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Population genetic analyses of endangered freshwater pearl mussel (Margaritifera margaritifera) in England
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[bookmark: OLE_LINK5][bookmark: OLE_LINK15]Abstract
Freshwater pearl mussels (Margaritifera margaritifera) are among the most critically threatened bivalve molluscs worldwide. For the development of integrative conservation strategies, an understanding of the spatial patterns of genetic diversity as a factor of genetic stochastisity as well as environmental factors influencing the population fitness, are crucial. In this study, 6 populations of M. margaritifera held within the captive breeding programme of the Freshwater Biological Association in Windermere, UK, were assessed concerning their genetic diversity and differentiation considering both adult broodstock as well as subadults/juveniles. Based on genetic analyses with nine microsatellite markers, genetic diversity of the English pearl mussel populations was found to be highly variable across the investigated populations, with lowest genetic diversity indices in two remnant populations (WSW, WBR) that have not yet released glochidia larvae, and highest values in an offspring population from the hatchery of unknown origin (WES) and the River Tyne population (WTY). Overall, varying levels of genetic differentiation among populations (from almost absent to strong) were evident and three different genetic clusters could be identified. The findings of this study are intended to guide future captive breeding of endangered freshwater pearl mussels and to help sustain the genetic diversity of English pearl mussels by avoiding genetic drift effects and population bottlenecks. 

Introduction
Freshwater bivalve molluscs (order Unionoida) are often considered as the most endangered group of animals in the world (Bogan 1993; Neves at al. 1997; Lydeard et al. 2004; Strayer et al. 2004, Geist 2010; Geist 2011). They play an important role in lotic and lentic ecosystems and their presence or absence in a lake or stream has manifold implications for aquatic ecosystems (Vaughn and Hakenkamp 2001; Geist, 2005, Geist and Auerswald 2007, Lummer et al., 2016). The freshwater pearl mussel (Margaritifera margaritifera) is one of the most critically threatened unionoid species in Europe (Geist, 2010). M. margaritifera was a formerly widespread and abundant species, distributed from the Arctic and temperate regions of Western Russia through Europe to the north-eastern seaboard of Northern America (Jungbluth et al. 1985). Several studies have revealed dramatic declines throughout its range (e.g. Bauer 1988), and the species is at present under a serious threat of extinction in Europe with only a small number of successfully recruiting populations remaining (Ziuganov et al. 1994; Young, Cosgrove and Hastie 2001; Geist and Auerswald 2007; Geist, 2010). Excessive pearl fishing, habitat destruction by water pollution, eutrophication, acidification, river engineering and the local decline of host fish populations as deterministic factors of species` extinction have all contributed to the decline of freshwater pearl mussels (Young et al. 2001; Geist 2010; Moorkens 2010). 
Small populations are not only influenced by deterministic factors but also by stochastic factors. Genetic stochasticity like inbreeding, loss of genetic diversity and accumulation of new deleterious mutations is likely to additionally reduce the population fitness (Fig.1). The magnitude of genetic stochasticity depends on mating system, reproduction mode, population structure and sizes, and the severity of adverse environmental factors (Frankham et al. 2002).
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Fig.1: Extinction vortex depicting the interaction of deterministic and stochastic factors in the decline of species (Frankham et al. 2002).

Several studies have demonstrated that knowledge of the genetic structure of freshwater pearl mussel populations can be extremely useful for their conservation (Geist et al. 2003, 2008, 2010, 2018, 2021; Marchordom et al. 2003; Geist and Kuehn 2005, 2008; Bouza et al. 2007; Zanatta et al., 2018). The lowest genetic diversity of pearl mussels and a strong genetic differentiation of populations were observed in the southwestern portion of their European range (Bouza et al. 2007; Stoeckle et al., 2017) despite the fact that this area was an important refugium for many species during the proposed glacial maximum during the pleistocene (Taberlet et al. 1998, Hewitt 1996, 2000). In contrast, higher genetic diversity was found in eastern and north Europe (Geist and Kuehn 2005; Geist and Kuehn 2008, Geist et al. 2010) as well as in Ireland (Geist et al. 2018). Due to the declines of European freshwater pearl mussel populations, multiple captive breeding efforts have been initiated (reviewed in Geist et al., 2023). Such efforts require the integration of genetic information to secure the genetic integrity of captive-bred mussels before their release into the wild (Geist et al., 2021).

Consequently, the objective of this study was to investigate the genetic constitution of selected pearl mussel populations in England which are part of an ongoing captive breeding programme at the Freshwater Biological Association in Windermere, UK. Specifically, revealing the genetic diversity and relatedness / differentiation of six populations part of the captive breeding programme was intended to guide future management action related to these populations.

Material and Methods
Sampling of genetic material
A total of 175 individuals from 6 pearl mussel populations were sampled in May and September 2023. The selection of populations was based on the research and captive breeding programme at the Freshwater Biological Association at Windermere, UK, led by Louise Lavictoire who chose the populations and accompanied all samplings. Special attention was attributed to representative sampling of mussels which in most cases included a complete sampling of the parent broodstock held at the Windermere Station that had previously been collected by the FBA team. Descriptions of the populations are provided in Table 1. Mostly, non-invasive haemolymph sampling was carried out as described in Geist & Kuehn (2005) in collaboration with the head of the research programme. This sampling technique is not harmful to the mussels. No mortalities were observed following the samplings. In case of very small captive-bred mussels (population WES), some dead specimens were also included for tissue analyses.

Table 1 Characteristics of the selected English populations of M. margaritifera. 

	Pop_ID
	Name
	N
	Size [cm]
	Remarks

	WSW
	Swindale Beck 
	12
	9.5-12.3
	NW Cumbria population that has not yet released glochidia, unknown host

	WTY
	Tyne
	30
	8.9-13.2
	
NE England population with trout as host fish, has not yet released glochidia

	WDU
	Dubbs Beck
	13
	3.2-5.5
	
Offspring of the original population of originally ca. 2000 individuals in the river; potentially planted by FBA

	WBR
	Brathay
	30
	4.0-5.5
	
Cumbrian population with mining history; not yet of reproductive size, no glochidia release observed

	WES
	“Escapees”
	32
	0.8-3.7
	
Mix of mussels discovered outside the tray system at Windermere; origin unknown, but likely escapees from various breeding cycles

	GCN
	River Clun
	58
	adult
	
Originally collected from River Clun, since 2009 in the Windermere hatchery

	
	
	
	
	



DNA isolation and microsatellite analyses 
Haemolymph samples were transferred into 1.7 ml Eppendorf vials and cooled at 2°C until DNA isolation was carried out in the laboratories of Technical University Munich (TUM), Germany. After centrifugation at 14,000g for 5 min, the supernatant was discarded and DNA was isolated from the remaining cellular pellet with the NucleoSpin Tissue Kit (Machery-Nagel) following the manufacturer´s instructions for preparation of tissue material. In order to allow comparability of results with other genetic studies on pearl mussels, all genetic analyses were conducted based on genotyping of nine species-specific standard microsatellite markers for M. margaritifera as described in Geist et al. (2003, 2010), Geist and Kuehn (2005), and Geist and Kuehn (2008). Polymerase chain reactions (PCRs) were performed in a total volume of 12,5 µl with the following components: 25 ng of genomic DNA, 0.2 µM of each primer, (forward primer fluorescently labelled with Cy-5), 0.2 mM of each dNTP (Solis BioDyne, Tartu, Estonia), 3 mM MgCl2 (Solis BioDyne,), 1× PCR buffer (Solis BioDyne), and 0.5 U Taq DNA Polymerase (FIREPol®, Solis BioDyne). For PCR amplification we used a thermal cycler (Mastercycler Gradient, Eppendorf, Germany). PCR products were separated on 5% denaturing 19:1 acrylamide:bisacrylamide gels on ALFexpressII DNA analyser and scored with ALLELELINKS 1.02 software (Amersham Pharmacia Biotech). Electrophoresis was carried out with two internal standards (70 bp, 300 bp) in each lane. Additionally, an external standard (50-500 bp ladder) and two previously sequenced reference sample were included on each gel in order to ensure exact scoring and to facilitate cross-referencing among gels. 

Population genetic analyses
Allele frequencies, average allele numbers per locus (A), expected and observed heterozygosities (HE, HO), pair-wise FST (Weir & Cockerham 1984) values, FIS values and allelic richness (AR) as a standardized measure of the number of alleles corrected by the sample size were calculated with FSTAT v. 2.9.3 (Goudet, 2001). Numbers of multilocus genotypes (MLG) per population were detected using the R-package poppr (Kamvar et al. 2014). Tests for significant population differentiation among all pairs of populations were performed with GENEPOP using 10,000 iterations and 1,000 de-memorisation steps (Raymond and Rousset 1995b). Jost D genetic distance (Jost 2008) was calculated using the mmod R package. All probability tests were performed applying the Markov Chain algorithm (Guo and Thomson 1992; Raymond and Rousset 1995a,b). Sequential Bonferroni adjustments (Rice 1989) were used to correct for multiple tests. 
[bookmark: OLE_LINK13]In order to reveal the genetic structure of the analysed populations, a Discriminant Analysis of Principal Components (DAPC) implemented in the R-package adegenet (Jombart 2008; Jombart et al. 2010) was computed. This technique does not require any assumptions regarding the population genetic model. The mathematical routine within this approach processes the genetic dataset and extracts information by applying a principal component analysis. In a second calculation step, a discriminant analysis maximizes the between-group component of the genetic variation. The three-dimensional vectors of the DAPC can be visualized by using RedGreenBlue colour coding (Jombart 2008; Jombart et al. 2010). Equal colours characterize the same genetic constitution of a population as well as of an individual. The three-dimensional vectors (colours) of each population were plotted on the discriminant coordinates to visualise the genetic structure. The genetic constitution of each individual per population was additionally visualised according to their population of origin.




Results and Discussion
Genetic diversity 
The variables characterizing the genetic diversity of the six analyzed populations of English freshwater pearl mussels are provided in Table 2. The population genetic parameters calculated include sample size (N), number of multilocus genotypes (MLG), the ratio of MLG to sample size (MLG/N), the average number of alleles per locus (A), mean allelic richness (AR), number of private alleles (AP), expected heterozygosity (HE), observed heterozygosity (HO), inbreeding coefficient (FIS), and mean inbreeding (Find). 
Table 2 Microsatellite diversity indices of all investigated freshwater pearl mussel populations; population code (POP ID), sample size (N), number of distinct multilocus genotypes (MLG), ratio of MLG and N (MLG/N). Average number of alleles per locus (A), mean allelic richness per population (AR), number of private alleles (AP), expected (HE) and observed (HO) heterozygosity, inbreeding coefficient (FIS) and mean individual inbreeding (Find)

	Pop_ID
	N
	MLG
	MLG/N
	A
	AR
	Ap
	HE
	Ho
	FIS
	Find

	WSW
	12
	11
	0.92
	2.00
	1.97
	0
	0.209
	0.111
	0.469
	0.490

	WTY
	30
	30
	1.00
	6.56
	4.80
	2
	0.596
	0.458
	0.226
	0.313

	WDU
	13
	13
	1.00
	4.78
	4.55
	0
	0.631
	0.507
	0.218
	0.301

	WBR
	30
	10
	0.33
	2.44
	1.83
	0
	0.139
	0.048
	0.653
	0.605

	WLB
	32
	32
	1.00
	6.89
	5.11
	0
	0.595
	0.537
	0.099
	0.259

	GCN
	58
	58
	1.00
	5.89
	4.15
	0
	0.533
	0.475
	0.122
	0.274

	
	
	
	
	
	
	
	
	
	
	


The number of multilocus genotypes (MLG) closely matched the sample size in most populations, with WTY, WDU, WLB, and GCN showing MLG/N values of 1, indicating that each individual exhibited a unique genotype. However, WSW and WBR exhibited lower MLG/N values of 0.92 and 0.33, respectively, suggesting potential clonal reproduction or bottlenecks resulting in reduced genetic diversity in these populations.
Allelic diversity varied across populations, with the mean number of alleles per locus (A) ranging from 2 in WSW to 6.89 in WLB. Mean allelic richness (AR) followed a similar pattern, with values ranging from 1.83 in WBR to 5.11 in WLB. The number of private alleles (AP), indicative of unique genetic variants within a population, was highest in WTY (2) and zero in all other populations.
Heterozygosity measures showed substantial variation among populations. Expected heterozygosity (HE) ranged from 0.139 in WBR to 0.631 in WDU, while observed heterozygosity (HO) was lowest in WBR (0.048) and highest in WDU (0.507). The inbreeding coefficient (FIS) varied significantly, with the highest value observed in WBR (0.6530), indicating a high level of inbreeding, whereas WLB exhibited the lowest FIS (0.0990). Similarly, the mean inbreeding coefficient (Find) was highest in WBR (0.605) and lowest in WLB (0.259), aligning with the observed heterozygosity patterns and FIS values.
Overall, populations WTY, WDU, WLB, and GCN exhibited relatively high genetic diversity, while WSW and WBR demonstrated reduced genetic diversity and higher inbreeding levels. These results can be explained by differences in population structure, reproductive strategies, and historical demographic events affecting genetic variation within these English pearl mussel populations.

Genetic differentiation 
Population differentiation was assessed using Jost’s D (above diagonal) and FST (below diagonal) values, as presented in Table 3.
[bookmark: _Hlk190097681]Jost’s D values ranged from 0.016 (WDU-WLB) to 0.377 (WDU-WBR), indicating varying levels of genetic differentiation among populations. The highest differentiation was observed between WDU and WBR (0.377), whereas WDU and WLB exhibited the lowest differentiation (0.016), suggesting a high degree of genetic similarity between these two populations.
FST values showed a similar pattern, with values ranging from 0.023 (WTY-WDU) to 0.33 (WBR-WLB). The high FST between WBR and WLB (0.33) indicates substantial genetic differentiation, likely due to limited gene flow or historical divergence. Conversely, the low FST value between WTY and WDU (0.023) suggests considerable genetic connectivity.
Overall, the results suggest that WDU, WLB, and WTY are more genetically similar, whereas WBR exhibits significant differentiation from most other populations. The moderate to high differentiation between some populations highlights potential barriers to gene flow, which could be driven by geographical isolation, habitat fragmentation, or other ecological factors.



Table 3 Jost DA (Jost et al. 1983) distance matrix of fresh water pearl mussel populations from selected populations of England (upper right) and FST (lower left) distances. 

	 
	WSW
	WTY
	WDU
	WBR
	WLB
	GCN

	WSW
	0
	0.158
	0.263
	0.071
	0.308
	0.277

	WTY
	0.153
	0
	0.046
	0.234
	0.156
	0.185

	WDU
	0.259
	0.023
	0
	0.276
	0.03
	0.145

	WBR
	0.263
	0.285
	0.377
	0
	0.291
	0.22

	WLB
	0.268
	0.094
	0.016
	0.33
	0
	0.088

	GCN
	0.262
	0.126
	0.099
	0.266
	0.064
	0




Figure 1 shows the result of the genetic constitution on individual level (each specimen is represented by a single dot), sorted per population using discriminant analysis of the principal component analysis (DAPC). Equal colours characterize the same genetic constitution of an individual. This analyses confirms the previously characterized relationships. For instance, the close relatedness expressed by highly similar colours between individuals from WDU and WLB is evident, whereas all individuals from WBR except for one are again very different from all others. 
[image: ]
[bookmark: _Hlk189486419]Fig. 4 Visualisation of the individual genetic constitution per population based on the three-dimensional vectors of the DAPC and RedGreenBlue colour transformation (Jombart 2008; Jombart et al. 2010). Equal colours characterize the same genetic constitution of an individual.


The results of the DAPC among all freshwater pearl mussel populations revealed three different cluster as follows: one cluster containing WBR (in green), one unit consisting of GCN, WLB, WDU, WTY (in red/orange), and one genetic unit with WSW (in blue) (Fig. 5). The results of the distance matrices (Table 3) clearly support the results of the DAPC. 

[image: ]
Fig. 5) Visualisation of the genetic constitution on the population level based on the three dimensional vectors of the DAPC using the RedGreenBlue colour transformation (Jombart 2008, Jombart et al. 2010). Equal or similar colours reflect the same or similar genetic constitution of a population.
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