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Abstract  

Zebra mussels (Dreissena polymorpha) are commonly used as sentinel organisms in 

freshwater biomonitoring. but the displacement of this species by quagga mussels 

(Dreissena rostriformis bugensis) has raised the issue of their discrimination after field 

sampling. Even if those two species exhibit specific morphological characteristics, confusion 

can occur. However, behind the visible phenotypes lie important physiological and metabolic 

differences that may affect the interpretation of biomarkers in risk assessment. In this study, 

we present a characterization of Cu/Zn-SODs (superoxide dismutases) in Dreissena spp. 

with a comparison of activity profiles from individuals originating from North America and 

Europe. A phylogenetic tree was constructed and dreissenid SOD sequences appear to be 

closely related to clam species sequences. A specific isoform at an isoelectric point value of 

4.95 was observed only for quagga mussels independently of their origin while zebra 

mussels exhibited several polymorphic profiles even for a single sampling site. A comparison 

of transcript sequences was conducted and the observed differences were highlighted. 

Alignment of amino acid sequences shows a high level of identity between the two species 

associated with minor changes in the predicted secondary structures. 
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Introduction 

Bivalves such as Dreissena polymorpha are widely used as sentinel organisms in freshwater 

biomonitoring programs (Hanana et al., 2017; Binelli et al., 2015; Faria et al., 2014; Pain-

Devin et al., 2014; Navarro et al., 2011). They have a wide geographical distribution, a 

filtering and fixed adult lifestyle, significant bioaccumulation capacity, high abundance and 

are resistant to complex stresses. Originating from the Ponto-Caspian basin, Dreissena 

polymorpha is a well-known invasive species of freshwater rivers in Western Europe and 

North America (Ginn et al., 2018; Marescaux et al., 2015). A rapid expansion of a related 

species, Dreissena rostriformis bugensis, quagga mussel, has been observed in Western 

Europe where D. rostriformis bugensis may displace D. polymorpha, a shift previously 

observed in North America's Great Lakes (Sturtevant et al., 2019; Kerambrun et al., 2018; 

Potet et al., 2018; Matthew et al., 2015). In Western Europe, first observations of quagga 

mussels were made in the Hollands Diep in 2006 (Matthews et al., 2015; Molloy et al., 2007) 

and in the Meuse River in 2008 (Marescaux et al., 2012; Vaate and Beisel, 2011). In France, 

D. rostriformis bugensis expansion has since been reported in the Rhône drainage and the 

Oise River (Kerambrun et al., 2018). 



In this context, efficient discrimination of the two species became crucial. Zebra and quagga 

mussels indeed present morphological differences, but shell morphotypes can vary and lead 

to misidentification. Indeed, morphological indices based on length, width and height, have 

been proposed (Teubner et al., 2016; Beggel et al., 2015), but the risk of erroneous 

classification has already been underlined (Kerambrun et al., 2018; Beggel et al., 2015). For 

instance, in relation with their habitats, quagga mussel exhibit different shell morphotypes 

through a developmental plasticity (Peyer et al., 2010). In a biomonitoring context, it appears 

essential to clearly and correctly identify the species in order to properly analyze 

ecotoxicological responses (Madeira et al, 2019; Vernon and Jha, 2019; Farkas et al, 2017). 

Genetic methods based on DNA markers, therefore requiring nucleic acid extractions, have 

already been developed to differentiate Dreissena species (Marescaux and Van Doninck, 

2013; Voroshilova et al., 2010). Hence in general, RFLP (Restriction Fragment Length 

Polymorphism) analysis of the fragment of the mitochondrial gene COI allows the 

discrimination of the two species (Voroshilova et al, 2010).  

 

Superoxide dismutases (SODs) are classic biomarkers in ecotoxicological studies (Manduzio 

et al., 2004). These enzymes exhibit an oxido-reductase activity that catalyzes dismutation of 

superoxide anion into molecular oxygen and hydrogen peroxide which is in turn used by the 

catalase enzyme. Superoxide dismutases therefore represent first line antioxidant defenses. 

Depending on their metal catalytic cofactors, SODs are classified into distinct groups, (for 

details see revue by Abreu and Cabelli, 2010) and only copper/zinc SODs and manganese 

SOD are expressed in animals, the last form being exclusively mitochondrial. Cu/Zn-SODs 

include extra- and intracellular SODs, each one encoded by a specific gene. The 

extracellular form contains a signal peptide with a cleavage site for its secretion. The 

intracellular form, a major SOD, is often referred to as cytosolic Cu/Zn-SOD, although it has 

been localized not only in the cytosol but also in all cellular compartments, including the 

nucleus and the internal mitochondrial membrane, excluding the mitochondrial matrix (Zelco 

et al., 2002). SOD activity is often measured on tissue homogenates, but it can also be 

measured by gel zymography, as developed by Beauchamp and Fridovich (1971), a method 

that highlights isoforms. Indeed, SODs present distinct properties including electrophoretic 

mobility and differential susceptibility to inhibitors such as cyanide, making possible a 

separate study of the different allozymes. Thus, after isoelectrofocusing in native conditions, 

intracellular Cu/Zn-SOD (SOD1) activity is revealed at pH between 4 and 5 while the other 

SODs are observed at more basic pH (Manduzio et al., 2003).  

 

In the present work, we chose to focus on the intracellular Cu/Zn-SOD and investigate its 

characteristics in the two Dreissena mussels in order to assess whether the sister species 



could be used interchangeably in environmental surveys. Geographically distant sites were 

selected for sampling and an in-depth study of intracellular Cu / Zn-SOD was carried out. 

Enzymatic profiles were analyzed by zymography, and we demonstrated that Cu/Zn-SOD 

exhibits distinct patterns in the two Dreissena species. In order to understand such 

differences, data mining of published sequences was performed, allowing us to build a 

phylogenetic tree that places the sister species side by side with clams as their closest 

neighbors. Finally, structure prediction for both Cu/Zn SODs was conducted and revealed 

very similar shapes. 

 

Methods 

All chemicals were of analytical grade and were used as received. Water for preparation of 

the solutions was purified using a Milli-Q purification system. Nitrobluetetrazolium (NBT), 

riboflavin, aprotinin and purified Cu/Zn-SOD from bovine erythrocytes and isoelectric 

focusing markers were purchased from Sigma. 

Mussels were collected in one location in the St. Lawrence River (Quebec, Canada) and in 

several locations in the French territory. Sampling maps were previously published in 

Evariste et al., (2018) for the Canadian part and in Pain-Devin et al., (2014) for the French 

side. The Canadian site is located upstream of Montreal city at Pointe-des-Cascades 

(45°19’49.9’’N; 73°58’11.8’’W). This site is receiving water masses from the Laurentian Great 

Lakes and was previously shown to be a low-polluted area (Evariste et al., 2018; Kwan et al., 

2003). In Europe, the sampling sites are located in the rivers of north France, namely the 

Meuse (E5°32’04; N48°53’14), Moselle (E6°04'43; N49°03'58), Vilaine (W2°18’30; 

N47°31’22) and Oise (E2°30’36; N49°16’50). These sites have already been the subject of 

environmental monitoring under the research program IPOC (Interactions between pollution 

and climate changes: development of an improved monitoring strategy, ANR-12-ISV7-0004-

01, 2013–2015), and the presence of Dreissena is confirmed, either as monospecific 

assemblages or as sympatric populations of both species (Kerambrun et al., 2018, 2016). 

Hemolymph collections were withdrawn from the posterior adductor muscle sinus using a 0.5 

mL syringe with a 0.33 mm x 12 mm needle and stored at –80°C. Mantles were preserved in 

70% ethanol. After dissection, gills and digestive glands were immediately frozen in liquid 

nitrogen and stored at –80°C until further analysis.  

 

Genetic species identification was carried by Restriction Fragment Length Polymorphism 

(RFLP) analysis performed on the mitochondrial COI gene using RSA I enzyme according to 

a method adapted from Voroshilova et al. (2010). For details, total genomic DNA was 

extracted from mussel mantle using phenol/chloroform/isoamyl alcohol (25:24:1). The 

fragment of COI mitochondrial DNA containing the RSA I restriction site was amplified using 



COI universal primers (5′-GGTCAACAAATCATAAAGATATTGG-3′ and 5′-

TAAACTTCAGGGTGACCAAAAAATCA-3′) from Black et al. (1994). PCR amplifications 

were performed in a volume of 25 μL containing 1×Taq polymerase buffer, 2mM MgCl2, 80 

μM deoxynucleotides (dNTPs), 10 pmol of each primer, 0.5 units of TAQ Pol DNA 

polymerase (Euromedex, France) and about 10 ng of total genomic DNA. The following 

steps were applied for the PCR: denaturation at 94°C for 4 min, then 35 cycles at 94°C for 50 

s, 56°C for 50 s, 72°C for 1 min, and a final step at 72°C for 10 min. Resulting fragments 

were hydrolyzed using RSA I restriction endonuclease (Euromedex, France), following the 

manufacturer's instructions. Restriction fragments were visualized under UV light after 

electrophoresis on a 2% agarose gel in Tris Borate EDTA 0.5% buffer, and staining with 

ethidium bromide. 

Gills and digestive glands were homogenized by Precellys grinding in an ice-cold solution of 

100 mM Tris, 60 mM saccharose, 60 mM mannitol, 3 mM EDTA, 1.5 µM aprotinin, pH 7.5. 

The homogenates were centrifuged at 10,000 g, at 4 °C for 15 min. After centrifugation, 

supernatants containing the cytosolic fraction were collected. If analyses were done the 

same day, samples were kept at 4°C otherwise they were stored at –80°C. Protein 

concentration of each extract was measured with bovine serum albumin as a standard 

according to the Bradford method (Bradford, 1976). 

Isoelectric focusing (IEF) was carried out in a Multiphor II equipment (Amersham Pharmacia 

Biotech, France) on gels with pH range 4.0-5.0 for a better resolution of Cu/Zn-SOD 

isoforms. The isoelectric point values (pI) were determined in regard with an isoelectric 

focusing calibration kit. Electrophoreses were performed at 60 mA at 4°C for 2 hours. Current 

was applied on electrode strips soaked either into an anode solution (1 M H3PO4) or into a 

cathode solution (1 M glycin). Polyacrylamide gel electrophoresis (PAGE) was performed 

with a 10% polyacrylamide running gel at 150 mV at 4°C for 2 hours. In both 

electrophoreses, purified bovine Cu/Zn-SOD was loaded as control. 

Revelation of SOD activity was performed on gel immediately after the achievement of 

electrophoresis using the nitrobluetetrazolium (NBT) photochemical method of Beauchamp 

and Fridovitch (1971). The gels were soaked for 30 min in 2.5 mM NBT, in darkness, under 

gentle agitation and then incubated in a solution of 1 M phosphate buffer (pH 7.8) containing 

0.05 mM riboflavin and 0.4% TEMED (v/v) for 30 min, once again in the dark and under 

constant agitation. Finally, the gels were exposed to light for 15 min in a 10 mM phosphate 

buffer (pH 7.8). Achromatic bands in the gels indicated SOD activity. The gels were scanned 

using GS-800 densitometer, BIO-RAD and subsequently analyzed by Image Lab (version 

4.1, BIO-RAD) software.  

Transcripts encoding Cu/Zn-SOD sequences were searched in annotated transcriptome 

databases. For details, databases were constructed using either gills or digestive gland of 



quagga and zebra mussels found in the French rivers. Following translation using the SIB 

Bioinformatics Resource Portal (tool, Translate, https://web.expasy.org/translate/), the 

protein’s local structural features were predicted from the primary sequence using NetSurfP-

2.0 (http://www.cbs.dtu.dk/cgi-bin/webface2.fcgi, Klausen et al. 2019). For both species 

Cu/Zn SOD sequences, variant annotations such as Single Nuclear Polymorphisms (SNPs) 

and INsertion/DELetions events (INDELs) were issued from previously published 

transcriptomes (Péden et al., 2019). As mentioned in the study, variant callings were realized 

with GATK following the best practices found on the GATK website (McKenna et al., 2010). 

Phylogenetic trees were generated with the maximum composite likelihood (ML) algorithm in 

Mega v6 software (Tamura et al., 2013). The Akaike Information Criterion was used to 

determine the best evolution model and JTT was retained for SOD. Statistical support for the 

nodes was estimated used by a bootstrap with 1,000 pseudoreplicates (Felsenstein, 1985). 

Genetic sequences of SOD proteins of other species used in these phylogenetic analyses 

were obtained from the GenBank database (http://www.ncbi.nlm.nih.gov/genbank/). 

 

Results and Discussion 

 

Characterization of Cu/Zn SODs 

Zymograms of Cu/Zn-SOD activity show specific contrasted patterns that clearly discriminate 

quagga and zebra individuals (Figure 1A). Indeed, the quagga mussel is characterized by a 

major band at pI 4.95. The purified bovine erythrocyte Cu/Zn-SOD loaded as a control 

exhibited the same pI. By contrast, the zebra mussel shows multiband profiles at more acidic 

isoelectric points. In detail, two characteristic patterns were obtained, one with a major band 

at pI 4.6, the other with 3 major bands at pI 5.0, 4.8 and 4.6, suggesting higher genetic 

variability in the zebra than in the quagga mussel population (Figure1B). Species identity of 

individuals sampled in France was confirmed morphologically and genetically (Figure 1C). 

 

Comparison of Cu/Zn SOD profiles of geographically distant mussels 

Zymogram profiles of animals collected in France were compared to those of mussels from 

Canada (Figure 2). All quagga mussels, at any site, exhibit the same characteristic profile 

with a main Cu/Zn-SOD band at pI 4.95. For the zebra mussels, the two main profiles 

described above were found. Thus, it appears that differences in electrophoretic mobility of 

Cu/Zn-SOD isoforms are clearly species-related since they are conserved in geographically 

remote areas.  

 

Cu/Zn-SOD profiles as a tool for species discrimination  



Because zymographic profiles are different between the two species, the question of using 

this characteristic to recognize the different species has arisen. Hemolymph constitutes a 

good candidate for this application because this tissue is minimally invasive and relatively 

easy to collect. The tests showed that 20 µL of hemolymph was sufficient to visualize SOD 

and discriminate between species after IEF (data not shown). We also checked that samples 

prepared for other enzymatic tests with 10mM Tris buffer pH7 or 100 mM phosphate buffer 

pH7.5 allow the construction of zymographic profiles. Hence samples stored at minus 20°C 

could be used later for species identification by SOD zymogram analyses. Such a result is 

consistent with the very high stability of this enzyme. Finally an element that can limit the use 

of such a test is the availability of hardware allowing the IEF. Therefore, SOD profiles were 

tested on classic non denaturating gel electrophoresis PAGE. As shown in Figure 3, zebra 

and quagga mussels are clearly discriminated with a separate main band for each species. 

  

Phylogenetic analysis of Cu/Zn-SODs 

A phylogenetic tree was constructed based on the intracellular Cu/Zn-SOD amino acid 

sequence from the two dressenid species and other invertebrates and vertebrates (Figure 4). 

The tree shaped two main clades (even branch nodes show a low bootstrap value). 

Interestingly, the dressenid SODs are not clustered in the marine mussels and oyster group 

but are closely related to sequences of SOD from clam species (Mactra quadrangularis and 

Meretrix meretrix). Moreover, the percentages of identities between all those SODs 

sequences are close to 70% showing a high level of conservation as it has already been 

described in other studies relating to the sequencing of SOD in Dreissena sp. or in other 

bivalves (Wu et al, 2017; Anju et al, 2013; Gao et al, 2012; Ni et al., 2007; Geret et al, 2004). 

Comparison of secondary structures 

Alignment of amino acid sequences were performed with the two cytosolic Cu/Zn-SOD 

sequences from D. polymorpha and D. bugensis. The sequences exhibited two conserved 

cysteine residues (Cys-58 and 146) needed for disulfide bond formation and highly 

conserved residues involved in copper and zinc fixation (Figure 5).  

Amino acid comparison shows only 11 variations among the total of 153 amino acids 

signifying 93% of identity between the 2 sequences. Of the 11 variations, 5 amino acids 

share similar properties. For instance, the switch from glutamine to glutamic acid and that of 

cysteine to serine don’t lead to major property changes. In such a way, it raised to 96% the 

similarity between the cytosolic Cu/Zn-SODs of the two species. At this point, both proteins 

were identical at a very high level, with only single amino acid modification points. However, 

these differences lead to minor changes in secondary sequence with the appearance of an 

α-helix (position 75), a longer β-sheet (position 101) and longer α-helix between position 130 

and 135 in Dreissena polymorpha comparing Dreissena rostriformis bugensis (Figure 6).  



Additionally, 40 SNPs and INDELs events were found on both Cu/Zn-SOD transcript 

sequences (data not shown) with respectively 10 and 14 events within Dreissena 

polymorpha and Dreissena rostriformis bugensis coding sequences (Figure 7).  

Among those events, 6 were silent for Dreissena polymorpha and 10 for Dreissena 

rostriformis bugensis. Remarkably, only one SNP impacts the secondary protein’s sequence, 

and it is present in the Dreissena polymorpha sequence. Moreover, these slight differences 

could be accompanied by changes in the quaternary structure and may explain the 

differences in isoelectric point observed between the two species. 

 

Conclusions 

The characterization of Cu/Zn-SODs has allowed us to identify significant differences 

between the isoforms of zebra and quagga mussels and propose their use as species 

enzymatic markers. At the nucleotide sequence level, the transcripts are also different, which 

allows the use of specific primer sets to measure Cu/Zn-SOD gene expression in these two 

species (Kerambrun et al., 2018). Hence cytosolic Cu/Zn-SOD can be used as a 

discrimination marker for quagga and zebra mussels at the functional, structural and 

transcriptomic levels. Moreover, SOD is a stable enough enzyme to permit Dreissena 

species verification based on a posteriori analyses of homogenates prepared for other 

enzymatic assays. The study of Cu/Zn-SOD in Dreissena sp. revealed the existence of 

isoforms specific to zebra and quagga mussels and, incidentally, provided a tool for species 

discrimination using a simple enzymatic test. Finally, as superoxide dismutases are among 

the first defenses against ROS damages, differences in Cu/Zn-SOD isoforms in the two 

dreissenid species could contribute to a possible contrasting response in sensitivity to 

oxidative stress and metal pollutants as already observed (Louis et al., 2019). Further studies 

should shed light on this issue. 
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Legends 

Figure 1: Characterization of Cu/Zn-SOD profiles by zymography. 



A- Representative zymogram demonstrating distinct specific profiles of Cu/Zn-SOD activity 

between Dreissena polymorpha and Dreissena rostriformis bugensis. Achromatic bands 

were obtained after isoelectrofocusing and revelation of SOD activity by the 

nitrobluetetrazolium photochemical method of Beauchamp and Fridovich, 1971.  

B- Profiles of Cu/Zn-SOD activity in Dreissena samples collected from different tissues. 

Zymograms show an identical pattern in gills and digestive gland for one individual. L1 to L6, 

animals correspond to zebra mussels, except L4, a quagga mussel. Cu/Zn-SOD isoforms 

were separated according to their pI using non-denaturing IEF.  

C- Species identification by Restriction Fragment Length Polymorphism (RFLP) analysis. 

RFLP profiles of Rsa I- digested PCR products of cytochrome c oxidase subunit I gene 

amplified from Dreissena polymorpha and from Dreissena rostriformis bugensis. 

 

 

 

Figure 2: Distribution of Cu/Zn-SOD profiles in Dreissena samples collected from different 

areas. Animals were sampled in France (4 rivers) and in Canada (Saint-Laurent River). 

Cu/Zn-SOD isoforms were separated according to their pI using non-denaturing IEF. Three 

patterns were obtained after NBT staining. For details, in the Moselle River a unique band 

corresponding to quagga mussels is observed. In the Vilaine and Meuse, two distinct 

patterns of Cu/Zn-SOD activity were observed corresponding only to zebra mussels. In the 

sites where the two species of Dreissena coexist (Oise and Saint-Laurent Rivers) the three 

patterns of SOD activity are found, similar to those obtained for the two species in the other 

sampled sites. 

 

Figure 3: Zymogram of Cu/Zn-SOD allozymes after PAGE and NBT revelation from 

Dreissena rostriformis bugensis and from Dreissena polymorpha. Homogenates are 

separated in a 10% PAGE. Images of NBT staining are presented in inversed grey colors for 

a better visualization of the bands. Arrows indicated Cu/Zn-Sod activity. 

 

Figure 4: Phylogenetic analysis of Cu/Zn-SODs. Phylogenetic trees were generated with the 

maximum composite likelihood algorithm in Mega v6 software (Tamura et al., 2013). 

Statistical support for the nodes was estimated used by a bootstrap with 1,000 

pseudoreplicates (Felsenstein, 1985).  

 

Figure 5: Amino acid sequence aligment of Cu/Zn-SODs. In line 1, Drpol, the primary 

sequence of Dreissena polymorpha; in line 2, Drbug, the primary sequence of Dreissena 

rostriformis bugensis. Amino acid differences were shaded; the residues required for copper 



(His-47, -49, -64 and -120) and zinc (His-64, -72, -81 and Asp-84) fixation are in bold. The 

two cysteines predicted to form a disulfide bond were underlined. 

 

 

Figure 6: Secondary structure representation of Cu/Zn-SODs. Models of protein’s local 

structural features were predicted from the primary sequences of Dreissena polymorpha (up) 

and Dreissena rostriformis bugensis (down) using NetSurfP-2.0.  

Three secondary sequence differences (black rectangles) were observed between both 

species, with Q -> E in position 75 creating a small α-helix in polymorpha, C -> S in position 

101 leading to a smaller β-sheet in quagga, and a smaller α-helix in quagga between 

positions 130 and 135 with no sequence difference. 

 

Figure 7: SNP positions in Cu/Zn-SOD nucleotide sequence for Dreissena polymorpha (Dp 

SODC) and Dreissena rostriformis bugensis (Db SODC). SNPs are highlighted by shaded 

residues. In the squares, SNPs that changes the amino acid sequence without changes at 

the secondary structure level. The double square corresponds to the only SNP that impacts 

the secondary sequence of the protein.  



Fig. 1



Fig. 2



Fig. 3



Fig. 4



Fig. 5



Fig. 6



Fig. 7




