobar Islands (Andaman Sea). They reported low nucleotide diversity (indicative of a severe historical bottleneck) and high haplotypic diversity (indicative of recent population expansion) for mussels from all sites, and noted that the Bay of Bengal plus Andaman Sea populations exhibited greater genetic diversity than the Arabian Sea populations. More recent work, based on microsatellite variation did not include the sample from the Andaman Islands (Divya et al., 2022). Overall, these analyses indicate the existence of three partially differentiated groups of AGM within India: a moderately well differentiated group from the Andaman Sea and two partially differentiated groups from the east coast (Bay of Bengal) and the west coast (Arabian Sea). It is not possible to say if the Andaman Sea mussels are more or less similar to those from SE Asia because no such comparison was run by Divya et al. (2020) but the greater differentiation of the Andaman Sea mussels from the BoB and Arabian Sea mussels points to separation (reduced gene flow) from the Andaman Sea to mainland India (and vice versa), and this is consistent with the overall differentiation of the SE Asian mussels from the Indian AGMs. Our analysis of COI sequence variation for mussels from India could not test for mainland differences because we had too few mussel samples from the western coast, and there are no COI sequence data for the Andaman Sea island mussels.

Very little population genetic analysis has been carried for AGMs west of India. Ye et al. (2021) examined DNA sequence variation at three markers - ITS, D-loop (control region) and COI - for mussels collected from four sites in mainland China, one in the Gulf of Thailand (mean sample size of 24.4 mussels for the 5 sites for ITS and of 27.4 for both D-loop and COI) and for one site in Oman (sample size of 10 for all three markers). Based on ITS sequence variation the mussels from Oman did not show any obvious differentiation from the mussels from China and Thailand. However, the combined COI plus D-loop haplotypic analysis revealed pronounced separation of the Omani mussels from those of China and Thailand. This finding is consistent with the interpretation of the freshwater outflow in the Bay of Bengal acting as a barrier to gene flow between eastern and western regions either side of the bay but it is also consistent with some degree of isolation-by-distance given that the Oman sampling site (one site with only 10 mussels sampled) is also the most distant (remote) site of the six sites that were sampled. Nonetheless, the COI plus D-loop sequence variation does exhibit the expected genetic differentiation of Oman from the SE Asian sites whereas the ITS network (for the same mussels) does not show any such differentiation. Overall, we interpret these findings as being consistent with our own findings of AGM from east of the BoB being significantly differentiated from those west of the BoB. We were unable to include the sequence data of the study of Ye et al. (2021) because there was too little sequence overlap for the aligned and edited sequence to be informative in our analyses. Clearly, additional sampling of AGMs from regions to the west of India (Pakistan, Iran, the Arabian Peninsula) is required to help clarify the situation and to test the hypothesis of east versus west of the BoB mussel differentiation.





East versus west - contrasting patterns of demographic histories

The genus Perna is part of the Malayo-Pacific biota (Fleming, 1979) and is now extensively distributed throughout much of the Indo-Pacific region, the Indian Ocean region and extends west to Oman (Wood et al., 2007). We observed pronounced evidence of recent population expansion amongst the mussels from India but all other location samples exhibited evidence of equilibrium. At the regional level (i.e., east versus west of the BoB) the combined samples from the east (SE Asia) were found to be at equilibrium by two of the three tests but exhibited some low level evidence of expansion (p = 0.048) based on the Fu’s FS test. In contrast, the mussels from west of the BoB (i.e., the Indian mussels) exhibited strong evidence of population expansion based on results from all three tests. Overall, our neutrality test results strongly suggest that Perna viridis has migrated from the Malayo-Pacific region (where it originated ~ 60 M years before present (Moore, 1969) and where contemporary populations appear to be at equilibrium), across the Bay of Bengal, which probably acted historically as some sort of semi-permeable barrier to larval movement based on the observed natural salinity variation, and then settled on the coastlines of India, Sri Lanka, Pakistan, Iran and Oman. Dating of this east to west movement is best based on analysis of several different markers, both mitochondrial and nuclear, and is therefore not possible in the present study. Nonetheless, the very strong signal of population expansion in the west allows us to suggest that range expansion has been reasonably recent given that the Indian population is nowhere near to exhibiting equilibrium status. Further testing is required but this is not possible using only publically available data (e.g., GenBank) so we suggest that a specifically targetted approach involving new sampling is going to be required.






Conclusions

Analysis of COI sequence variation has revealed a pronounced genetic break in the continuously distributed Asian green mussel, Perna viridis, with the location of the discontinuity identified as occurring in the Bay of Bengal. We hypothesise that pronounced freshwater input into the Bay is the likely cause of the genetic break between mussels from SE Asia and those from India (and presumably further west). There is strong evidence of population expansion in the region to the west and population equilibrium to the east of the Bay of Bengal. These results provide a new insight into the phylogeography of the Asian green mussel and the identification of different lineages (east versus west of the Bay of Bengal) may help with the genetic identification of invasive mussels, either when moved between the two regions or when moved from one region to a new location somewhere else in the world.
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Statistically significant values for all tests are marked with *P <0.05, **P <0.01 and ***P < 0.001; all other values are not statistically significant.
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