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Abstract 

The freshwater pearl mussel (FPM, Margaritifera margaritifera) is an endangered bivalve mollusc with an 

obligatory larval parasitic phase on brown trout (Salmo trutta). The FPM has declined throughout its entire range 

due to causes such as habitat degradation, eutrophication, acidification, changed hydrology and lack of host fish. 

This study aimed to investigate if heterozygosity, allelic richness, number of alleles, inbreeding and differentiation 

of brown trout (Salmo trutta) are related to the encystment load of glochidia larvae of the FPM. The results 

showed that the observed heterozygosity was negatively related to encystment load. This may be a result of the 

fact that high heterozygosity is generally associated with a strong immune system that wards off parasites. High 

heterozygosity may also be an advantage for the host, because it results in a larger potential for selection against 

the parasite in the host-parasite arms race. There was also a positive relationship between the inbreeding 

coefficient and glochidia encystment. This makes sense since high inbreeding is negatively related to 

heterozygosity. High inbreeding of trout should thus reduce the ability of inbred trout populations to ward off 

parasites. The results may have implications for conservation management. Introductions of foreign trout strains 

that alter the genetic interactions between the host fish and the parasitic mussel should be managed. Small and 

fragmented trout mussel populations, with typically high inbreeding coefficients, may have a relatively high 

probability to reproduce and survive and it may therefore be worthwhile to protect these trout populations. 

However, inbred trout populations should be managed with care, since inbreeding increases the risk of extinction 

of the trout. If a trout population is extinct, their sympatric mussel population may thus face extinction as well.  

 

Sammanfattning 

Flodpärlmusslan (FPM, Margaritifera margaritifera) är ett sötvattenlevande blötdjur med en obligatorisk 

parasitfas på en öring (Salmo trutta). Musslan har minskat över hela sitt utbredningsområde, sannolikt på grund av 

förstörda habitat, försurning, eutrofiering, förändrad hydrologi och brist på värdfisk. Den här studien syftade till 

att undersöka hur öringens heterozygositet, antal alleler, alleldiversitet, inavel och differentiering relaterar till 

infektionen av FPM’s glochidialarver. Resultaten visade på en negativ relation mellan observerad heterozygositet 

och antalet larver per öring. Låga värden av heterozygositet kan vara relaterat till en liten variation i 

immunförsvaret vilket i sin tur ger ett sämre immunförsvar och kan minska förmågan att avvärja parasiter. Hög 

genetisk diversitet kan även ge fördelar för värdfisken genom att medföra en större potential för selektion mot 

parasiten i kapprustningen mellan värdfisken och musselparasiten. Inavelskoeffecienten var positivt relaterad till 



infektionen av glochidielarver, vilket är naturligt då hög inavelsgrad är negativt relaterat till genetisk diversitet 

och reducerar på så sätt förmågan hos inavlade öringspopulationer att värja sig mot parasitangrepp. Detta kan ha 

konsekvenser för naturvårdsförvaltningen då introduktioner av främmande öringstammar kan förändra 

interaktionen mellan värdfisk och mussla. Små och fragmenterade öring-mussel populationer med hög 

inavelskoefficient hos öringen kan dock leda till en relativt hög infektion och överlevnad för flodpärlmusslan och 

det kan vara värt att skydda dessa populationer av öring. Likväl bör inavlade populationer av öring hanteras med 

försiktighet då inavel ökar risken för utdöende. Om en öringpopulation utrotas finns risken att musselpopulationen 

går samma öde till mötes.  

 

Introduction 

A general pattern in host-parasite systems is that the parasite adapts to its local host population, thereby increasing 

the infection success on the host. Simultaneously, the host develops strategies to reduce the impact of the parasite 

(Greischar and Koskella, 2007). One factor that can affect the infection success is the host’s genetic diversity. 

High genetic diversity and allelic richness are often positively related to the strength of the immune defence (Geist 

and Kuhn, 2005). Host populations with high genetic diversity may thus have a high ability to ward off the 

parasite.  

 

The threatened unionoid mussels are parasites on one or more host fish species. One example is the freshwater 

pearl mussel (FPM, Margaritifera margaritifera), a mollusc belonging to the family Margaritiferidae. The mussel 

has a Holarctic distribution, from the arctic and temperate regions of Russia, through Europe, Fennoscandia and 

northeastern North America (Young et al., 2000; Skinner et al., 2003). As with all freshwater mussels 

(Unionoidea) the FPM has a reproductive strategy, which involves an obligatory larval parasitic stage on host fish 

(Österling & Högberg, 2014; Geist, 2010; Geist & Kuehn, 2008). Female mussels have a high fertility and can 

produce several million larvae (glochidia) every year; so reduced fecundity does not seem to be the factor 

preventing juvenile recruitment (Geist, 2010). From the million larvae only 0.001-0.0008% finds a host (Jansen et 

al., 2001) and only 5% of those complete metamorphosis (Hastie & Young, 2003; Hastie & Young, 2001). 

Glochidia have to find a host fish within a few days whilst it remains infective (Hastie & Young, 2001). In 

Europe, brown trout (Salmo trutta) and Atlantic salmon (Salmo salar) are both known to be host fish of the FPM, 

but in many European streams brown trout is the only host available (Geist et al., 2006). Even though glochidia 



are able to attach to other species of fish, they are only able to complete metamorphosis on suitable host species 

(Young & Williams 1984). Unsuitable species normally shed glochidia after a couple of days and even on suitable 

host fish there is variation in the encystment load among trout strains (Hastie & Young, 2001). 

 

The FPM has experienced declines throughout its entire range and is now under the threat of extinction (Geist et 

al., 2006), and is currently on the IUCN Red list of Threatened Species (IUCN, 2014). A century ago streambeds 

were covered with layers of FPMs and they occurred at high densities (Geist, 2010). By the 1990s there was an 

estimated decline of more than 90 % of the European populations (Bauer, 1988). The decline has continued and 

possibly even increased. Direct threats as pearl harvesting and predation can not explain the decline since they are 

limited to local conditions rather than to the global scale. Instead, the causes are more likely to be anthropogenic 

and mainly abiotic factors such as habitat degradation, eutrophication, acidification and forestry practices. A 

change in hydrology and lack or decline of host fish may also contribute to the endangered status of the FPM 

(Arvidsson et al., 2012; Österling et al., 2008; Geist, 2010). 

 

A few studies have shown that the encystment of glochidia on host gills has negative effects on host condition, 

where high abundance of glochidia is positively correlated with host body size and significant spleen enlargement 

(Thomas et al., 2014) and also reduces drift-feeding rate of juvenile trout (Österling et al., 2014). These may be 

factors that trigger the host fish to develop protection against the parasitic mussels in the arms-race between 

mussels and their host fish. One thing that may be indicative of a defence against mussel parasites is the genetic 

composition of the host. For example, host populations with high genetic diversity are predicted to have lower 

levels of infection prevalence (Zimmer & Emlen, 2013). 

 

The aim of this study is to investigate if the fixation index (FST), the observed and expected heterozygosity (HO 

and He), the inbreeding coefficient (FIS) and the allelic richness (AR) in brown trout are related to glochidia 

encystment at one early and one late occasion during the encystment period. A high FST-value implies a 

considerable degree of differentiation among populations and the value ranges from 0-1, where 0 implies high 

connectivity between populations and any number larger than 0.15 is considered to indicate broken connectivity 

and significant differentiation amongst populations (Frankham et al, 2002; Loeschcke et al, 1994). HO is the 



observed measure of heterozygosity (ranging from 0-1 where 0 implies no heterozygotes in population) per 

individual in a population, whereas HE is the expected heterozygosity under Hardy-Weinberg equilibrium. FIS is 

the mean reduction of HO due to non-random mating – i.e., the extent of genetic inbreeding (ranging from -1, all 

heterozygotes to +1 no heterozygotes). AR is the number of alleles per locus in a population i.e., a measure of 

genetic diversity and expected to be more sensitive than measures of heterozygosity to founder effects.  

 

Materials and methods 

Study area 

The study area is located in the catchment of the River Ljungan in the county of Västernorrland in mid-Sweden 

(62 100; 63 400N, 15 000; 17 000E,WGS84). Specifically, the fish were caught in the streams, Hemgravsån 

(Hem), Maljan (Mal), Hiån (Hia, no data from the spring 2008 sample) and Navarån (Nav). Two of them, Maljan 

and Navarån are within nature reserves and protected to maintain natural water fluctuations in an attempt to 

protect the existing populations of FPMs (Länsstyrelsen, 2008; Länsstyrelsen, 2010).  

 

Wild brown trout from each of the streams were caught by electrofishing. The trout were caught in October 2007 

and in June 2008, (abbreviation A for autumn and abbreviation S for spring) and all fish were weighed and 

measured after anesthetization. For fish caught in the autumn of 2007, the number of glochidia was estimated 

using a non-destructive photo-method (Österling, 2011). For fish caught in spring of 2008, the number of 

glochidia was estimated by counting the number of larvae on the fish gills under a stereo microscope in the 

laboratory at Karlstad University,. The density of mussels was measured for the four streams using the national 

standardized method.  

 

DNA-analysis 

DNA was extracted from adipose fin clips and preserved in 95 % ethanol. Ten dinucleotide loci, Str60, Str543, 

Ssa85, BS131, Str73, Omyfgt1, Str43-1, Str43-2, Str85 and Ssa171 were analysed. Polymerase Chain Reactions 

(PCRs) were performed in lab in Germany and the products were separated on an ALFexpressII DNA analyser 



and scored with ALLELELINKS 1.02 software.  Allele frequencies, allele richness (AR), expected and observed 

heterozygosity (HE, HO) and pairwise FST values were calculated with GENEPOP version 3.3.  

 

Statistics 

ANCOVA and simple linear regression of the autumn and spring samples (Categorical factor in ANCOVAS) 

were performed between mussel density and encystment, fish weight and encystment, fish length and encystment, 

genetic variability (HE- HO- FST, FIS, AR) and encystment was calculated in XLSTAT version 2015.1.03. AR was 

calculated with rarefaction because sampling size can bias comparison of AR among populations and was 

calculated with FSTAT. Since the density of mussels may influence encystment rate between streams it is 

included in the analyses as well as the length and weight of the fish. However, there were no relationships 

between mussel density, length and weight of fish and encystment rate (Regressions, p > 0.05). There was no 

significant relationship between genetic variation and sample size (Regressions, p > 0.05).  

 

Results 

Encystment as a function of genetic variability 

Heterozygosity (HO) ranged from 0.340 to 0.735, and allelic richness (AR) from 2.5 to 3.6. The fixation index 

(FST) varied between 0.075 and 0.306, with the spring sample from Maljan having the lowest values and the 

autumn sample from Navarån the highest values (Table 2). FIS-values ranged from -0.009 to 0.204, where again 

Navaråns autumn population had the highest values.  

 

Table 1. Genetic variability of brown trout from the four different locations (populations, capital A or S tells if fish is caught spring or autumn). He is 

expected heterozygosity, Ho is observed heterozygosity, Fis is inbreeding coefficient, FST is fixation index for alleles. Number of alleles is measure of alleles 

per locus and Allele rich (AR) is number of alleles calculated with rarefaction.  

 

 

 



Population Sample size 
Nr of typed 
loci He Ho 

Nr of alleles ± 
SD 

Allele 
rich Fis FST 

Mal A 29 10 0.578 0.583 4.7 ± 3.1 3.1 -0.009 0.140 

Mal S 18 10 0.580 0.550 5.1 ± 3.5 3.4 0.054 0.075 

Hia A 63 10 0.556 0.548 5.0 ± 3.6 3.2 0.015 0.149 

Hem A 19 10 0.519 0.505 4.2 ± 2.6 3.1 0.027 0.216 

Hem S 8 10 0.550 0.618 3.8 ± 1.5 3.2 -0.135 0.148 

Nav A 35 10 0.426 0.340 3.7 ± 2.8 2.5 0.204 0.306 

Nav S 7 10 0.636 0.735 3.9 ± 1.2 3.6 -0.168 0.111 

 

There was no difference in the encystment rate between the autumn and spring sample (ANCOVAS, p > 0.05), 

nor were there any significant relationships between any genetic variable and encystment rate for the autumn or 

spring samples (Regressions, p > 0.05). In addition, there was large genetic variation between the autumn and 

spring samples for each stream. Technically speaking, samples from the same stream are not considered 

independent of each other, but in order to be able to conduct a statistical analysis of my results I assumed that they 

were, as the number of sites in my study was small. Thus, the relationship between the genetic variability and 

encystment rate was analysed using both values of genetic variability and encystment rate for each stream in the 

same regression analyses. There was no significant regression between FST and encystment (p > 0.55), HE and 

encystment (p > 0.20) and AR and encystment  (p > 0.20). There was a significant relationship between HO and 

encystment (Regression, y = -2.6x + 3.0, R2 = 0.59; F 1,6 = 7.34, P < 0.042; Fig. 1). There was no significant 

regression between HE  and encystment (p > 0.20). There was also a significant regression between FIS and 

encystment (Regression, y=2.9x + 1.6, R2 = 0.80; F 1,6 =19.44, p < 0.007 (Fig. 2).  

 

 



 

 Fig 1. The relationship between heterozygosity (HO) and glochidia encystment on brown trout for the four sites sampled in autumn 2007 (site name + A) and 

spring 2008 (site name + S). 

 

 

Fig 2. The relationship between FIS (inbreeding coefficient) and glochidia encystment on brownt trout for the four sites sampled in 

autumn 2007 (site name + A) and spring 2008 (site name + S). 

 



Discussion 

Antagonistic coevolution between hosts and parasites predicts lower level of infection prevalence in host 

populations with high genetic diversity. This study indicates a negative relationship between genetic diversity in 

brown trout and the ability of the FPM to infest its host, and supports the hypothesis that high genetic diversity 

can result in low glochidia encystment, while high inbreeding can result in high glochidia encystment. Glochidia 

encystment has been shown to reduce drift-feeding rates (Österling et al., 2014) and swimming speed in trout 

(Taeubert & Geist., 2013) and can thereby potentially harm its host in the coevolution between the two species. 

According to the results of the present study, high genetic diversity and inbreeding seems to be of importance, and 

may potentially favour the trout in this arms-race. 

 

The autumn and spring values for each stream were both used as independent stream – ID, as sample sizes would 

have been too small otherwise. Interestingly, there was large genetic variation between the values from same 

stream. This variance could be explained by mortality of a certain genetic strain and thus giving a variation 

between autumn and spring. Relocation and use of different habitats during seasons could also explain the genetic 

differences within a stream.  

 

Allelic richness and number of alleles did not show any relationship with encystment even if this could be 

expected, since there was a negative relation between encystment and HO-values. Allelic richness is known to be 

reduced faster than heterozygosity if a population goes through a bottleneck (Kalinowski., 2004) but the two 

diversity measures do not always match as one can increase as the other decreases (Comps et al, 2001). Genetic 

factors other than the genetic diversity can also explain the encystment rates. If, for example, encystment occurs 

through a matching allele system where the parasite only infests a certain host type and a certain common (or rare) 

allele, then this type can still persist in a population where gene flow occurs, and the parasite is still able to infest 

the host.  

 

A relationship between FST-values and encystment was not found. Large sample sizes are believed to be needed to 

accurately estimate FST (n > 20). Alternatively, a larger number of genetic markers (n > 20) are needed when 



relatively few (4-10 individuals) are analyzed (Willing et al., 2012). Thus, there is a possibility that the estimate of 

FST is not accurate.  

 

The theory of coevolution between hosts and parasites predicts parasites to exhibit variation in infectivity; 

however, this study did not include measures of genetic diversity for the FPM. In addition, coevolution theory 

predicts that the parasite should lead the arms race, since parasites generally have a shorter generation time than 

their hosts and presumably evolve faster (Kaltz & Shykoff, 1998). However, this is not the case for the FPM, 

which has a lifespan up to several hundred years.  

 

This study suggests that conservation work must take the genetics of brown trout into account when managing 

FPM populations. Natural movements of trout might affect the genetic composition, and thereby also affect the 

encystment rates, and consequently the recruitment of juvenile mussels.  When anthropogenic factors such as 

hydropower plants prevent trout from moving into areas with FPM populations (Calles & Greenberg, 2009), 

encystment and recruitment probably change. In addition, introduction of foreign trout strains may alter the 

interactions between trout and mussels and result in changed abilities for the FPM to infest its host, even if the 

trout population might benefit genetically from an increase in gene flow as a result of the introduction. More 

information about the coevolution between the FPM and trout will probably help in future management of FPM. 

Such information would give conservation better tools to evaluate which strains of host fish that should be 

introduced in streams, if these are necessary, and how to operate successful breeding programmes when 

cultivating FPM.  
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