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Abstract 

Bivalve mollusk shells are used traditionally as monitors for chemical stress detection via 

elemental analysis of a whole multilayered shell or its single layers. The central shell part, as 

suggested by some authors, has a perspective to be used as a bioarchive of environmental 

records. Shells as indicators of water pollution with xenobiotics and animals’ infestation with 

pathogens/parasites are cursorily studied. The aim of this dissertation was to increase our 

knowledge of bivalve shells, as environmental indicators and monitors, based on their 

preservation and micromorphology data. Studied chemical stressors include silver and copper in 

dissolved and nanoparticulate form, and actinides (232Th, 241Am) in dissolved form. Studied 

biotic stressors include pathogenic photosynthetic microalgae Coccomyxa sp. and unknown shell 

borers. Shells obtained from control and contaminated/infested freshwater and marine bivalves, 

and shells obtained after laboratory and field-based experiments, were examined by optical, 

digital and electron microscopy, mass spectrometry, X-ray powder diffraction, γ-spectrometry 

and α-tracks autoradiography. Where applicable, bivalves’ soft tissues and biological liquids 

were examined. The most important findings are: 1, the amount of pollutants on the external 

shell surface depends on its preservation and micromorphology; 2, doughnut shape structures 

(DSS) were found on the surface of aragonite tablets (nacre) if mussels were exposed to low 

concentrations of silver (in the form of ions and nanoparticles); 3, infestation of M. edulis with 

pathogenic photosynthetic microalga Coccomyxa sp. promotes the formation of L-shaped shell 

deformity (LSSD); 4, infestation with Coccomyxa was experimentally confirmed for mussels 

pre-exposed to copper; 5, the old (previously secreted) layers of nacre can be transformed to 

aragonitic lenses of prisms (ALPs) due to early unknown physicochemical mechanism in 

response to shell attacks with boring organisms. In order to improve environmental monitoring 
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protocols which use bivalves it was recommended: (a) to collect marine blue mussels (Mytilidae) 

with eroded external shell surface, whereas shells of freshwater unionid and dreissenid bivalves 

must have intact fleecy periostracum; and (b) to use the presence of DSS, LSSD and ALP as 

indicators of water pollution with metals, metals/pathogenic alga, and shell-borers, respectively.   

 

Keywords: Bivalvia; shells; morphology; water pollution; metals; radionuclides; engineered 

nanoparticles; photosynthesis; microalgae; bioindicators; biomonitors 
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Chapter 1. General introduction 

Foreword 

This chapter highlights potential issues which may preclude the utility of bivalve mollusk shells 

as reliable monitors and indicators of water contamination by metals. Aspects of shell 

morphology and biomineralization are briefly discussed, with examples of shell alteration, 

resulting from the influence of abiotic and biotic stressors being introduced. In each chapter the 

details of specific materials and methods, pertinent to the research questions and aims are 

presented.  
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1.1 Background 

Bivalve shell represents an organo-mineral matrix consisting of a combination of CaCO3 mineral 

layers composed of admixtures of aragonite or aragonite/calcite and organic components covered 

by a pure organic proteinaceous layer, the periostracum (Fig. 1A-K). The process of shell 

formation or biomineralization is accepted by the research community as a case of non-classical 

crystallization when shell layers comprised of inorganic-organic nanocomposite structures are 

precipitated from the extrapallial fluid which is situated between shell and mantle, but typically 

isolated from ambient water (Rodríguez-Navarro et al., 2016; Wolf et al., 2016). Thus, the most 

common structural type among bivalves (prismatic and nacreous shell layers, Fig.1L) is built 

from nanogranules of CaCO3 which become "stick together" by an intergranular organic matrix 

in a course of biomineralization process. The organic phase contains various biopolymers such as 

proteins and chitin (Agbaje et al., 2018). Proteins present at the calcification sites determine 

which polymorph of carbonate, namely calcite or aragonite, is deposited in the specific type of 

shell structure (e.g., prismatic or nacre) (Falini et al., 1996). The key function of proteins in the 

shell formation was repeatedly studied in vitro when proteins extracted from shells were used as 

additives for synthesis of artificial calcium carbonate crystals or, in order to protect the proteins 

during multi-step extraction procedures, shell fragments (Fig. 2) as substrates for CaCO3 growth 

were used (Zuykov et al., 2012). Proteins control morphology and mineralogy of shell, as well as 

element selection from the extrapallial fluid for subsequent incorporation into the shell matrix 

(Zhao, 2016 and references therein). Applications of proteomic analysis focused on particular 

organs and tissues, including shells to search biomarkers of water pollution with different 

xenobiotics is an innovative approach is under active development now (López-Pedrouso et al., 

2020; Liu and Zhang, 2021). Many aspects of biomineralization are still poorly understood, 
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Figure 1. Bivalve mollusk shells. Images obtained with: A, B, digital camera, C-H, J-L, SEM. I,  

Schematic representation of a section through the shell and the mantle of a bivalve mollusc. 

Green and blue triangles depict organic macromolecules secreted by the mantle. Shell surface: 

A-H. Shell in section: J, K. ESS: external shell surface, ISS: internal shell surface, NL: nacreous 

layer, PL: prismatic layer, P: periostracum, PG: periostracal groove, EPS: extrapallial space, OF: 

outer fold, MF: middle fold, IF: inner fold, OE: outer epithelium, IE: inner epithelium, PN: 

pallial nerve, PM: pallial muscle, V: vesicles, EV: exosome-like vesicles. 

Reproduced from: I, Kocot et al. (2016), Fig.2; L, Wolf et al. (2016), p. 253, Fig. 6B.  
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Figure 2. Morphology of the inner surface of shell fragment of Mytilus edulis L., NL – nacreous 

layer, PL – prismatic layer. (A-C), digital image: A, SEM images: B, C. SEM images of the 

calcium carbonate crystals grown with ammonium carbonate vapor diffusion method on the 

surface of prismatic layer (D) and nacreous layer (E), and, on the glass substrate (F). 

Biomacromolecules released from shell substrate have controlled morphology of the new CaCO3 

crystals. Reproduced from Zuykov et al. (2012).       

 

 

including transfer of elements/isotopes from ambient water to calcification site and incorporation 

into biomatrix. In general, elements from the environment enter the molluscan hemolymph 

through the gills, the gut or by direct uptake by the outer mantle epithelium, from the 

hemolymph, elements move into the extrapallial fluid through the epithelial mantle cells, with 

their route through membranes is controlled biochemically (Gillikin, 2005 and references 

therein). In this framework, in blue mussels obtained after laboratory bioaccumulation 

experiments with engineered nanoparticles (AgNPs), NPs have been identified in the extrapallial 

fluid (Zuykov et al., 2011). Many authors, including Dr. L.Zhao (2016, p. 7) state that "there is 

an urgent need to obtain a more comprehensive and better understanding of the mechanisms by 

which trace and minor elements are taken up by the bivalves and incorporated into the shells. 

Clearly, such research needs to be highly interdisciplinary, occurring at the interface between 
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biology, ecology and geochemistry." In this context, Fig. 3 illustrates strong difference between 

values of some elements measured in extrapallial fluid and in central shell part (incorporation of 

elements) of bivalve mollusks. Finally, the inorganic-organic nanocomposite nature of shell 

matrix is responsible for strong shell-to-shell and layer-to-layer elemental variations measured 

by Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS), the main 

technique used in the sclerochronochemical* approach in environmental, archaeological and 

climatological studies (Zuykov and Schindler, 2019). Although elemental levels measured in 

bivalve shells lack reliable interpretations because they do not correlate with concentrations in 

the water column nor in bottom sediment, there are many papers in different scientific domains  

 

*Term ‘sclerochronochemistry’ proposed by Zuykov and Schindler (2019) for study of any 

impurities in shells, accordance with established of their successional growth patterns. This 

term aimed to replace term 'sclerochronology sensu lato'. For more details see Chapter 2.2. 

 

 

 

Figure 3. Uptake and incorporation of some elements from the environment into bivalve shells. 

EPF - extrapallial fluid that plays a main role in shell mineralization because of its property of 

Ca2+-binding-induced self-assembling. Reproduced from Zhao (2016), p. 7, Fig. 1.4, with 

permission from Dr. L.Zhao. 
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                                    A                                        B                                    C 

Figure 4. Shell of marine bivalve Crassostrea gigas (Thunberg), northern Spain. A, oyster was 

collected from non-contaminated environment, no shell deformity observed, B,C, oyster (with 

shell thickening and chambering) was collected from environment contaminated with Tributyltin 

(TBT). Images were provided by Ms. J.M. Winder.  

 

 

Figure 5. SEM image of the internal shell surface of freshwater bivalve Anodonta cygnea (L.) in 

animal obtained after laboratory uptake experiment with dissolved cadmium (Cd2+). The surface 

of nacre crystals covered by micrograins of calcium carbonate. Reproduced from Faubel et al. 

(2008), p. 103, Fig. 11c. Note: In Zuykov et al. (2011) this alteration was named as “doughnut 

shape structures”; see here in Chapter 6.  

 

 
 

Figure 6. Blue mussels, Mytilus edulis L., collected near Kragerø, southern Norway, North Sea. 

(A, B) – individuals with deformed shells. (C) – edge of mantle (in section) with green dots 

(unicellular Picoeucaryot alga). Reproduced from Mortensen et al. (2005), p. 27, Fig. 2 and p. 

29, Fig. 6C.  Zuykov et al. (2014) called this shell alteration as L-shaped shell deformity (LSSD).  
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Figure 7. Representatives of the genus Tridacna, Indo-Pacific oceanic region. M - collection of 

the Natural History Museum, Vienna; R1 – Reproduced from Trench et al. (1981), p. 182, Fig. 1, 

soft tissue (sample in section) of T. gigas with photosynthetic algae zooxanthellae (Arrow 

indicates algae); R2 - Reproduced from https://www.karipearls.com/tridacna.html, thick and 

heavy shell and two large pearls of Tridacna sp.  

 

 
 

Figure 8. Shell repair mechanism in marine bivalve Mytilus sp., Lower St. Lawrence Estuary, 

Canada. Shell was perforated by shell borer organism (bivalve had survived the parasite attack); 

patch built with calcite prisms protects animal from ambient water. (A) Application of Feigl’s 

staining technique (Checa et al., 2007) for identification of calcite (no stain) and aragonite (silver 

in color) in shell section. (B,C) SEM images of calcite patch; nacre is original layer 

(background), calcite prisms are inside of patch; boundary between nacre and patch is sharp. 

https://www.karipearls.com/tridacna.html
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Figure 9. Five blue mussels, Mytilus sp., from the Gulf of St. Lawrence (Black Point, QC), with 

variously preserved (eroded) external shell surface: A, intact periostracum, B, partly preserved 

periostracum, C, periostracum is absent. SEM images: D, intact periostracum, E, periostracum 

with broken surface. P – periostracum, PL – prismatic layer (situated under periostracum).    

 

that consider bivalve mollusk shells as "reliable" monitors for element measurements (Zuykov et 

al., 2013; Zuykov and Schindler, 2019; Strehse and Maser, 2020). However, close to the source 

of water contamination some correlations between elements levels in water and in shells were 

reported (Markich et al., 2002; also see refs in Schöne and Krause, 2016).   

Morphology, microstructure and mineralogy of bivalve mollusk shells are sensitive to many 

environmental and biotic factors (Lopes-Lima et al., 2012; Zuykov et al. 2013), including water 

pollution with Tributyltin (Fig. 4) and heavy metals (Fig. 5), infestation with pathogenic 

photosynthetic algae (Fig. 6), symbiosis with photosynthetic microalgae zooxantellae (Fig. 7), 

attacks of shell-borers (Fig. 8), and erosion of various origins (Fig. 9). The appearance of 

alterations has been interpreted by some authors as response to chemical and biotic stressors that 

makes bivalve mollusk shells useful as indicators (Zuykov et al., 2013; Harayashiki et al., 2020). 
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1.2 State-of-the-Art 

Previous investigations of bivalve mollusk shells have demonstrated the following aspects and 

scientific facts that are important to note in the context of the current PhD thesis: 

(1) Inorganic-organic nanocomposite nature of shell matrix, as well as numerous environmental 

and physiological factors influence measured elemental levels both in whole bivalve shells and 

in particular layers in unpredictable ways (Zuykov and Schindler, 2019). (2) Shells can be used 

for detection of some global events, such as the beginning of industrial epoch and anthropogenic 

lead emission (Krause-Nehring et al., 2012). (3) Shells can be used for elemental fingerprinting, 

but with restrictions related to spatial distribution such as proximity to the source of water 

pollution (Markich et al., 2002; Sorte et al., 2013). (4) Application of sclerochronochemistry in 

water pollution study is in its infancy, with further development of new ideas which are 

unavailable in the literature being required (see here in Chapter 2, section 2.2). (5) Only a few 

studies provided information on the metals phases associated with shells, i.e., on included 

particles or dissolved speciation of the metals of interest (Hamilton, 1980; Hamilton and Clifton, 

1980; Guo et al., 2002; Zuykov et al. 2022). (6) Abiotic stressors such as storm waves, 

temperature, water pollution and biotic (parasites/pathogens, predators) stressors, physiological 

aspects (age, metabolism, calcification rate) and density of population factors can influence shell 

morphology on macro-, micro- and ultrastructural levels.  

 

Shells - monitors. The real application of bivalve mollusk shells as monitors of water pollution 

can be characterised as qualitative which allows to define some information on some elements 

which were in ambient water during an unknown time and in unknown concentrations. 
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 Shells – indicators. Overlay and interferences of circumstances and factors, and the same 

shell alterations on different stressors (Harayashiki et al., 2020), precludes application of 

bivalve mollusk shells as reliable indicators for chemical and biotic stress detection, except of 

water pollution with Tributyltin and attacks of shell borers (Figs. 4, 8).  

What is next? I am suggesting that the searching and interpretation of any mollusk shells 

alterations (irrespective of animals’ systematics) and increasing of shells’ "sensitivity" as 

monitors of water pollution with xenobiotics, represent an important task which require 

ongoing attention in environmental studies. 

 

1.3 Rationale 

This PhD study focuses on the four major topics: 

Topic I, External shell surface – a new passive sampler for metal detection 

Bioavailable elements (e.g., pollutants), if available in extrapallial fluid (EPF) can be 

incorporated into central part of bivalve mollusk shells. Also, from EPF elements can be 

adsorbed onto the internal shell surface (Fig. 1). However, the speciation of bioavailable 

elements within the shell matrix has never been specifically studied, with the common 

assumption that all elements associated with central shell part being ionic in form. Furthermore, 

although the external shell surface (ESS) interaction with the environment may result in erosion 

and degradation (Fig. 9), the ability of ESS (in various preservation) to adsorb xenobiotics from 

ambient waters has not been examined. The porosity of ESS (Fig. 9E) obviously manages the 

quantity of pollutants adsorbed. Further the nature of the intact ESS is smooth (Fig. 1C) or is 

built with thin brush-like or fleecy micro-ornamentation (Fig.1D) also needs to be considered 

among key factors responsible for shell use as a monitor of water pollution. Within this 
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framework three important facts are: 1) bioavailable and non-bioavailable elements presence in 

the water column in dissolved, colloidal or particulate form, 2) as reported in several papers (e.g., 

McDonald et al., 1993), over 95% of metals detected in shells were associated with ESS, and 3) 

the “materials and methods sections” of several papers only with elements measured in bivalve 

shells contain information on preservation of ESS and the shell itself. Although the preservation 

of ESS seems to play a critical role in the environmental monitoring and metals detection, this 

research aspect is completely unstudied. 

Topic II, Surface of nacre biocrystals - new indicator of heavy metal pollution 

As reported by Faubel et al. (2008; see here Fig. 5), the surface of nacre crystals situated on the 

internal shell surface in freshwater bivalve A. cygnea obtained after laboratory uptake 

experiment with dissolved cadmium (Cd2+) showed alterations. Due to disturbance in 

biomineralization process, the nacre crystals became covered with CaCO3 micrograins. The 

appearance of such micrograins may be considered among indicators of water pollution with Cd. 

Questions that arise from this important discovery include the potential possibility for Cd or 

other metals in either ionic or nanoparticulate form influencing shell biomineralization in other 

bivalve species.  

Topic III, Shell deformity as indicator of pathogen-infested blue mussels 

The initial observation in autumn 2012 by the candidate that the marine mytilids, Mytilus spp., in 

the St. Lawrence Estuary are infested with unicellular green microalgae Coccomyxa sp. (Zuykov 

et al., 2014) was made. Importantly, this infestation was recognized due to distinctive shell 

defects as shown in Fig. 6. The processes of photosynthesis and calcification display multiple 

interactions which are the potential subject of intensive studies focused on in alga-invertebrate 

associations because some organisms convert CO2 into exoskeleton (CaCO3). To date, valuable 
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information has been obtained after the observation of the symbiosis between unicellular algae of 

the genus Symbiodinium (“zooxanthella”) and giant clams, Tridacna (Fig. 7) (Rossbach et al., 

2019). So-called “Light enhanced calcification (LEC)” promotes thick shells of Tridacna and 

growth of large pearls (Fig. 7). Although the infestation of mytilids with Coccomyxa alga is 

known from several regions of the world, the relationship between shell morphology, 

photosynthesis, calcification, and transmission of pathogen between animals have been a 

mystery. 

Topic IV, Nacre transformation - indicator of bivalve predation by shell-borers  

The mineral parts of shell of bivalve mollusks is characterized by eleven different microstructure 

types distributed between different taxa (Kobayashi, 1969). For example, nacreous and prismatic 

layers (Fig. 1) have been reported in the most common bivalves worldwide in the families 

Dreissenidae, Unionidae and Mytilidae. Further, the alteration of shell microstructure in TBT-

contaminated Crassostrea gigas (Fig. 4) (Higuera-Ruiz and Elorza, 2009), or that in shell repair 

zones of various species (Fig. 8), are also well known. However, in the world of molluscan 

studies, there are occasional reports of the appearance of some unrecognised microstructural 

elements, such as that in Kennedy et al. (1969) documenting the “discontinuous sheets and lenses 

of prisms occur in the inner layer of many bivalves. These might be interpreted as indications of 

periodic muscle attachment, but we have no direct evidence of this.” Similar discontinuous 

sheets and lenses of prisms (Dr. John Taylor, personal communication) were found by the 

candidate in nacreous layer of mytilid mussel Crenomytilus grayanus (Dunker) collected from 

the Amur Gulf, Sea of Japan (Fig. 10). There are no available data focused on resolving the 

problem with the interpretations of the appearance of these enigmatic prisms.  
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1.4 Research goals 

To develop and validate new bivalve shells-based indicators and monitors for the detection of 

water pollution with metals, and to identify the spatial distribution of pathogenic photosynthetic 

microalga Coccomyxa spp. and shell borers. 

 

1.5 Research questions and aims 

(1) Do museum collections contain important material for study of alterations in bivalve mollusk 

shells? If so, the aim is to recognise any alterations of bivalve mollusk shells, irrespective of 

animal taxonomy and sampling areas, on specimens housed in non-monographic museums’ 

collections (Fig. 11). 

(2) Can external shell surface (ESS) of bivalves be called the most important shell part for 

detection of water pollution with actinides and man engineered nanoparticles? The aim is to 

assess variation in concentrations of dissolved americium, thorium, and silver nanoparticles 

on ESS on various species which are characterized by various microornamentations and 

preservation (Fig. 12). 

(3) Can water pollution with heavy metal ions and engineered nanoparticles result in disturbance 

of calcification process in marine bivalve mollusks? Thus, the aim is to gain an 

understanding of the morphology of surface of nacre crystals in shells of marine blue 

mussels, M. edulis, obtained after short term exposure in laboratory condition to water with 

low concentrations of silver which were added individually in dissolved and nanoparticulate 

form (Fig. 13).  

(4) Whether formation of L-shaped shell deformity (Fig. 14) in Coccomyxa-infected blue 

mussels was the result of physical damages of mantle edge due to the rapid growth of algal 
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colonies or it represents a new case of photosynthesis-calcification interactions? The aim is 

to determine if there is any evidence that the calcification site of mussels was affected by 

CO2 uptake was caused by photosynthesis of Coccomyxa algae. Mussels build their shells 

using external dissolved inorganic carbon (DIC) from the ambient water and internal 

respired CO2, which forms an internal DIC pool. Thus, this thesis tests the hypothesis that 

the photosynthesis of thousands or millions Coccomyxa algal cells presented in infested 

mussels (Zuykov et al., 2014) may impact internal DIC pool in the mussel soft body 

microenvironment. The concepts described in McConnaughey et al. (1997) and 

McConnaughey and Gillikin (2008) allow the proposal that the presence of Coccomyxa may 

change shell δ13C value and the % of metabolic carbon incorporated into the shell. 

(5) Can infestation of estuarine and coastal bivalves with Coccomyxa sp. be used as indicator of 

water pollution with metals? As is known from the literature, water pollution with different 

metals results in increased susceptibility of bivalves to various infections (Torres-Duarte et 

al., 2019). To date, long-term laboratory cohabitation experiments, caging experiments, and 

injection of pathogen into the extrapallial cavity of uninfected mussels did not result in 

controlled transmission of Coccomyxa alga among bivalves (Stevenson and South, 1975; 

unpublished data by candidate). The aim is thus to estimate the role of water pollution with 

dissolved copper and copper nanoparticles in mussel infestation with Coccomyxa sp. 

Mussels, before caging in the Lower St. Lawrence Estuary, were pre-exposed with copper 

(Fig. 15).  

(6) Can transformation of nacreous layers to lenses of prisms be interpreted as a new effective 

anti-predator mechanism in bivalves? The aim is to propose the mechanism formation of 



15 
 

 
 

discontinuous sheets and lenses of prisms in nacreous layers of mytilid mussels which 

appear below the tunnels excavated by the shell borers (Fig. 10).   

 

1.6 Approaches 

This dissertation utilises aspects of geochemistry, biology, and ecotoxicology to study changes in 

biomaterials. Although, each candidate’ publication used in this PhD thesis has collaborators, 

the candidate provided the major contribution to all studies described in each chapter. In 

particular, the candidate participated in all field work (except sampling of mussels described in 

Chapters 5 and 10), performed all laboratory experiments, performed the field caging 

experiment, completed sample preparation for all chapters, museum collections studies, SEM 

study, and α-tracks autoradiography (all steps). The candidate wrote the MS of all papers, being 

the corresponding author. The key methods are lighted below.   

 

 

Figure 10. Shell of Crenomytilus grayanus (Dunker) collected from the Stark Strait, Amur Gulf, 

Sea of Japan: in section lenses of aragonite prisms in nacre. ISS – internal shell surface. 
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Figure 11. Study of museum collections. Smithsonian Institution, Washington, DC. 

 

 

Figure 12. External shell surface (ESS) of Mytilus edulis (A) and Pyganodon sp. (B, C). ESS is 

variously eroded: 1 – intact periostracum, 2 – prismatic layer, 3 – nacreous layer; B – general 

view: intact periostracum with fleecy micromorphology in zone bb, shell in section (zone bb) in 

broken fragment (C).  

 

 

Figure 13. SEM images of internal shell surface, nacreous layer, of M. edulis; aquaculture: A, 

smooth surface of nacre crystals in control animal; B, surface of nacre crystals covered with 

calcium carbonate micrograins in animal obtained after an exposure to AgNPs.  
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Figure 14. M. edulis collected from the Lower St. Lawrence Estuary: A, control animal, posterior 

shell edge is “sharp”; B, C, E, animals infested with microalgae Coccomyxa sp. (Fig. D), 

posterior shell edge with L-Shaped Shell Deformity, E, posterior shell edge in section. ISS – 

internal shell surface, ESS – external shell surface.    

 

 

 

Figure 15. Colonies (green spots) of microalgae Coccomyxa sp. on the mantle edge of M. edulis, 

pre-exposed with copper in ionic (CuSO4) and particulate (CuO NPs) forms. Caging site - Lower 

St. Lawrence Estuary (site Metis-sur-Mer, infested with Coccomyxa, see in Zuykov et al., 2014).  

 

 

1.6.1 Museum collections study (Fig. 11). Shells of marine and freshwater bivalve mollusks 

irrespective of systematics, with a special attention to families Mytilidae and Unionidae, were 

examined by candidate in the Canadian Museum of Nature (Ottawa, Canada), Huntsman Marine 

Science Centre (St. Andrews Canada), American Museum of Natural History (New York, USA), 

Smithsonian Institution (Washington, DC), Zoological Museum of the Copenhagen University 

(Denmark), and Museum of Natural History Vienna (Vienna, Austria). Shells deposited in the 
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National Museum of Nature and Science, Tokyo (Japan) were examined by Dr. Takenori Sasaki 

at the request of the candidate and Dr. Kotaro Shirai.  

Housing of bivalve shells (Mytilus spp.) collected by candidate. Samples collected by candidate 

and used in Chapter 6 were deposited in the Museum of Natural History Vienna NHMW-MO-

113106. Small collections were donated to the National Museum of Nature and Science, Tokyo, 

NSMT-Mo 79281 - NSMT-Mo 79286, and to the Canadian Museum of Nature CMNML 

096183. 

1.6.2. Sampling of wild bivalves. All bivalves used in this study were collected by hand at low 

tide or near shoreline. After collection, mussels were transported to laboratories in Ziplock 

pockets placed in cool boxes packed with ice cubes. Sampling of bivalves have been performed 

under scientific licenses issued by Ministry of Natural Resources and Forestry (Ontario) and 

Fisheries and Oceans Canada – Québec region. Freshwater bivalves from Lake 222 contaminated 

with AgNPs situated in the International Institute for Sustainable Development - Experimental 

Lakes Area (IISD-ELA), northwestern Ontario, Canada, and from control lake (L375) that is also 

situated in IISD-ELA were collected by L.Hayhurst. Mytilid mussels C. grayanus were collected 

by Dr. G.Kolyuchkina from the Stark Strait offshore from Popov Island, Amur Gulf, Sea of 

Japan. All other freshwater and marine bivalves were collected by candidate from the Estuary  

and the Gulf of St. Lawrence in the provinces of ON, QC, NB and NL, coastal water of USA 

(Gulf of Maine), and Gulf of Finland (Russia).  

1.6.3. Identification of animals. Generic and specific identification of all animals (bivalve 

mollusks, microalgae Coccomyxa, diatoms, and endolithic cyanobacteria) mentioned in this 

Ph.D. thesis has been provided by leading researchers from various organisations in Canada and 

USA; for mytilid mussels and Coccomyxa molecular analysis (DNA) has been applied.  
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1.6.4. Laboratories. Two tables summarise data on research laboratories where studies were 

performed (Table 1, Figs. 16, 17), and key details pertinent to the "Material and methods" are 

outlined in different chapters (Table 2). 

 

Table 1. Laboratories where major steps of PhD study were performed 

Laboratories Action/major equipment 

used 

Work by 

candidate 

Home institution:  

Laurentian University, 935 Ramsey Lake Rd, 

Sudbury, ON, P3E 2C6, Canada 

 

ICP-MS, LA-ICP-MS, SEM 

γ-Spectrometry 

 

YES 

[in bold] 

Institut des Sciences de la Mer de Rimouski 

(ISMER), Université du Québec á Rimouski, 310,  

allée des Ursulines, Rimouski, QC G5L 3A1, Canada 

Laboratory bioaccumulation 

experiments, biosorption 

experiments, SEM, α-track 

autoradiography, LA-ICP-

MS, γ-Spectrometry, DNA 

analysis, Flow cytometry 

 

YES 

Huntsman Marine Science Centre, 1 Lower Campus 

Rd, St. Andrews, NB E5B 2L7, Canada 

Laboratory bioaccumulation 

experiments  

YES 

Department of Geological Sciences, University of 

Manitoba, 240 Wallace Building 125 Dysart Road, 

Winnipeg, MB, R3T 2N2, Canada 

 

SEM, TEM, ICP-MS, XRD 

 

NO 

Laboratory of Applied mineralogy and 

Radiogeochemistry, V.G.Khlopin Radium Institute, 

28,2nd Murinskiy Ave., St. Petersburg 194021, 

Russia 

Laboratory bioaccumulation 

experiments, biosorption 

experiments,  

α-track autoradiography,  

γ-Spectrometry, XRD 

 

YES 

Atmosphere and Ocean Research Institute, The 

University of Tokyo, 5-1-5, Kashiwanoha,  

Kashiwa-shi, Chiba, 277-8564, Japan 

Optical and digital 

microscopy, SEM,  

LA-ICP-MS 

 

YES 

 

1.6.5. Laboratory bioaccumulation experiments with freshwater bivalves Dreissena 

polymorpha and marine bivalves Mytilus edulis. All experiments were performed in certified 

and well equipped aquaria radioecological and toxicological laboratories in V.G.Khlopin Radium 

Institute (Fig. 16), UQAR/ISMER (Fig. 17) and the Huntsman Marine Science Centre following 

the common approach: 1. Sampling of wild mussels or purchasing of commercial animals,   
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Figure 16. Laboratory of Applied Mineralogy and Radiogeochemistry, V.G.Khlopin Radium 

Institute. Experiment under uptake of 241Am by freshwater bivalves D. polymoprha. For safety 

reason aquariums and all equipment were installed into glove boxes.  

 

 

2. Acclimatisation, 3. Uptake experiments, 4. Samples preparation, 5. Analytical work. All shells 

obtained after experiments were placed into containers and kept for further examination.     

1.6.6. Biosorption experiments. Experiments were carried out in V.G.Khlopin Radium Institute 

and UQAR/ISMER. Shell fragments were placed into Teflon containers (Fig.18) with 

radioactive solutions of Th, Am, Cs and Sr with a gentle aeration with air. Containers were 

placed into water with regulated temperature. The radioactivity in water aliquots was measured 

by gamma-spectrometry. Containers with shells were shaken every 8 h for 5 min.  
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Figure 17. Laboratory metal bioaccumulation experiments with marine bivalves M. edulis. 

Station Aquicole, ISMER, major used equipment and main processes: A, aquarial laboratory; B, 

C, aquariums with running seawater (non-filtered) used for mussels acclimatisation, rooms are 

thermostatic; D, filtration (0.45 um) of seawater before metal uptake experiments; E-H, 

preparation of individual stock solutions with CuSO4 and CuO NPs, ultrasonic bath on G; I, 

bioaccumulation experiment (mussels are in individual aquariums); J, K, primary examination of 

animals after shell opening including preparation of digital images, L; M, washed and dried 

shells are in box for future examinations.  
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Table 2. Key details and approaches of examinations of bivalve mollusk shells 

 

Chap- 

Ter 

 

 

Studied animals 

Animals: 

Wild or 

Farmed 

Laboratory or 

Field 

experiment, 

Sampling 

Major topic of 

study: 

Pollutant, or 

Pathogen 

Type of study: 

Analytical, Field or 

Conceptual  

3 Dreissena polymorpha     Fr 

Pallas 

Wild Laboratory: 

bioaccum. and 

biosorption 

experiment  

241Am, 137Cs, 
85Sr 

γ-Spectrometry, 

α-track 

autoradiography 

4 Chlamys islandica           Ma 

Mercenaria mercenaria  Ma 

D. polymorpha                  Fr 

Crassostrea virginica      Ma 

M. edulis                          Ma 

 

 

Wild 

 

Laboratory: 

biosorption 

experiment 

 

 

 
232Th 

 

LA-ICP-MS, 

α-track 

autoradiography 

5 Pyganodon sp.,                 Fr 

Diatoms 

Wild Sampling: 

NW Ontario 

AgNPs ICP-MS,  

LA-ICP-MS, 

TEM, SEM; 

Monitoring  

6 Mytilus edulis                  Ma Farmed 

 

Laboratory: 

bioaccum. 

experiment 

Ag, AgNPs 

 

SEM, TEM, 

γ-Spectrometry 

7 Mytilus spp.                     Ma Wild Sampling: 

St. Law. Est. 

Coccomyxa Conceptual 

8 Mytilus sp.                       Ma Wild Isotope: δ13C Mass Spectrometry  

9 M. edulis                          Ma  

Farmed 

Laboratory: 

bioaccum. 

experiment + 

Field Caging 

St. Law. Est 

Cu2+, CuO 

NPs 

 

Observations 

10 Crenomytilus grayanus   Ma Wild Sampling: 

Sea of Japan 

Shell 

microstructure 

SEM 

App. 

A 

Mytilus spp.                     Ma  

Wild 

Laboratory: 

biosorption 

experiment 

 
232Th 

LA-ICP-MS, 

α-track 

autoradiography 

App. 

B 

M. edulis, M. trossulus,  Ma 

Hybrid 

 

Wild 

Sampling: 

Est. and Gulf 

of St. Law. 

 

Coccomyxa 

 

Monitoring 

App. 

C 

Mytilus spp.                     Ma Wild Sampling: 

Gulf of Maine 

Coccomyxa Monitoring 

App. 

D 

Mytilus spp.                     Ma 

 

Wild Sampling: 

St. Law. Est. 

Coccomyxa Conceptual 

Legend to table:  

Ecosystems: Ma – marine, Fr – freshwater; St. Law. Est. - St. Lawrence Estuary, QC, Canada; Bioaccum. – 

laboratory bioaccumulation experiment, SEM – Scanning Electron Microscope, TEM – Transmission Electron 

Microscope, ICP-MS - Inductively Coupled Plasma Mass Spectrometry, LA-ICP-MS - Laser Ablation ICP-

MS. 

 

 



23 
 

 
 

 

Figure 18. Biosorption experiment with Th. Station Aquicole, ISMER, M.Zuykov and I. 

Desbiens in laboratory licensed for work with radioactive materials.    

 

 

Figure 19. Mussels caging experiment in the site Métis-sur-Mer, MsM (48°40′46′′N, 68°2′2′′W), 

Lower St. Lawrence Estuary, Québec, Canada. Blue quadrate - Métis-sur-Mer Research Station, 

located at Lighthouse St., Métis-sur-Mer, QC G0J, Canada. Yellow cross – site where cages 

were installed. 

1.6.7. Mussel caging experiments. During caging experiments (Fig. 19) blue mussels were 

placed into cages (40 x 40 x 8 cm) made from the metallic wire mesh. Cages were installed with 

iron bars on the bottom muddy sediment during low tide at about 60 m from the shoreline. The 

water depth at high tide is ca. 2 m. 



24 
 

 
 

1.6.8 Samples preparation procedures - Table 3, Figs. 20-23  

Table 3. Types of studied specimens and samples preparation procedures 

 
Specimen Samples preparation 

Hard tissues – Figs. 20, 22  

Whole shell  Dissolution 

Particular shell layers periostracum, mineral, nacre, 

prismatic 

Dissolution, 

powdered samples 

Shell in broken 

fragments 

external shell surface, internal shell 

surface, central shell part 

Coating with gold-palladium or gold, 

uncoated samples, 

powdered samples 

Shell fragments 

embedded into plastic 

tablet 

 

Shell in sections 

Cut of shell with saw, coating with gold, 

uncoated samples, grinding, polishing, 

embedding with plastic 

Soft tissues – Fig. 21  

Whole tissues  Freeze drying, Dissolution for HPLC and 

ICP-MS, 

Freezing: - 80ºC 

Drying in oven + 60ºC 

Fragments of mantle   

Biological liquids – Fig. 22 

Hemolymph (Hem), extrapallial fluid (EPF) EPF – Extraction from extrapallial cavity, 

Hem – extraction from adductor muscle   

 

Shells in sections. The central (or any other) part of each shell was embedded in epoxy resin 

(Fig. 20A) to avoid crushing during cutting by a diamond saw. After curing of the resin, shells 

were then cut with a wet slow speed diamond saw at approximately 200-450 RPM (Fig. 20B). 

Shell cutting has also been performed with Dremel Rotary Tool® using a diamond-coated thin 

cutting wheel (Fig. 20C). Subsequently, thin slices were: (1) glued with double-sided tape to a 

glass plate (Fig. 20D), or (2) embedded into epoxy resin (EpoFix Kit®, Struers) in forms (Fig. 

20E,F). Shell slices, then, were progressively polished with silicon carbide paper and diamond 

paste. Images of polished sections were acquired with a scanner (Epson GT-X980), or by optical 

or digital microscopy without coating or with gold-palladium coating for SEM.    

Alpha-tracks autoradiography.  Bivalve shells obtained after laboratory bioaccumulation and 

biosorption experiments with 241Am and 232Th were studied in polished section by the method as 
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Figure 20. Sectioning of bivalve shells and preparation of polished samples. A,B,C – cutting, D – 

shell fragments glued to a glass plate for subsequent polishing, E,F – preparation of plastic 

tablets with shells fragments. 

 

 

Figure 21. Soft tissues of bivalve mollusks: A, examination of mantle in Petri dish, B, “green 

solution” - homogenised mantle of Coccomyxa-infested M. edulis, specimen was dissolved in 

acetone 50%, C, mantles after drying in oven (+ 60ºC) for 48h.      

 

 

shown on Fig. 23. After different exposure periods of between 1.5 h to 3 months, the films were 

etched in 6 M NaOH for 230 min at 50ºС, carefully washed with distilled water and dried at 

35ºС. The α-tracks were examined under optical microscopy (Olympus) with an ×100 

magnification. Calibration samples/films were processed to estimate duration of exposure 

periods for samples on film. Specially selected radioactive samples previously bathed in 

solutions with different concentrations of radionuclides were placed onto film for different 

periods of time. 
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Figure 22. Extraction of extrapallial fluid from extrapallial cavity of M. edulis. A, B, by drilling a 

hole; after extraction the hole was sealed (C,D) with shell fragments obtained from shells of dead 

mussels with using of dental plastic (Jet Denture Repair Package, Lang Dental, USA), then such 

mussels were used in a course of caging experiments (E); F, in some mussels tube systems 

(sampling port) were installed for repeat extraction of extrapallial fluid during experiments 

(method was described by candidate in Zuykov et al., 2010). 

 

 

Figure 23. Preparation of α-tracks autoradiography of shell of Dreissena sp. contaminated with 
241Am. A, shell with lines showing the direction of shell cutting, B, polished plastic tablet with 

embedded shell sections, C, D, exposition of plastic tablets on solid-state track detectors (Kodak, 

LR-115-II cellulose nitrate film) under pressure, E, autoradiogram of whole tablet, F, RAW 

autoradiogram (scarlet in color) of one shell section with lines showing external (ESS) and 

internal (ISS) shell surface.   
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1.7 Structure of the Thesis  

A brief outline of the study structure is given in Section 1.3 based on the research topics 

outlined. This PhD thesis consists of nine chapters which represent ten individual scientific 

articles published in international peer-reviewed journals. The articles include all relevant details 

describing experimental and analytical work, and are generally structured with introduction, 

methods, results and discussion, and conclusion sections. In addition, the thesis contains four 

published and related articles prepared by the candidate as appendices. This Ph.D. thesis reports 

the results of basic research in Chapters 2-4, 6-9, and Appendix A. Chapters 5, 10, and 

Appendices B-D, provide illustrative examples of how ideas and hypothesis proposed by the 

candidate in the research papers were successfully tested in ecotoxicological and monitoring 

examples. All the relevant publications details are given on the first page of each 

chapter/appendix.  
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Chapter 2. Literature review  

 

Foreword 

This thesis chapter is divided into two literature review sections (2.1 and 2.2) based on research 

materials published before 2013 [Zuykov et al., 2013a] and between 2013 and 2019 [Zuykov and 

Schindler, 2019]. These review papers highlighting potential application of bivalve shell data in 

environmental studies. The section 2.2 highlights the definition of a new term 

'sclerochronochemistry', the application of which may significantly improve communications 

between researchers. The use of 'sclerochronochemistry', as a recognized scientific term, will 

simplify the preparation of articles by researchers studying biogenic matrices (shells, otoliths, 

corals, etc.) in archaeological, environmental, and climatic studies. Of specific interest is the 

observation that more recent research papers (2018 - 2022), including two review papers on this 

topic (Strehse and Maser, 2020; Yap et al., 2021), clearly indicate that recent data published does 

not contain of any critical advances in knowledge, ideas, or hypotheses other than those shown in 

this thesis chapter. 
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2.1 Bivalve mollusks in metal pollution studies: from bioaccumulation to biomonitoring  

2.1.1 Abstract  

Contemporary environmental challenges have emphasized the need to critically assess the use of 

bivalve mollusks in chemical monitoring (identification and quantification of pollutants) and 

biomonitoring (estimation of environmental quality). Many authors, however, have considered 

these approaches within a single context, i.e., as a means of chemical (e.g. metal) monitoring. 

Bivalves are able to accumulate substantial amounts of metals from ambient water, but evidence 

for the drastic effects of accumulated metals (e.g. as a TBT-induced shell deformation and 

imposex) on the health of bivalves has not been documented. Metal bioaccumulation is a key 

tool in biomonitoring; bioavailability, bioaccumulation, and toxicity of various metals in relation 

to bivalves are described in some detail including the development of biodynamic metal 

bioaccumulation model. Measuring metal in the whole-body or the tissue of bivalves themselves 

does not accurately represent true contamination levels in the environment; these data are critical 

for our understanding of contaminant trends at sampling sites. Only rarely has metal 

bioaccumulation been considered in combination with data on metal concentrations in parts of 

the ecosystem, observation of biomarkers and environmental parameters. Sclerochemistry is in 

its infancy and cannot be reliably used to provide insights into the pollution history recorded in 

shells. Alteration processes and mineral crystallization on the inner shell surface are presented 

here as a perspective tool for environmental studies.  

 

______________________________________________________________________________ 

Section published as: 

 Zuykov, M., Pelletier, E., Harper, D.A.T. 2013. Bivalve mollusks in metal pollution studies: from 

bioaccumulation to biomonitoring. Chemosphere 93, 201–208.  
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2.1.2 Introduction 

A recent review (Gupta and Singh, 2011) and two papers (Boening, 1999; Waykar and 

Deshmukh, 2012) have the almost identical titles of “an evaluation of bivalve mollusks as 

biomonitors of metal pollution”; moreover related chapters in several comprehensive reviews 

(e.g. Philips, 1977, 1980; Zhou et al., 2008) have been dedicated to this theme. These studies 

provide in-depth discussion on metal bioaccumulation and metal bioavailability, highlighting the 

historical usage of bivalves in environmental studies. Put very simply, chemicals present at 

undetectable levels in water can be identified in bivalves due to their high bioaccumulation 

ability. This idea, being one of the basic principles of the biogeochemistry (as a field of science) 

originally proposed by the Russian academician V.I.Vernadsky at the beginning of 20th century, 

was successfully implemented in the simple and cost effective ‘Mussel Watch’ monitoring 

scheme, promoted by E.D. Goldberg (1975). In particular, this approach involved the bulk 

analysis of metals in the soft tissues/shells of bivalves (Koide et al., 1982; Farrington et al., 

1983). Thus, bivalves were used as organisms from the field that accumulate metals in tissues; 

this corresponds to the definition of a biological monitor (biomonitor) provided by many authors 

(see Phillips and Rainbow, 1993; Luoma et al., 2009). Currently, the bibliographic database 

Scopus provides information on more than five hundred papers dealing with the measurement of 

metal concentrations in bivalves collected from natural environment or those obtained after 

laboratory experiments; such scientific activity will continue. These studies have formed the 

common assumption that bivalves have a significant potential as useful biomonitors for metal 

monitoring. However, metal concentrations show enormous variability across metals and all 

invertebrates at generic and even at specific levels (Rainbow, 2002). Hence, it is impossible to 

determine contamination levels in an aquatic ecosystem directly, using only metal 
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bioaccumulation data in bivalves because they are influenced by a number of biotic and abiotic 

factors. Furthermore, due to a depuration effect, the residence time of the pollutant may be 

shorter than the time interval separating two sampling periods (Freitas et al., 2012). Searching 

for the link between bioaccumulated metals and their toxicity effects in aquatic invertebrates, as 

well as development of biodynamic models (how and why metal bioaccumulation differs among 

metals, species, and environments) are currently ongoing research themes (Luoma and Rainbow, 

2005; Bourgeault et al., 2011; Rainbow and Luoma, 2011). However, using biodynamic models 

to predict metal bioaccumulation requires knowledge of various kinetic and physiological 

parameters that are usually determined experimentally. Thus, recently Adams et al. (2010) noted: 

“However, despite their clear advantages, even these models do not fully reflect the true 

complexity of a real environment in which different exposure routes, conditions, and organisms 

have to be considered”. In other words, this suggests that an objective statistical model, for use in 

the field, that explicitly links a concentration of metals in bivalves to changes in aquatic 

ecosystem health (e.g. the effects on population and communities) is not yet theoretically 

possible. Significantly, to date, evidence for the drastic effects (shell deformations, imposex, 

etc.) of accumulated metals on bivalve health has not been documented even for heavily polluted 

industrial sites (mine, harbors, etc.) including sites in Ukraine and Russia, highly contaminated 

with radionuclides (Zuykov et al., 2011a); this, however, does not seek to discuss genotoxic and 

cytotoxic effects (i.e. biomarker approach). In contrast to metal contaminants, the effects of 

organic contaminants at individual, population and community-level is apparently visible in case 

of aquatic organisms. For instance, Zasypkina (2006) noted significant shell abnormalities 

(sinistrality and scalarity) in pulmonate gastropods, abnormal egg clusters (duplex egg capsules, 

embryos of irregular shape and lesser size), a low taxonomic diversity in the gastropod fauna 
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(eight species, in comparison with neighboring water communities with >100 species) from the 

Lake Kara-Khole (Russia) contaminated by toxic rocket fuel related to the spaceship activities of 

the Baikonur cosmodrome (Kazakhstan).  Finally, the different monitoring approaches such as, 

metal monitoring and biomonitoring have been synonymized in many papers and to date their 

relationships have never been unraveled and critically assessed.  

New environmental challenges, such as the metal engineered nanomaterials, which are 

developing at an accelerated rate, and their imminent introduction into various environmental 

compartments have prompted the need to revisit the use of bivalves in a range of metal pollution 

studies. The study of lethal concentrations and other related toxicological tests with bivalves 

(including larvae), as well as distinct biomarker reactions, are excluded from the present 

discussion. Our specific goals are: 1) to clarify uncertainties of using the term ‘biomonitoring’ 

that is currently widespread in ecological literature on bivalves, 2) to discuss the use of the soft 

tissues and shells of bivalves in metal monitoring and biomonitoring of environmental quality 

(health), and 3) to show that observation of the internal shell surface with scanning electron 

microscope (SEM) may provide additional information for monitoring metal pollution in aquatic 

environments.      

 

2.1.3 Remarks on terminology 

As noted by many authors (see Phillips and Rainbow, 1993), the fact is that many of the key 

terms used in studies of environmental pollution are broad in nature, and some of them (in fact 

quiet distinct) have been erroneously synonymized or used improperly. In the last book, in 

particular, useful discussion of the terms “biological indicator”, “biological monitor”, “trace 

metals” and “heavy metals” has been included. Further confusion exists with respect to the 
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terminology employed for the identification and quantification of metals removed from ambient 

water by bivalve mollusks, that is a widely used technique in environmental studies. It has been 

referred not only as metal bioaccumulation studies or metal monitoring, but also the 

biomonitoring of metals (e.g., Lionetto et al., 2001; Duquesne and Riddle, 2002; Conti and 

Cecchetti, 2003; Tomazelli et al., 2003; Wagner and Boman, 2004; Maanan, 2007, Kljaković-

Gašpić et al., 2006, 2007; Abdallah and Abdallah, 2008; Sarkar et al., 2008; Moschino et al., 

2011; Yap et al., 2011; Langston et al., 2012). For example, Zhou et al. (2008, p. 139) noted in 

their recent review: “Lots of bivalve mollusks have been adopted in the biomonitoring of metal 

pollution in aquatic ecosystem. Exemplary bivalve mollusks include mussel, oyster, clam, etc. 

Bioaccumulation is the common used means in biomonitoring using this species.” The 

‘quantitative concept’ of biomonitoring has been defined and discussed in many papers, e.g., by 

Langston et al. (2012, p. 292): “Biomonitoring is a valuable addition to the tools used to gauge 

contamination (water quality analysis, toxicity testing and ecological survey) because it provides 

a direct measure of the bioavailability of contaminants”. Interestingly, the same concept but in 

terms of risk assessment science was reiterated by Gupta and Singh (2011, p. 51): “An important 

approach to assessment of risk from environmental and occupational exposures is biomonitoring 

which provides an estimate of the total dose adsorbed and gives indirect access to determination 

of target site concentrations.”  

In various ecological textbooks, however, biomonitoring is defined as an integrated 

estimation of environmental quality, e.g., by Rand et al. (1995, p. 55):”Central to aquatic 

toxicology is biological monitoring (or biomonitoring) or regular, systematic use of living 

organisms to evaluate changes in environmental or water quality [ref. therein]. Repetitive 

measurements are involved and these are taken within the framework of a statistical design [refs. 
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therein]. The definition thus includes analysis of the state of the environment by monitoring 

individuals, species, populations, and communities to understand changes that may occur as a 

result of chemical exposure over short or long periods of time. Biomonitoring is important 

because biological responses (effects) may be elicited at chemical concentrations below 

analytical detection limits or after chemical exposure has ceased. It is still very important to 

conduct chemical monitoring in conjunction with biomonitoring to determine what the 

organisms are being exposed to and their concentrations.” Environmental studies using bivalves 

related to the last-mentioned biomonitoring concept have not yet been published. Few recent 

works (e.g. Wepener et al. 2008; Yeats et al. 2008; Pereira et al. 2012) include multivariate 

analysis of metal concentration measured in bivalves and in parts of the ecosystem (water, 

sediment, etc.), data on biomarker responses and the observation of key environmental 

parameters (e.g. salinity, dissolved oxygen and organic carbon, etc.). Such studies may be 

referred to environmental monitoring (Rand et al., 1995).  

It clearly appears from the all studies mentioned above that metal monitoring (metal 

bioaccumulation) and the assessment of environmental quality is quite different scientific tasks. 

In order to avoid terminological confusion it is essential to use terms metal monitoring or 

chemical monitoring exclusively for the identification and quantification of metals in the soft 

tissues/shells of bivalves. The term biomonitoring should be restricted to only complex 

observations of living organisms to evaluate changes in environmental quality.  

 

2.1.4 Remarks on biomonitoring tools 

Biomonitoring of environment contamination by metals, as defined above by Rand et al. (1995), 

requires data on the biological responses which, in turn, should be supported by appropriate tools 



43 
 

 
 

such as metal bioaccumulation, biomarkers (e.g., cyto-histopathological, biochemical, etc.), 

morphological and behavior observations, population- and community-level analysis. However, 

these tools are influenced by abiotic and biotic factors (e.g., temperature, salinity, food supply, 

seasonal variation and age). Thus, none of tools are truly independent, and cannot be used 

individually for the assessment of the quality of the environment. Clearly, bioaccumulation is a 

key biomonitoring tool, but only its integration with other tools could help to elucidate the 

impact and responses induced by metals themselves in biological organisms (population, 

community, etc.), and it would provide a pathway to understand the mechanisms involved. 

 

2.1.5 Metal bioaccumulation: soft tissues versus shells  

Bivalve mollusks, as filter-feeding organisms, are able to concentrate in their soft tissues various 

contaminants from ambient water due to the bioaccumulation process; foreign substances can be 

incorporated into shells during growth or through the passive adsorption on their surfaces from 

the extrapallial fluid and the water column. Bioaccumulation of various metals has been 

demonstrated in the literature for a number of species of bivalves. Factors responsible for 

bioaccumulation rates in bivalves have been repeatedly explored in laboratory studies (see 

references in Philips, 1980; Langston and Spence, 1995; Rainbow, 2002; Rainbow and Luoma, 

2011). The advantages and difficulties in using bivalve mollusks as quantitative biological 

indicators for monitoring aquatic metal pollution have been discussed in many reviews (e.g., 

Philips, 1977, 1980; Imlay, 1982; Rosenberg and Resh, 1993; Langston and Spence, 1995; 

Boening, 1999; Naimo, 1995; Zhou et al., 2008; Gupta and Singh, 2011).  

The fact is that metals accumulate differentially in the soft tissues and shells of bivalves 

(see references in Szefer and Szefer, 1990). But, there is no single position on whether the use of 
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only soft tissues or only shells is preferable in metal monitoring. For example, Philips (1980, p. 

359) noted: “… multivarious effects will give rise to extreme difficulty in interpreting any but 

gross differences in the amounts of stable or radioactive elements present in bivalve shells and 

on the basis of present data these tissues cannot therefore be recommended for indicator 

purposes”. Soft tissues rather than shells, however, have received more attention among 

researchers for the measurement of metals. It is mainly due to compliance with the US coastal 

‘Mussel Watch’ monitoring scheme which was supporting an assessment of regional or temporal 

trends of chemical pollution at the interface between the outer coast and the ocean (Goldberg, 

1975; Goldberg et al., 1978; Farrington et al., 1983; Goldberg, 1986). The key feature of this 

scheme was (Farrington et al. 1983, p. 491):”Combined tissues of between 5 and 250 bivalves 

were homogenized depending on the constituents to be measured”. In contrast, some authors 

preferred to use only shells for metal measurements (see references in Protasowicki et al., 2008). 

For example, Koide et al. (1982) used the ‘Mussel Watch’ philosophy, but only in the case of 

shells, i.e., shells of ~ 25 individuals were completely dissolved and analyzed. Furthermore, in 

the last paper the authors concluded (ibid, p. 694):  “The utilization of shells and byssal threads 

of bivalves as sentinels for metal pollution monitoring in marine waters can offer several 

advantages over that of soft tissues”. Many authors (e.g. Bourgoin, 1990; Markich et al., 2002; 

Lares et al., 2005; Yap and Tan, 2011) did use separate shell layers (i.e. periostracum, all 

calcareous layers or only the nacreous layer) of individual shells as material for the measurement 

of metals in monitoring studies. However, already in the 1970s it was clearly shown that 

regardless of its preservation, each shell is inhomogeneous with respect to metal concentration 

through the exterior and interior surfaces, as well as in its central part (Sturesson, 1976). Placed 

in this context, the external shell surface (lacking metabolic activity) has the ability to adsorb 
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metal from ambient water reaching higher concentrations than those in soft tissues or in other 

shell layers; metal adsorption onto the internal shell surface can be neglected (Hamilton and 

Clifton, 1980; McDonald et al., 1993; Zuykov et al., 2009; Zuykov et al., 2011b). Consequently, 

preservation of the external shell surface rather than its chemical or mineral composition plays a 

major role in the metal adsorption, and particularly in the metal concentration measured in shell 

(Zuykov et al., 2012). However, shells of living bivalves possess the distinct chemical (e.g., 

biofilm, unknown repellent compound) “defense” mechanisms to prevent or inhibit fouling on 

the external shell surface (Scardino et al., 2003); their role in metal adsorption remains unknown. 

It is also important to note, that there are large collections of bivalves (e.g. subfossil) in museums 

worldwide which could contribute to environmental studies as a source of pre-industrial material. 

In this respect, Seng and Sun (2001) concluded that the content of metals in the tissues differ 

significantly between the fresh specimens and those preserved for six months in methanol before 

the chemical analysis; metals releasing from shells has not been recorded.  

Finally, both soft tissues and shells of bivalves are good bioindicators of environmental 

metal contamination, although, they provide independent data on metal concentrations. Bivalves 

adequately fulfill the needs of environmental managers as they are sessile, abundant, and readily 

sampled. Moreover, data obtained in the frame of ‘Mussel Watch’ type programs have a clear 

application in solving the fundamental problem of the identification of environmental levels of 

trace metals. This is important especially for areas near radioactive waste disposal sites, nuclear 

power plants, mines, metallurgic complexes, and other industrial installations with high 

anthropogenic inputs (Rosenberg and Resh, 1993). At present, however, this technique has been 

developed with a particular emphasis on the monitoring of halogenated hydrocarbons (PCBs and 
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DDT), petroleum hydrocarbons and some other organic compounds (Monirith et al., 2003; Ju-Li 

et al., 2009).  

In the future, as suggested by Goldberg and Bertine (2000, p. 166), the ‘Mussel Watch’ 

monitoring strategy must be adapted for biomonitoring (sense estimation of environmental 

quality):”Problems in marine pollution involve the identification of effects of the pollutants as 

well as their environmental level. Yet very few investigations [ref. therein] were concerned with 

impacts. Nearly all were dedicated to the measurements of concentrations …  For of all, a 

rewarding strategy may involve seeking the overall levels of collectives of pollutants where the 

potential effect on organisms is a common characteristic of all members.”  

 

2.1.6 Biomarkers 

During the past two decades metal bioaccumulation in combination with biochemical (e.g., 

malondialdehyde and metallothionein content) and cyto-histopathological (e.g., lysosomal 

alterations, DNA integrity, chromosomal damages) responses (biomarkers) has been extensively 

studied (e.g., Au, 2004; Domouhtsidou et al., 2004; Perceval et al., 2004; Nesto et al., 2007; 

Tsangaris et al., 2007; Yeats et al., 2008; Kolyuchkina and Ismailov, 2011; Langston et al., 

2012). Briefly, biomarkers are the early indicators of changes in the morphofunctional state of 

bivalves under the effect of pollutants, because, a toxic effect will be apparent at the subcellular 

level before it is noticeable at higher biological levels. Many authors have concluded, e.g. Calisi 

et al. (2008, p. 1435) that: “In contrast to the simple measurement of contaminants accumulating 

in body tissues, biomarkers can offer more complete and biologically more relevant information 

on the potential impact of pollutants on the health of the organisms”. Advantages and 

disadvantages of biomarkers are discussed papers mentioned above. In our discussion it must be 
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taken into account: 1) biomarkers should not be viewed as a panacea for metal pollution studies, 

i.e. various biotic and abiotic factors can influence biomarkers; 2) single biomarkers do not 

reflect adequately the impairment of the health of an organism; the use of a multi-biomarker 

approach is required for a more realistic evaluation of the biological impact of chemicals and to 

elucidate the mechanisms underlying the inception of such alterations (Guidi et al., 2010; 

Serafim et al. 2011), 3) the use of biomarkers is difficult, expensive and time consuming.  

 

2.1.7 Shell deformities   

Shell morphology is a relatively stable property forming the basis for bivalve classification. 

Hence, changes in shell size, shape, thickness, weight, bilateral asymmetry, growth of carbonate 

structures (galls, mud blisters, etc.) on the internal shell surface, the development of 

abnormalities (e.g. chambering of shell) could signal on various events in organism or in the 

ambient environment such as diseases, attack by epibionts, parasites, substrate type, water 

current, oxygen concentration, aquatic pollution, etc. (see for references Mortensen et al., 2005; 

Voets et al., 2006; Sokolowski et al., 2008; Stryer, 2008; Smolarz and Bradtke, 2011; Minguez et 

al., 2012). Due to the complexity of environment there is no single factor which can be easily 

isolated as a particular cause of shell deformities. Even the formation of chambers on the shell 

edge of Crassostrea gigas (T.) in some cases might be of natural origin, not exclusively 

influenced by the organometal compound tribytiltin (see for references Higuera-Ruiz and Elorza, 

2011). Yap et al. (2002) reported morphological deformities (ventral and dorsal scoring and 

discontinuities linked to dorsal and posterior streaks) on Perna viridis (L.) from Malaysian 

coastal waters which are similar to those on M. edulis after a single, short-term exposure to 

copper and cadmium as demonstrated by Sunila and Lindström (1985). As noted in that paper, 
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these deformities are common on bivalves from natural populations where, however, the percent 

of deformed mussels does not exceed 3%, being with maxima 46% and 62% in group exposed to 

Cu and Cd, respectively. Such deformities were also recognized by the authors of the present 

paper on M. edulis aquacultured in eastern Canada (unpublished results). Smolarz and Bradtke 

(2011) illustrated craters and crevices and some other erosion features on the external shell 

surface of Macoma balthica (L.) from the Baltic Sea which is usually apparent on bivalves from 

the estuarine coastal zone due to water current and attacks by boring epibionts. In addition 

different biomarkers can show decreased physiological conditions in freshwater bivalves and 

gastropods from polluted locations, which had no influence on the development of shell 

deformities (Voets et al., 2006; Zuykov et al., 2011a).  

 

2.1.8 Shells in metal monitoring 

As discussed above, the traditional (simplest and cost-effective) use of shells in metal monitoring 

is the direct measurement of metals in dissolved or powdered samples in order to generate data 

on major, minor and trace elements. The quality of such data strongly depends on the sensitivity 

of the geochemical methods applied (Bellotto and Miekeley, 2007). Furthermore, there have 

been many attempts to use the depositional rhythms of shell growth (sclerochronology) and shell 

geochemistry in studies of the environmental conditions in past and present under the banner of 

sclerochemistry (Gröcke and Gillikin, 2008). In this case, shells provide an archive of the metal 

record that can be related to the environment with varying degrees of confidence. A simple 

relationship between the chemistry of ambient water and shell biogeochemistry is lacking due to 

the influence of a number of interfering factors (see for references Huanxin et al., 2000; Carroll 

and Romanek, 2008). Brown et al. (2005) demonstrated that shells of dead mussels can also be 
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used in metal monitoring after analysis of their geochemistry and post-mortem alteration; this 

seems to be more applicable for consideration in the biosorption field, i.e., together with an 

application of powdered or calcined molluscan shells in purification of waste waters.  

 

2.1.9 Metal records in shells 

To the best of our knowledge, the first metal monitoring study based on a schlerochemical 

approach was published by Bonham (1965) who used autoradiography for the precise 

recognition of 90Sr rich levels inside the shell matrix of Tridacna gigas L. collected near Atoll 

Bikini corresponding to the timing (years) of nuclear test explosions. Likewise, chemical in situ 

growth markers (radionuclides, calcein, alizarin red, manganese) have been widely used in 

laboratory studies to make “date stamp” layers in shell sections visible by autoradiography, 

fluorescence and cathodoluminescence (Hawkes et al., 1996, Riascos et al., 2007, Zuykov et al. 

2009). Advances in sclerochemical studies have been greatly facilitated by the use of precise 

analytical techniques, e.g., micro-beam particle induced X-ray emission spectrometry (μ-PIXE), 

laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), and secondary ion 

mass spectrometry (SIMS). During the last decade an increasing number of papers presenting 

high resolution elemental profiles (metal/Ca ratios) in shells have been published (Gröcke and 

Gillikin, 2008). Markich et al. (2002, p. 831) concluded following SIMS study of freshwater 

unionid bivalves collected in an environment impacted by a copper-uranium mine: “This is the 

first time that metal levels in the annual shell laminations of bivalves can be interpreted in terms 

of a long history of measured annual metal loads in a field environment.” However, this 

optimism about the wide application of bivalve shells as “suitable archival indicators of metal 

pollution” has not been supported by subsequent workers. It is because mineralization and the 
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element composition of shell (multilayered composite organomineral material with complex 

calcification process) is influenced by numerous factors, e.g., growth rate, growth cessation, 

metabolic activity, and environmental conditions (see for references Henderson, 2002, Carroll 

and Romanek, 2008, Freitas et al. 2009, Schöne et al., 2010, Gillikin and Dehairs, in press). 

Thus, due to these reasons, many studies have provided contradictory data about the linkage 

between phytoplankton (especially diatoms) blooms and sharp increases in Ba, Mo and Li 

concentrations (i.e. Ba, Mo, Li/Cashell ratios) in shells of some marine bivalves (see for references 

Thébault et al., 2009; Tabouret et al., 2012; Hatch et al., in press; Thébault and Chauvaud, in 

press). 

Finally, in a recent review, Andrus (2011, p. 2901) noted: “Acceptance in using 

sclerochronology to assess anthropogenic impacts to resources is generally broad, but the 

methods are not yet widely applied.” The main disadvantages of the sclerochemical approach for 

regular metal monitoring are: 1) the mechanism controlling trace element incorporation in 

molluscan shells remains poorly understood (Carell et al., 1987; Carré et al., 2006; Heinemann et 

al., 2008), 2) there is no direct link between shell growth and metal/Ca ratios (Gillikin et al., 

2005; Gillikin and Dehairs, in press.), 3) sclerochronological study (i.e., identification of annual, 

seasonal, monthly growth patterns) must be performed with each studied shell before chemical 

analysis, 4) due to shell-to-shell variability, analysis of numerous specimens from the single site 

must be performed, 5) development of this costly, time-consuming approach requires the use of 

precise analytical techniques that are available only in special analytical centers.  
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2.1.10 Alterations and crystallizations on the internal shell surface 

Faubel et al. (2008), Zuykov et al. (2011c), Lopes-Lima et al. (2012), Nunez et al. (2012) 

demonstrated that some metals, metal engineered nanoparticles and organic contaminants, 

present in low concentrations in the extrapallial fluid due to bioaccumulation processes, can 

affect calcification of shell with formation of distinct altered structures on the internal shell 

surface (ISS). It is also important to note, that silver in a dissolved phase and silver nanoparticles 

(AgNPs) produced the same type of altered structures on the ISS of M. edulis, which, however, 

clearly differs in coarseness morphology (Fig. 24 a,b). Thus, it is the first evidence, at least in the 

case of laboratory experiments, where bivalve shells were successfully used as a bioindicator for 

detection of a new class of pollutants such as engineered nanoparticles. However, abnormal 

structures of this type were also found on single shells collected from natural, unpolluted 

environment (Zuykov et al., 2011c). Furthermore, on the ISS of the freshwater Asiatic clam, 

Corbicula fluminea (M.) collected from the Maurice River (New Jersey, USA) microcrystals (up 

to 30-40 µm) of the mineral barite (BaSO4) were found (Fritz et al., 1990) (Fig. 24 c,d). As 

proposed, elevated barium levels in water could be due to the release of waste waters from 

several glass manufacturing plants on or near the Maurice River. Subsequently, Fritz et al. 

(1992) showed similar crystals on the ISS of C. fluminea after laboratory exposure in solution 

with a high Ba concentration. Likewise, Checa et al. (2007) identified crystals of calcite and 

aragonite (CaCO3) on the ISS of scallops, oysters and mussels following uptake in the high- 

magnesium medium (Fig. 24 e,f). In addition, vaterite, the third polymorph of CaCO3 rarely 

found in the natural environment due to its metastable property, was registered on the ISS of the 

C. fluminea shell sections from the UK which have bulging deformations on the ISS (Fig. 24 g,h) 

(Spann et al., 2010; Frenzel and Harper, 2011; Frenzel et al., 2012).  
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Figure 24. SEM images of the internal shell surface of a bivalve. Altered structures on the top of 

nacreous crystals in Mytilus edulis after an exposure to (a) dissolved silver (inset, non-modified 

tablet) and (b) silver nanoparticles (AgNPs). Rosette-shaped barite (BaSO4) crystal assemblages 

in Corbicula fluminea, specimens (c) collected in a polluted environment and (d) obtained after 

an exposure to Ba. Crystals of (e) aragonite in Chlamys varia and (f) calcite in Ostrea edulis 

obtained after an exposure to a high-Mg medium. Internal surface of deformed shell of C. 

fluminea with (g) a completely thickened shell margin; (h) schematic drawing of a section 

through a deformed shell. Reproduced from (a,b) Zuykov et al. (2011c, p. 703, 704, figs. 3g, 

4f,)(Copyright 2012, with kind permission from Elsevier Science Ltd.); (c,d) Fritz et al. (1990, p. 

758, fig. 1A; 1992, p. 444, fig. 2D)(Copyright 2012, by the Association for the Sciences of 

Limnology and Oceanography, Inc.); (e,f)  Checa et al. (2007, p. 823, figs. 2b,l)(Copyright 2012, 

with kind permission from Elsevier Science Ltd.); (g,h) Spann et al. (2010, p. 745, fig.1c, p. 746, 

fig. 2) (Copyright 2012, with kind permission from Springer Science and Business Media).  
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In discussion, Spann et al. (2010, p. 749) noted that: “the occurrence of similar deformations in 

fossil Corbicula shells rules out the possibility of solely anthropogenic influences, such as 

pollution with TBT or mercury, as a cause”. 

Finally, all the structures mentioned above can be recognized by researchers 

inexperienced in biogeochemistry even with a simple light microscope prior to subsequent 

observation with the SEM. In this context, however, in many laboratories worldwide shells 

obtained after unique uptake experiments (or sampled in polluted sites) are discarded 

immediately after bivalves were sacrificed or shells are completely destroyed following for an 

analytical method.  

 

2.1.11 Conclusions 

Aquatic contaminants (e.g. metals) undetectable in water and sediments, can be measured in 

bivalve mollusks (soft tissues/shells), where their concentration is several orders of magnitude 

higher than those of the ambient environment. Metal concentrations measured in bivalves do not 

represent contamination levels of aquatic ecosystem, but such measurements are the only 

realistic application of bivalves as bioindicator (sentinel) organisms in metal monitoring studies 

of aquatic environment, currently available. The transition from the 

collection/interpretation/integration of environmental/biological/anthropogenic parameters to the 

biomonitoring of aquatic ecosystem contaminated by metals using bivalves is not far advanced, 

and as noted above, faces many challenges. Biomarkers provide interesting supplementary 

information regarding unfavorable environmental conditions, without discrimination to the metal 

pollution. Shell abnormalities can be considered a bioindicator of unfavorable environmental 

condition whereas their potential for bioindication of metal pollution is unproven from the few 
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data available in the literature. Observation on the ISS may provide an additional source of 

scientific information about environmental condition experienced both for specimens obtained 

after laboratory experiments and those collected from the natural environment. 

 

2.1.12 Recommendations 

Since it is possible to use bivalve mollusks for the discrimination of sampling sites with various 

levels of metallic pollution, this bioindicator has the potential for further development. Recently, 

Minguez et al. (2011) indicated that sites of different environmental quality (i.e. those with 

organic and metallic contamination) show different parasite communities in zebra mussel, 

Dreissena polymorpha (P.); they are characterized by different trematode species and parasitic 

associations. Nevertheless, laboratory studies with bivalves commonly focus on high 

concentration of single metals in a dissolved phase that lack any environmental realism. This 

challenge will be answered in the future by the development of high-sensitive analytical methods 

with low starting concentrations of metal uptake in the laboratory. Based on current data, 

chemical and phase speciation of metals should be considered in the entire range of 

environmental studies (Guo et al., 2002; Pan and Wang, 2004; Paterson et al., 2011). Finally, 

collection data on shell deformation, alteration processes and mineral crystallization on the inner 

shell surface is important for further investigations; it should be part of the protocol for any 

monitoring programs and laboratory studies in order to create an appropriate and inclusive 

database.  
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2.2 Sclerochronology-based geochemical studies of bivalve shells: potential vs reality  

2.2.1 Abstract  

Since the early 1980s, attempts to develop a method for retrospective estimation of water 

chemistry have been increasingly discussed in terms of bivalve sclerochronology. Although, the 

problem with the interpretation of chemical data from shell growth patterns remains unsolved 

and a method, or at least its concept, has never been proposed, the optimism about the potential 

of the bivalve shell as a possible tool in retrospective environmental monitoring reached the 

apogee nowadays. Here, we provide a review of the changes in conceptual framework of the 

bivalve sclerochronology during more than thirty-five years of studies in the field, together with 

the analysis of the meaning of the key term ‘sclerochronology’. The new term, 

‘sclerochronochemistry’ (skleros - hard, chronos - time, and chemistry), is proposed here in order 

to fill a gap between sclerochronology and sclerochemistry.    
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Zuykov, M., Schindler, M., 2019. Sclerochronology-based geochemical studies of bivalve shells: 
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2.2.2 Introduction  

The recent review papers by Binelli et al. (2015) and Beyer et al. (2017) provide an updated 

overview of ecotoxicological and pollution monitoring studies of the main freshwater and marine 

biomonitors, i.e., the zebra mussel (Dreissena polymorpha (Pallas)) and blue mussel (Mytilus 

edulis L.), respectively. These studies neither mentioned the term ‘sclerochronology’ nor 

‘sclerochemistry’, because monitoring programs (e.g., Mussel Watch) normally use only the soft 

tissues of bivalves.  

In a more recent review, Butler et al. (2019, p. 431): “have described and assessed some of 

the most notable proven applications of bivalve sclerochronology in ecosystem, environmental, 

cultural, and climate services”. They, in particular, noted (ibid p. 421):  

 

“Bivalve shells can provide a tool for present and retrospective monitoring, establishing pre-impact 

environmental baselines, and allowing the reconstruction of marine and freshwater environments that range from 

estuaries to the deep-sea (e.g. Schöne and Krause, 2016; Steinhardt et al., 2016; [refs.]). 

 

Therefore, we agree completely with Schöne and Krause (2016, p. 230) who noted: “Mussel 

Watch community largely neglected the potential of bivalve shells in providing high-resolution, 

chronologically aligned archives of environmental variability”.  

The main goal of this review is to answer a question – what if the problem is not merely the 

absence of communication between Mussel Watch and sclerochronology communities (as, in 

particular, noted by Schöne and Krause 2016), but because the potential remains unrealized and 

it has no clear strategy to be realized? For this purpose, we also demonstrate that the established 

practice in part of terminology within sclerochronology communities might inhibit the 

navigation in literature, paper preparation, and lead to confusion among new researchers. Here 
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we propose the new term, ‘sclerochronochemistry’ (skleros - hard, chronos - time, and 

chemistry), in order to fill a gap between two key terms, sclerochronology and sclerochemistry.  

 

2.2.3 Remarks on terminology  

Background. Analysis of variation in shell growth patterns (1) and measurement of 

elements/isotopes in shell section (2) represent independent scientific tasks. Described as (1) 

‘sclerochronology’ (Buddemeier et al., 1974) and (2) ‘sclerochemistry’ (Gröcke and Gillikin 

2008), these approaches require different equipment and methods, e.g., (for 1) optical or electron 

microscopy, and (for 2) laser ablation inductively coupled plasma - mass spectrometry (LA-ICP-

MS) or micromill sampling together with ICP-MS/stable isotope ratio mass spectrometry. Here 

we highlight sclerochronological approach because there are two different interpretations of the 

term ‘sclerochronology’ which are in obvious conceptual collision as noted below.  

 (i) Original definition by Buddemeier et al. (1974, p. 196):  “We had originally hoped 

that seasonal variations in the amount of colony growth would prove to be correlated between 

colonies and with some environmental observations. This would not only help to explain external 

controls over the growth and distribution of corals, but would also permit their use as 

environmental recorders. Similar potentials have already been realized in the case of 

dendrochronology (Fritts, 1971); an analogous approach to the study of growth patterns in 

calcareous exoskeletons or shells could be designated sclerochronology.” This definition well 

shows the possible application/potential of sclerochronology whereas core of the term itself (i.e., 

object/content of study) was only outlined as “seasonal variations in the amount of colony 

growth” and “growth patterns in calcareous exoskeletons or shells”. Therefore, the right way to 

understand precisely the authors’ position is to analyze the meaning of term ‘dendrochronology’ 
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as it was used in “Fritts (1971)”, i.e., in Fritts et al. (1971). The latter paper deals with a 

correlation of well-dated ring-width chronologies of trees from western North America and 

climatic and hydrologic parameters in the environment as shown in climatic maps. It is 

absolutely clear that chemical analyses of elements/isotopes in trees rings have not been 

performed by Fritts et al. (1971). Consequently, it becomes obvious that the sclerochronology 

(i.e., sclerochronology s.s.), as it was originally defined by Buddemeier et al. (1974), lacks a 

chemical aspect (Fig. 25a).  

(ii) The common opinion in the sclerochronology communities, as summarized by 

Oschmann (2009, p.1), is that: “Sclerochronology is the study of physical and chemical 

variations in the accretionary hard tissues of organisms, and the temporal context in which they 

formed.” This definition is not that of Oschmann, but reflects established practice in the 

sclerochronology community where this point of view tends to dominate (e.g., Gröcke and 

Gillikin, 2008; Andrus, 2011; Helmle and Dodge, 2011; Schöne and Gillikin, 2013; Schöne and 

Krause, 2016; Steinhardt et al., 2016; etc.). 

According to all the authorities mentioned above, there are clearly sclerochronology sensu 

stricto and sensu lato, respectively. In addition, difficulty arises with the related term, 

‘sclerochemistry’, defined by Gröcke and Gillikin (2008, p. 266) as “a sub-discipline of 

sclerochronology, be used to describe solely geochemical (isotopic or elemental) studies of the 

hard tissues of organisms.” Figure 25b illustrates that the measurement of elements/isotopes in 

shell (in section and on surfaces) without time-related aspect belongs to the competence of 

sclerochemistry.   

Although this “terminological diversity” has been repeatedly discussed (e.g., Gröcke and 

Gillikin, 2008; Thomas, 2015; Twaddle et al., 2016) no attempts have been made to revise it. 
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The artificial nature of sclerochronology s.l. was noted by Twaddle et al. (2016, p. 360): “While 

the term was originally coined by Buddemeier et al. (1974) and Hudson et al. (1976) in reference 

to the study of density bands in stony head coral, its definition has since broadened to encompass 

a variety of physical and geochemical techniques (Oschmann, 2009)”.  

Here, the authors have shown flexibility in the application of the terminology. In 

particular, Prendergast and Schöne (2017, p. 33, p. 45) mentioned: “A sclerochronological 

approach can therefore be used to pre-screen limpet shell sections before geochemical 

sampling”, “A combined stable isotope and sclerochronology sampling approach has revealed 

that major growth lines coincide with the lowest δ18Oshell values at all study sites”, whereas, in a 

paper issued simultaneously they have used sclerochronology s.l., (Prendergast et al., 2017, p. 2):  

“The study of the structure and chemistry of the incrementally deposited hard parts of organisms 

is known as sclerochronology.” Some authors consider sclerochronology s.s. and sclerochemistry 

as independent approaches, but avoided to use both terms together as evidenced by the papers 

titles: “Sclerochronology and geochemical variation in limpet shells …” by Fenger et al. (2007), 

“Combined sclerochronologic and oxygen isotope analysis of gastropod shells …” by Schöne et 

al. (2007), “Bivalve sclerochronology and geochemistry” by Schöne and Surge (2012). 

Interestingly, Butler and Schöne (2017, p. 296) in their editorial/review paper on 

sclerochronology do not mention a prospective way (or ways) of shell characterization under the 

first appearance of the key term in the text: “Sclerochronology (Hudson et al., 1976), the study of 

periodically layered archives (including mollusc shells, corals and fish otoliths), …”. 

Nevertheless, Hudson et al. (1976, p. 362) defined the term in a more clear manner, i.e., as 

'sclerochronology s.s.': ”sclerochronology, the relatively new study of density bands in stony 

corals,…”. 
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So the main problem is that the implied agreement within sclerochronology communities 

about understanding and use of the term ‘sclerochronology s.l.’ is not sufficient to avoid 

confusion among new “external users” of the sclerochronological approach. Moreover, they will 

need an overload of papers by extended remarks on terminology; this differentiation also plays 

critical importance for navigation in literature and in the framing of correct titles and keywords 

for new papers. Simply, it is not clear why it is necessary to expand the concept of 

‘sclerochronology s.l.’ and neglect the use of the terms ‘sclerochronology s.s.’ and 

‘sclerochemistry’ although they have been successfully used for different tasks by many authors 

(e.g., Karney et al., 2011; Huck and Heimhofer, 2015)?  

New term – ‘sclerochronochemistry’. The term ‘sclerochronochemistry’ (skleros - hard, chronos 

- time, and chemistry) is proposed here for complex twin studies of the bivalve shell (and 

accretionary hard tissues of some other organisms, e.g., shells of gastropods, corals, fish otoliths, 

etc.): (1) characterization of growth history (i.e., sclerochronology s.s.), (2) identification and 

quantification of any impurities (i.e., organic, heavy metals, radionuclides, etc.) or isotopes 

(carbon, oxygen, nitrogen) in accordance with established successional growth patterns (Fig. 

25c). The main scientific basis for sclerochronochemistry is that the behavior and fate of 

impurities in the organism’s microenvironment, e.g., incorporation into the shell, is under strong 

physiological (biological) control (e.g., Carroll and Romanek, 2008; Schöne, 2008; Wanamaker 

and Gillikin, 2018, etc.). Accordingly, external and internal shell surfaces should be excluded 

from potential sampling zones of shell material when the sclerochronochemical approach is 

applied. 
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2.2.4 Promise – Potential – Paradigm  

The conceptual framework of bivalve sclerochronochemistry (= sclerochronology sensu lato) is 

rife with promises and expectations about the use of bivalve shells as geochemical archives, as 

illustrated in the pioneering papers on this topic: 

 

“Use of hard parts of bivalves as recorders of environmental levels of metals is clearly promising, but before this can 

be done reliably further research must be carried out on the effects of major variables on the concentration of 

chemical elements in shell [refs.]”, Carriker et al. (1982, p. 235). 

“The present study indicates that shells of living mussels, together with museum or subfossil shell material may be 

used to date environmental changes caused by natural events and large-scale industrial, agricultural or nuclear 

contamination”, Carell et al. (1987, p. 2, abstract). 

“The concentrations detected in the annual increments may therefore reveal environmental time sequences, i.e. 

constitute valuable archives of the present and past. Before a reliable method is established it is necessary to 

demonstrate that the bivalves behave as benign "samplers"”, (ibid, p.2). 

 

Over thirty years after Schöne and Surge (2014, p. 21) pointed out that “The potential 

[authors: potential No. 1] of bivalve sclerochronology [authors: sclerochronochemistry] in the 

fields of archeology and anthropology, evolution, retrospective environmental monitoring, and 

ecology is still waiting to be fully exploited”. More recently, Schöne and Krause (2016) 

reviewed the state of the art of bivalve sclerochronochemistry with respect to its application in 

the Mussel Watch monitoring program; they suggested that: 

 

“Mussel Watch could greatly benefit from the potential [authors: potential No. 2] of bivalve shells in providing 

high-resolution, temporally aligned archives of environmental variability”, Schöne and Krause (2016, p. 228, 

abstract).  
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“Bivalve sclerochronology provides an enormous potential [authors: potential No.1] for adding a historical 

perspective to the Mussel Watch and the techniques outlined below should be strongly considered as an important 

complement to existing biomonitoring initiatives”, (ibid, p. 230). 

 

Because potentials No. 1 and No. 2 are closely related, we have combined them into a single 

“potential” hereafter. According to the Oxford English dictionary (Stevenson and Brown, 2007, 

p. 2303), the noun ‘potential’ means “That which is possible as opp. to actual; a possibility”; the 

electronic version of the Oxford dictionary (https://en.oxforddictionaries.com) gives longer 

version: “Latent qualities or abilities that may be developed and lead to future success or 

usefulness.” Hence, it allows us to propose that the “potential”, at least partly, has already been 

applied (i.e., been realized) in different science disciplines, in particular, in aquatic pollution 

studies. Consequently, after reading the review papers by Schöne and Krause (2016), Steinchardt 

et al. (2016) and Butler et al. (2019) which report on the “potential”, and some further optimism 

(1), bivalve sclerochronochemistry looks like a very attractive topic for new researchers to invest 

time and money. 

 

1. “In addition, the annual banding pattern in shells can provide an absolute chronometer of environmental 

variability and/or industrial effects”, Steinchardt et al. (2016, p.1, abstract).  

“The range of applications based on sclerochronology now offers a wide and increasing repertoire of techniques for 

monitoring natural and anthropogenic environmental variability and distinguishing between them, with applications 

to a broad range of commercial and regulatory users [Fig.]”, (ibid, p. 19). 

 

With that said, the “potential” represents the linguistic transformation of the promises and 

expectations which are based on a clear scientific base - i.e., bivalves incrementally and 

sequentially precipitate calcium carbonate shell with elements derived from the ambient 
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environment. Besides, for attempts of sclerochronology communities for over thirty-five years to 

develop a “method” (retrospective estimation of water chemistry) on the basis of the “potential”, 

we can make already use of the category 'paradigm' that implies “way of thinking”.    

One of the factors that support the mentioned above paradigm is the misleading 

contextualization that often is presented in introductory and concluding parts of papers on this 

topic. One such case, from a very recent paper, is the subject of our short analysis: 

 

“Bio-mineralized carbonate skeletal materials such as mussel shells and corals have a long history of producing 

accurate, high resolution information about past water chemistry [refs: 5 papers]. Specifically, metal-calcium and 

oxygen isotope ratios are useful for reconstructing changes in both water chemistry and temperature in ocean 

systems [refs: 4 papers]”, Geeza et al. (2018). 

 

The citation transmits a positive (or at least quite optimistic) message about the “potential”. 

In fact, scrutiny of the referred papers should be able to confirm these results, i.e., “producing 

accurate, high resolution information about past water chemistry” with mussel shells? In 

attempts to confirm these findings, we checked all the papers mentioned above. Only two of 

them (see Gillikin et al., 2006 and Goodwin et al., 2013) dealt with bivalve shell and chemical 

elements, and considered the only barium/calcium ratios in two bivalves species collected from 

several sites in the San Francisco Bay (USA) and Oosterschelde estuary (The Netherlands). In 

this regard, Gillikin et al. (2006, p. 395) noted:   

 

“Unlike corals and foraminifera, much of the bivalve data presented suggests that many of these elemental profiles 

(e.g., Sr, Mn, Pb, U), which often largely differ from expected concentrations based on inorganic and other biogenic 

carbonates, cannot be used as proxies of environmental conditions [refs.]. There have been some promising reports 
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of bivalve shell Mg/Ca ratios as a proxy of sea surface temperature (SST) [ref.], but other reports illustrate that this 

is not always the case, and is apparently strongly species specific [refs.]. 

 

We use this example not because we are arguing against the “potential”, but because the 

specific context should be used properly both for the convenience of other scientists and to avoid 

confusing conceptual constructs when such simple logic, as applied above, is used.  

 

2.2.5 Reality  

Metal detection in bivalves, i.e., in soft tissues and/or in a whole shell, is frequently applied in 

ecotoxicological research (For refs see Zuykov et al., 2013). Further discussion should take due 

cognizance that metals which associated with the shell, came via three independent “channels”: 

by adsorption onto its external (1) and internal (2) surfaces and through incorporation into shell 

matrix during shell growth (3). The first is appropriate for all metals available in the ambient 

water, whereas the two others – are only appropriate for bioavailable metals. 

We agree with the view (Schöne and Krause, 2016; Steinchardt et al., 2016) that the whole 

shell approach, i.e., whole-shell chemical analyses of multiple specimens collected at different 

time, is less suitable for time-related studies in comparison with a characterization of one shell 

(as the “potential” offers). However, bivalve sclerochronochemistry considers one third (or even 

less) of all metals available for measurement in the shell (Fig. 25). In this regard, elements (or 

isotopes) partitioning between shell parts/layers/microstructural units have been the focus of 

many research and will not be further considered here (e.g., Koide et al., 1982; Carroll and 

Romanek, 2008; Delong and Thorp, 2009; Zuykov et al., 2009; Zuykov et al., 2012; Füllenbach 

et al., 2017; etc). 
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Even if the heterogeneity between sampling sites provides a unique trace element signature in 

the shells or “trace element fingerprints” (Ricardo et al., 2017) and the element concentrations 

generally exhibited similar trends for animals of one species in each particular sampling site (or 

in a laboratory aquarium), a method for retrospective estimation of water chemistry or at least its 

concept that would use a single bivalve shell has never been proposed. It agrees well with the 

note by Schöne and Krause (2016, p. 245): “Despite significant advances in sclerochronology, it 

still remains extremely challenging to interpret the trace and minor element time-series obtained 

from (single) bivalve shells.”  

The implication here seems to be that the method should be harmonized between any species 

of bivalves, marine and freshwater environments, different regions of the world, any 

contaminants detectable in shells, etc. The absence of reliable correlations and interpretations in  

 

 

Fig. 25 Schematic cross-section of bivalve shell with block schemes showing  

           (a) sclerochronological, (b) sclerochemical and (c) sclerochronochemical approaches.  

           Shell layers: outer shell layer (osl) and inner shell layer (isl).  
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wider environment is because of direct, indirect and/or cumulative influences of environmental 

and physiological (biological) factors, as well as they impact on the incorporation of elements 

into the shell in unpredictable ways (e.g., Vander Putten et al., 2000; Schöne, 2008; Carroll and 

Romanek, 2008; Shirai et al., 2008; Immenhauser et al., 2016; Piwoni-Piórewicz et al., 2017; 

Roger et al., 2017; Zhao et al., 2017; Kelemen et al., 2018; Wanamaker and Gillikin, 2018; etc.).  

In addition, bivalve sclerochronochemistry is a very complicated approach that requires both 

the high professional qualifications of researchers and high-resolution analytical equipment with 

multi-step sample preparation protocols and calibrations required (Schöne et al., 2010; Marali et 

al., 2017). We agree with Dunca’s et al. (2009, p. 4) view that “However, in many cases, we are 

dealing with ambiguous results, whereby different techniques give different results and give rise 

to different interpretations of the same material.” Thus, due to natural variability and analytical 

uncertainties, the generation of controversial data and conclusions are to be expected and can be 

even considered an attribute of bivalve sclerochronochemistry.  

With that said, we believe that nowadays, bivalve sclerochronochemistry could be applicable 

only for some sorts of archaeological, paleoclimate and paleoenvironmental studies (For refs see 

Butler et al., 2019).    

 

2.2.6 Directions of future studies 

As researchers working on aquatic pollution studies, we think that the further development of a 

method for retrospective environmental monitoring using bivalve shells needs to be continued as 

it might have a perspective. The recommended way found in the literature is in investigations of 

the mechanisms of incorporation of trace elements, heavy metals, and other contaminants into 

the shell; it also includes receiving of knowledge on elements partitioning between ambient 
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water and shell (Holland et al., 2014). In particular, it is advised to continue focus on the 

influence of abiotic and biotic factors on the incorporation process (e.g., Schöne and Krause, 

2016; Steinchardt et al., 2016; Butler and Schöne, 2017; etc.). However, these recommendations 

lack novelty and originality, i.e., they have been already known since 1980-s. 

Because these studies are based mostly on data from laboratory controlled experiments (e.g., 

with isolation of individual factors), we need to emphasize that the multiple influences of multi-

factors (as occurs in the field condition) cannot yet be simulated in the laboratory. Hence, 

reactions of physiological mechanisms responsible for metal incorporation into the shell cannot 

be fully predicted; the same problem is also relevant for field observations including 

translocation experiments due to influence of unique local biogeochemical conditions.   

 

2.2.7 Conclusions 

Analysis of literature on bivalve sclerochronology s.l. showed uncertainty in part of the 

misleading contextualization and the terminology, which scarcely contribute to a better 

realization of the “potential”. Meaning of the term ‘sclerochronology’ as originally defined 

clearly suggests that its application is related exclusively to the study of growth patterns in 

“calcareous exoskeletons or shells”, whereas their chemical studies which lack the time-related 

aspect are managed by sclerochemistry. The new term, sclerochronochemistry, proposed here for 

time-related geochemical studies of bivalve shells cannot lead to confusing conceptual 

constructions for those researchers who will use designation as ‘sclerochronology s.l.’ because 

all three approaches (sclerochronology, sclerochemistry, and sclerochronochemistry) do not 

overlap. Following this logic, the term is applicable for those groups of animals where the term 

‘sclerochronology’ has been used in its broad sense. 
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Currently, recommendations for further studies in the field of bivalve sclerochronochemistry 

lack any significant difference from those recounted in pioneering papers. It is clear, therefore, 

that without any new revolutionary ideas expected outcomes will only replicate those results 

described above. Likewise, optimistic expectations of the "potential" of the bivalve shell in 

“providing high-resolution, chronologically aligned archives of environmental variability” look 

overrated in comparison with existing data, i.e., it should be acknowledged that the “potential” 

has a high uncertainty. Besides, bivalve sclerochronochemistry, in terms of metal detection, will 

always be less informative than a whole-shell chemical analysis.  

It can be admitted that some peaks of some selected elements (e.g., metal-to-calcium ratios) 

detected in shells collected in polluted sites may be interpreted (with some confidence or not) as 

short-term anthropogenic pollution events over an interval of time. No doubt, these results can be 

used for comparative purposes in sclerochronology-based archaeological, paleoclimate and 

paleoenvironmental studies.  
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Chapter 3. Autoradiographic study on the distribution of 241Am in   

the shell of the freshwater zebra mussel Dreissena polymorpha  

 

Foreword 

This chapter is meant to visualize the distribution of 241Am in shells parts of freshwater bivalves 

D. polymorpha obtained after laboratory bioaccumulation and biosorption experiments, i.e., in 

shells obtained from alive and dead animals, respectively. For that, α-tracks autoradiography has 

been applied. Here, for the first time, the distribution of 241Am was studied in shell sections in 

order to establish layers with minimal and maximal amount of this actinide. This is a 

contribution to the development of a general model to explain incorporation and biosorption of 

metals into shell biomatrix.   
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3.1 Abstract  

Autoradiography was used to identify α-track distributions in a series of shell sections from live 

mussels Dreissena polymorpha Pallas and dissected shells of dead mussels obtained from 

laboratory experiments using relatively high concentrations of 241Am in the exposure media, a 

required condition for successful use of this autoradiographic technique. A comparable 

distribution of α-tracks was recorded on autoradiographs from both live and dead shells 

suggesting that metabolism does not lead to any sizable changes in the process of 241Am 

adsorption (present in the extrapallial fluid) onto the inner surface of shell. Autoradiographs 

showed a preferential accumulation of 241Am in the organic periostracum, whereas the outer and 

inner shell layers were characterized by a relatively low α-tracks density. No α-tracks were 

observed in the central part of the shell in any of the samples. These observations will be useful 

for the development of a general model to explain bioaccumulation and biosorption processes of 

radionuclides into mollusk shells.   

 

3.2 Introduction 

The distribution of radionuclides within bivalve soft tissues and the factors responsible for the 

bioaccumulation of radionuclides by whole bivalves are relatively well described from a wide 

variety of radioecological publications. The ability of freshwater bivalves to accumulate 

radionuclides, e.g. 90Sr, 137Cs, 65Zn, 86Rb, 131I and others, has been demonstrated in earlier studies 

by Timofeyeva-Ressovskaya et al. (1958) and Vadzis et al. (1979), and more recently by Kinney 

et al. (1994), Frantsevich et al. (1996), Ryan et al. (2008) and many others. A laboratory study by 

Zuykov et al. (2002) described accumulation of 241Am in shells and soft tissues of a freshwater 

bivalve D. polymorpha and gastropod Potamopyrgus antipodarum Gray. Likewise, the 
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accumulation of 241Am and other transuranium elements in the shell and soft tissue of marine 

mussels exposed to these radionuclides in laboratory experiments and in those contaminated in 

the natural  environment has been reported (McDonald et al., 1993a,b). In the latter case and in 

some other radioecological studies, measurement of bulk activity of radionuclides (e.g. 241Am) in 

bivalve shells has been used as a simple tool for pollution assessment (Hamilton et al., 1980; 

Guary et al., 1981; Farrington et al., 1983; Valette-Silver et al., 1995). However, these studies 

did not examine radioactive shells in sufficient detail in order to determine the distribution of 

radionuclides in various shell layers, to locate sites of radionuclide deposition, to examine the 

effect of growth rate on radionuclide incorporation, or to assess the dependence of radionuclide 

accumulation on the concentration of radionuclides in extrapallial fluid which is responsible for 

the biomineralization process. The only well established fact is that the organic periostracum 

layer contains the highest concentration of radionuclides compared to the mineralized part of the 

shell as has been clearly demonstrated for 239+240 Pu and 241Am in a widely studied mussel 

species, Mytilus edulis Linné, which is often used as a radionuclide bioindicator in the marine 

environment (McDonald et al., 1993a; Hamilton et al., 1980).  

Autoradiography is one of the oldest methods to have been used for determining precise 

location of radionuclide deposition in various types of materials including biological tissues. For 

example, McDonald et al. (1993b) used autoradiography to study 241Am distribution in soft 

tissues of the mussel M. edulis, the gastropod Littorina littorea Linné, and the prawn Nephrops 

norvegicus Linné. Although this technique can be used to improve our understanding of 

radionuclide incorporation into the skeleton of aquatic organisms, there are only a few reports on 

such biogeochemical studies presently available. One of the earliest was published by Bonham 
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(1965) and described the incorporation of 90Sr in the shells of the giant clam, Tridacna gigas 

Linné, after the Bikini Atoll nuclear weapons tests in 1956 and 1958.  

In contrast to the above-mentioned marine studies, virtually nothing is known about sites of 

the radionuclide deposition in the shells of freshwater mussels. In the present work, we build on 

initial experiments described by Zuykov at al. (2002) and apply autoradiography to determine the 

localization of α-tracks in thin serial sections of D. polymorpha shells labeled experimentally 

with 241Am. More recent techniques, such as autoradiography in combination with well 

developed sclerochronological analysis (chronology based on shell growth lines, e.g. Shöne et 

al., 2006), may help in a better understanding the history of a radioactive contamination of the 

aquatic environment after direct traces of the environmental contamination have been lost 

through dynamic processes.  

Another objective of this work was to assess whether a physiological mechanism 

(metabolism) can control the adsorption and/or binding of 241Am to the inner surface of the shell 

of D. polymorpha. In this respect, we compared the α-track distributions detected in the shells of 

alive mussels with those observed in the disarticulated valves (from dead mussels) exposed to 

dissolved 241Am under the same experimental conditions. In addition to -autoradiographs of 

shells, we also provide here unpublished data on concentrations of americium in the internal 

fluids of mussels, important information for understanding the role of these fluids in the 

adsorption of 241Am onto the inner shell surface.  

 

3.3 Materials 

The present study examines shells of D. polymorpha obtained from the previous experimental 

work with 241Am and in some cases a mixture of 241Am, 137Cs and 85Sr, described and discussed 
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in Zuykov et al. (2002), and conducted in the Laboratory of Applied Mineralogy and 

Radiogeochemistry, V.G.Khlopin Radium Institute (KRI), St. Petersburg, Russia (see Table 4). 

Among the 186 valves produced in those experiments, 32 were subsequently used for α-track 

autoradiography after being embedded in plastic tablets (described below). In addition, 20 

radioactive and non-radioactive shells were used for determining their chemical composition, 

radionuclide concentrations and ultrastructural characteristics.  

 

3.4 Methods 

Laboratory experiments. The bivalves used in the laboratory experiments were collected at about 

1.5 m depth in the eastern part of the Gulf of Finland in the vicinity of St. Petersburg, Russia. The 

shell length of these specimens ranged from 10 to 28 mm. For experiments with radionuclides, 

bivalves were held in glass aquaria of brackish water with a salinity of 1.2 – 2.0 ppt and a 

temperature 202°C. Radionuclides were added to the aquariums only one time at the beginning  

 

Table 4. Dreissena polymorpha. Radionuclide concentrations (kBq g-1 dry weight) in the mussel 

shells radiolabeled under laboratory conditions. 
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of experiment. The starting concentration of 241Am in the experimental water was approximately 

500, 180 and 20 kBq/l for experiments denoted D, Am and LTU, respectively (Table 4).  

Shells used in the present study were exposed to the radioactive medium for periods ranging 

from 1 to 53 days. In short-term experiments (up to 26 days) only the live mussels were used to 

obtain labeled shells; whereas both live mussels and dissected valves of dead mussels were 

exposed to 241Am solutions for the long-term experiment (53 days). In some of the dissected 

valves, the periostracum was removed and these valves were then used to evaluate the 

importance of the periostracum in the adsorption of 241Am.  

Sample preparation. Following exposure in the experimental medium, the live mussels were 

sacrificed and their soft tissues separated from the shell. Shells were washed in demineralized 

water, dried, and then longitudinally and transversely sectioned using a small diamond disk. 

From one to nine selected shell slices were mounted within round supports which were then 

filled with dental plastic (acrylic resin; www.LangDental.com). After curing of the resin, the 

plastic tablets containing the embedded shells were polished. The samples selected for the shell 

structure study were cleaned ultrasonically and then etched in 2% EDTA for 5 min. Shells 

selected for radioisotopic and XRD analyses were powdered or dissolved in acid depending upon 

the analytical method used.  

Analytical methods. Prior to the experimental work, the chemical phase composition of the 

shells was determined by XRD (X-Ray Diffraction) at the Regional Mechanobr-Analit Centre, in 

St. Petersburg (Russia). The concentrations of elemental impurities in shells were analyzed by 

EMPA (Electron Micro Probe Analyzer). The examination of shell ultrastructure was carried out 

by SEM (Scanning Electron Microscopy) after samples were coated with gold palladium. SEM 

and EMPA analyses were performed at the National Museum of Wales (NMW), Cardiff, UK. 
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Radionuclide concentrations in the samples were measured in the KRI radioisotopic 

laboratory. 241Am levels were quantified in a total of 18 shells (three shells from each group, see 

Table 4) sampled after 1, 8, 10, 25, 26 and 53 days of uptake.  

For preparation of α-track autoradiographs, the plastic tablets with shell sections were 

covered by individual pieces of α-sensitive cellulose nitrate film (commercially available as LR-

115 type II, Kodak; http://pagespro-orange.fr/dosirad) which is non-sensitive to beta and gamma 

radiation. After three exposure periods (1.5 h, 22 h, 116 h) the films were etched in 6M NaOH 

for 230 min at 50ºС, carefully washed with distilled water and dried at 35ºС. The α-tracks were 

examined under optical microscope (Olympus) with an x100 magnification. Previous specially 

designed experiments indicated that the α-particle tracks registered on autoradiographs of shell 

sections originated from a depth up to 15 μm.    

To investigate the possible presence of an accidental radionuclide contamination of the shells 

during cutting and polishing process of plastic embedded samples, a simple blank test was 

performed as follows. Two shell fragments, one contaminated with 241Am and another sampled 

from an uncontaminated natural environment, were embedded into a single tablet. 

Autoradiographic examination of the shell fragments confirmed the absence of cross 

contamination in the clean shell embedded in the test sample.  

 

3.5 Results and discussion 

Control (non-radioactive) shells. XRD analysis showed a CaCO3 composition with a crystalline 

structure of aragonite in D. polymorpha shells. EMPA analysis indicated a very low 

concentration of elemental impurities through the profile of whole shells, including (in % wt): 

SrO (0.15), P2O5 (0.06), Fe2O3 (0.04), and K2O (0.03). Radioanalytical measurements confirmed 
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that total concentrations of - and - emitting radionuclides detected in control shells were less 

than 0.25 Bq/g and 1 Bq/g, respectively. 

The shell structure of D. polymorpha comprised an organic periostracum, a crossed-

lamellar outer layer and a complex crossed-lamellar inner layer (Fig. 26). In addition, a prismatic 

pallial myostracum between the lamellar layers was usually recognizable.  

 

 

 

Figure 26. Longitudinal cross section through the left valve of D. polymorpha. SEM 

microphotograph shows periostracum (p), outer crossed-lamellar layer (cl), inner complex 

crossed-lamellar layer (ccl), and pallial myostracum (pm) within the shell structure. Shell No. 

KRI C/3. Scale bar 200 μm. 

 

241Am-labeled shells. Concentrations of radionuclides in shells from the laboratory experiments 

and used in the autoradiographic study are given in Table 4. Traces of americium in the shell 

samples were not detected by EMPA (low detection limit ~ 0.5 wt %). Autoradiographs of 32 

pills with shell sections were prepared and photographed. The time needed for tablet exposure on 

cellulose nitrate film was strongly dependent upon the concentration of 241Am contained in the 

shell which was determined for each of the experimental groups (i.e. D, Am and LTU). For 
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example, for the specimen from group DIII, α-autoradiographs from three different exposure 

times are shown (Fig. 27A-C). As a result of the longest exposure time (116 h), the portion of the 

film corresponding to the periostracum was broken due to the very high density of α-tracks (Fig. 

27C). Except for the shell with the periostracum removed (Fig. 27F), all autoradiographs show 

an almost identical distribution of α-tracks. For this reason autoradiographs of only five 

specimens are presented here (Figs. 27, 28). The highest density of α-tracks was found in the 

periostracum. As shown in the SEM image (Fig. 26, 28), the thickness of the periostracum is 

about 5-7 μm; however, the high density zone with α -tracks on autoradiographs tends to extend 

up to half of the thickness of the outer crossed-lamellar shell layer. This discrepancy in the size 

of the high α-density zone on autoradiographs and the actual thickness of periostracum is clearly 

visible in Fig. 28 where the periostracum, being slightly separated at the edge from the 

mineralized shell, produced its own autoradiograph. Therefore, from the outer surface, the actual 

depth to which 241Am penetrated within the mineralized shell is minimal and cannot be estimated 

with precision from the autoradiographs. Low density α-tracks are noted in the proximity of the 

high α-activity zones within the outer crossed-lamellar shell layer and the inner part of the 

crossed-lamellar inner layer (Fig. 27F), but the central part of the shell remains completely free 

of α-tracks. This particular distribution of the α-activity in the shell was observed in all samples 

independently of the section orientation or size of the shell, including samples from the 

experiment “D” contaminated simultaneously with three radionuclides (see Table 4).  

241Am in internal fluids of D. polymorpha. 241Am homogeneously adsorbed on the inner shell 

surface of alive D. polymorpha is clearly visible on all autoradiographs. Easily visible α-tracks  
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Figure 27. Alpha-track distribution in D. polymorpha shell sections. A, B, C - after a 26-day 

uptake of 241Am, 137Cs, and 85Sr from water (experiment DIII, see Table 1)(Shell No. KRI DIII – 

1); D, E, F - after a 53-day uptake of 241Am (experiment LTU, see Table 1): D - shell of live 

bivalve (No. KRI 20-IIIAm); E, F - shell of dead bivalve (separated valves), E - shell with 

periostracum (No. KRI 22-IIIAm), F - shell with periostracum removed (No. KRI 23-IIIAm). 

Exposure period for autoradiograph processing: A - 1.5 h; B - 22 h; C-F - 116 h. Scale bar 200 

μm. 
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Figure 28. Cross section through the left valve of exposed live D. polymorpha (Shell No. KRI 20-

IIIAm; series LTU) with a partially peeled periostracum. A – microphotograph image (light 

microscope Leica MZ6); B - autoradiograph image showing high intensity α-tracks. Exposure 

period for autoradiograph processing: 116 h. Scale bar 1mm. 

 

bands on the autoradiographs were traced continuously through the entire length of the inner 

shell surface. However, the series of shell sections do not cover all inner shell surfaces, thus 

some gaps or differences in α-track densities (e.g. in areas in contact with muscles) may be 

expected. Moreover, our autoradiographs showed relatively low resolution and evidence of a 

discrepancy between the size of zones with α-tracks and the actual thickness of shell portions, as 

was demonstrated for the periostracum. The extrapallial fluid (EPF) is in intimate contact with 

the internal shell surface, but is isolated from other internal mussel fluids and the aquatic 

environment (Crenshaw, 1972; Lowenstam and Weiner, 1989). Although 241Am was likely 

present in EPF, it was however very difficult to calculate the actual americium concentration due 

to very small amount of EPF. Thus, we measured the concentration of 241Am in a mixture of all 

internal fluids (haemolymph, mantle fluid, EPF) which were collected on a filter paper during 

dissection of mid- and large-sized D. polymorpha. The concentrations of 241Am measured in 

samples of internal fluids from the IIAm3 exposure series were approximately 1400 kBq g-1, a 

level which is one order of magnitude higher than those found in the shells (Table 4) and five 

orders of magnitude higher than in the initial spiked water in the experimental aquariums.  
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3.6 Conclusions 

A background concentration of α-emitting radionuclides in the control D. polymorpha shells 

collected from the eastern part of the Gulf of Finland proved to be negligible, i.e. < 0.25 Bq/g, 

and therefore did not interfere with the experimental samples. A relatively high concentration of 

241Am observed in the D. polymorpha shells after laboratory exposure to this radionuclide has 

facilitated an autoradiographic study of 241Am distribution in a serial sections of shell. The 

relatively wide zone with a high density of α-tracks along the outer shell surface observed in the 

autoradiographs is generated mainly by 241Am adsorbed from the aquatic environment onto the 

narrow strip of the organic periostracum and along the external surface of the mineralized shell. 

The narrow zone of α-tracks along the inner shell surface of live radio-labelled mussels was most 

likely a result of 241Am adsorbed from the EPF. There was no deep penetration of 241Am into the 

organomineral matrix. Neither variation in 241Am concentrations used in the experimental 

medium, nor duration of uptake exposure to radionuclide had visible effects on the pattern of α-

track distribution within the shell. A distinct similarity between autoradiographs obtained from 

contaminated shells of living bivalves and those from dissected valves of dead mussels suggests 

that active metabolism of the organism (e.g. in the mantle epithelium) has no major influence on 

the process of 241Am adsorption onto the internal shell surface. However, as this observation has 

been made for shells obtained only after relatively short-term laboratory experiments, differences 

may appear for mussels exposed continuously to an aquatic environment contaminated by 

radionuclides.  
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Chapter 4. Biosorption of thorium on the external shell surface of    

bivalve mollusks: the role of shell surface microtopography 
 

Foreword 

In this Chapter data on measurement of thorium using LA-ICP-MS on the external shell surface 

(ESS) of five species of marine and freshwater bivalves exposed to 232Th (natural alpha-emitter) 

in a course of biosorption experiment is compared. ESS of each shell selected for study, as it is 

visible to the naked eye, has intact preservation. Element concentration data have been 

accompanied by SEM study of the ESS, as well as polished sections of each shell embedded into 

plastic tablets were studied by α-tracks autoradiography.  

 

There is also Appendix A to this Chapter where similar approach was applied, i.e., the 

characterization of preservation of ESS in Mytilus spp. before elemental analysis have been 

made. This study has an applied aspect, because I recommended to establish a long-term 

monitoring of U and Pu in the nearshore area of the Fukushima Prefecture using marine 

bivalve mollusks collected in according to proposed protocol.    
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4.1 Abstract 

External shell surface (ESS) of bivalve mollusks is known to adsorb various metals dissolved in 

ambient water in high concentration. It is hypothesized here that the surface microtopography of 

the thin organic coating layer, periostracum, or calcareous shell (if periostracum was destroyed) 

plays a major role in the adsorption of actinides on ESS. Thorium (natural alpha-emitter) was 

used in short-term biosorption experiment with shell fragments of five bivalve mollusks. After a 

72 h exposure to Th (~ 6 kBq L-1), thorium concentration was measured on ESS using laser 

ablation inductively coupled plasma mass spectrometry; the distribution and density of alpha 

tracks were subsequently visualized by α-track autoradiography. A trend in reduced Th 

concentrations on the ESS was observed depending upon the species tested: (group 1 ~ 4000 µg 

g-1) Chlamys islandica (M.), Mercenaria mercenaria (L.), Dreissena polymorpha (P.) > (group 2 

~ 1200 µg g-1) Crassostrea virginica (G.) >> (group 3 ~ 150 µg g-1) Mytilus edulis L. The 

microtopography of ESS was characterized by scanning electron microscopy revealing the high 

porosity of the calcareous surface of C. islandica and M. mercenaria, lamellate surface of 

periostracum in D. polymorpha, uneven but a weakly porous surface of periostracum of C. 

virginica, and a nearly smooth surface of the periostracum of M. edulis. This work has 

demonstrated, for the first time, the presence of a strong correlation between concentration of 

adsorbed Th and ESS microtopography, and the role of the periostracum in this process is 

discussed.  

 

4.2 Introduction 

Previous investigations (Bertine and Goldberg, 1972; Hamilton and Clifton, 1980; Koide et al., 

1982; Miramand et al., 1982; McDonald et al., 1993 a,b; Zuykov et al., 2009; Zuykov et al., 
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2011; Metian et al., 2011) of metal and actinide concentrations in the bivalve mollusk shells 

obtained after laboratory experiments or determined from environmental samples have 

demonstrated the following features:  

1) The content of metals recorded in shells can often be higher than in soft tissues, and metals in 

shells have longer biological half-lives.   

2) The data available in numerous papers are based on the content of metals on the external shell 

surface (ESS), whereas their concentrations on the internal shell surface are too low and 

considered negligible.  

3) Concentration of metals on ESS differs between taxa and also depends on the nature of the 

metal itself. 

To the best of our knowledge, none of these studies have addressed any relationship 

between measured metal concentrations and the microtopography of ESS, for both model 

Mytilidae species and other bivalve taxa. The interdependency between chemical composition, 

roughness, porosity of ESS and the ability of ESS to adsorb metals should be logically examined 

as the specific nature of any artificial or biological surface is expected to be related to its sorption 

properties. Using thorium as a model actinide, the present paper assesses the role of ESS 

microtopography in the adsorption of Th in the marine bivalves C. islandica, C. virginica, M. 

mercenaria, M. edulis, and in the freshwater bivalve D. polymorpha, after a short term 

biosorption experiment using shell fragments.  

 

4.3 Materials and methods 

Fifty-three (53) shell fragments (5 x 10 mm) with visually non abraded ESS were cut from the 

same areas (Figs. 29A-E) of adult shells of C. islandica (shell length, sl = 150 mm), C. virginica 
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(sl = 80 mm), D. polymorpha (sl = 25 mm), M. mercenaria (sl = 40 mm), and M. edulis (sl = 60 

mm). Bivalves were grown in our laboratory (ISMER-UQAR), sampled from clean environment 

or purchased from seafood store. Before experiments the shell fragments obtained from freshly 

sampled animals were washed in distilled water in an ultrasonic bath for 30 min. Preliminary 

geochemical analysis showed the absence of thorium in any detectable amount in the ESS of all 

samples.   

 Experiments were carried out in eight Teflon containers containing 20 mL of thorium 

solution prepared from a solution of dissolved Th in 1 % nitric acid in nanopure water (Thorium 

EnviroConcentrate) purchased from Ultra Scientific (www.ultrasci.com) as a thorium standard 

for ICP-MS calibration. The radioactivity of Th in water aliquots was measured by gamma-

spectrometry and was found to be ~ 6 kBq L-1 in six replicate containers with shells of all species 

mixed together (up to 10 fragments in each container); and ~ 3 and 4 kBq L-1 was measured in 

two additional containers where only shells of C. islandica and M. edulis were placed (2 samples 

in each container). As actinides tend to form strong complexes with different ligands present in 

seawater (Choppin, 2006) that could interfere with Th availability and the adsorption process, 

deionized water was used as an experimental medium and EDTA (ethylene diamine tetra acetic 

acid) was added to the solution at an equimolar concentration with thorium to prevent any 

precipitation of Th. The pH of the solution was adjusted to 8.2 (to equal that of the marine 

environment) using 1.0 M NaOH. The solutions with shell fragments were shaken every 8 h for 5 

min of the exposure period (72 h). Subsequently, shell fragments were carefully washed three 

times with distilled water and dried at ambient room temperature.   

 A quadrupole ICP-MS (Agilent 7500c, USA) interfaced with a laser ablation system 

(New Wave Research UP 213, USA) was used to quantify Th adsorbed on the ESS in eighteen  

http://www.ultrasci.com/
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Figure 29. Microtopography of the external surface of shell fragments of Chlamys islandica (A), 

Mercenaria mercenaria (B), Dreissena polymorpha (C), Crassostrea virginica (D), Mytilus 

edulis (E) selected for the present study (studied zones in quadrates) with various magnification. 

SEM images are labeled with numbers (1, 2). P – periostracum. Scale bars (a-e) 10 mm.  

 

(18) shell fragments. LA-ICP-MS line scans can provide equivalent or better information about 

the distribution of elements in heterogeneous solid samples, e.g. the ESS, than discrete spot 

analysis (Sanborn and Telmer, 2003). On the ESS of each shell fragment after focusing, three 

line paths, with a length 750 µm each, were ablated (laser wavelength, 213 nm; energy output of 

50 %; rep rate, 5 Hz; beam diameter, 40 µm; scanning speed, 20 µm s-1) with helium as the 

carrier gas mixed with argon as the make-up gas via a T-connector before entering the ICP torch. 

The signal (CPS, count per second) of Th was measured at m/z = 232. The ESS concentration of 

thorium expressed as µg g-1 was calculated based on the signal of Th obtained under the same 

LA-ICP-MS conditions from the microanalytical carbonate standard MACS-3 (United States 

Geological Survey reference materials program, USA). The matrix of the standard is a calcium 
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carbonate (like calcareous part of mollusks shell) containing Th at a recommended value of 55.4 

± 1.1 µg g-1 (Chen et al., 2011). The relative standard deviation of the Th signal from MACS-3 

analysis was 17 % (n = 18). 

For preparation of α-track autoradiograms, shells were mounted in cross-section within 

round supports which were then filled with acrylic resin (Struers Inc.). After curing of the resin, 

the plastic tablets were polished and covered by individual pieces of α-sensitive cellulose nitrate 

film (commercially available as LR-115 type II, Kodak; http://pagespro-orange.fr/dosirad). After 

an exposure period of 30 days, the films were etched in 6 M NaOH for 230 min at 50 °C, 

carefully washed with distilled water and dried at 35 °C for 1 h. The α-tracks were examined and 

photographed with an optical microscope Olympus under x100 magnification. For preparation of 

microphotographs of ESS, the surface of the samples was coated with gold-palladium and 

studied with scanning electron microscopy (JEOL JSM-6460 LV) using an acceleration voltage 

of 20 kV.  

 

4.4 Results  

Microtopography of ESS. Ultrathin periostracum (< 1 µm) fragments were preserved on ESS in 

C. islandica and M. mercenaria. The shells of C. islandica are entirely calcitic, except for the 

aragonitic myostracum; the outermost layer is made of fine calcitic fibres, which make a 

relatively smooth ESS penetrated by micrometric irregular cavities (Fig. 29A). In contrast, in M. 

mercenaria the ESS is formed by the tops of fibrous prismatic crystals of aragonite, the 

boundaries of which appear in low relief; natural etching provides the surface appreciably high 

porosity (Fig. 29B). D. polymorpha has a thin (5-7 µm), but well preserved periostracum, which 

 

http://pagespro-orange.fr/dosirad
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Figure 30. Grouping of studied mollusks on the basis of Th concentrations detected on the 

external shell surface in each line scan. Error bars represent standard deviations (for D. 

polymorpha n = 6, for others n = 12).  

 

emits frequent lamellae, thus forming a complicated surface (Fig. 29C). The ESS of C. virginica 

consists of a thin periostracum with elevated surface roughness that, however, has a low porosity 

(Fig. 29D). Finally, a thick periostracum (35-40 µm) with a practically smooth surface is 

preserved in M. edulis (Fig. 29E).            

Concentration of thorium on ESS. The concentration of thorium on ESS measured with LA-

ICP-MS differs significantly (One-way ANOVA, p < 0.001) among the species tested. Three 

groups can be distinguished on the basis of the Th concentration found on the ESS (Fig. 30). The 

minimal variations in Th concentrations between line scans are only in M. edulis that shows the 

relatively homogenous distribution of Th in the matrices examined. As the laser ablation 

technique was perforating the ESS to the depth of about 30 – 40 µm (Fig. 31), the measured 

concentrations include all possible Th adsorbed onto the ESS due to its poor penetration inside 

the shell (Fig. 32).  
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Figure 31. Trace of the line scan after LA-ICP-MS on the external shell surface of Mytilus  

edulis. SEM images. Periostracum and underlying mineral layers were destroyed (A), line scan 

in shell cross section (B).  

 

 
 

Figure 32. Alpha-track distribution in shells (cross section) of Chlamys islandica (A) and Mytilus 

edulis (B) after 72 h exposure with Th. ESS – external shell surface, ISS – internal shell surface. 

Scale bars 100 µm.   

 

Shell autoradiography. The density of α-tracks associated with ESS, as shown on 

autoradiograms, strongly differs between C. islandica and M. edulis (Fig. 32). No important 

differences in α-track densities are observed between shells of other species, as well as between 

shells of C. islandica and M. edulis exposed to three different concentrations. The central part in 
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all shells always remains free from α-tracks confirming the absence of Th within the calcareous 

shell.  

 

4.5 Discussion 

Partitioning of some metals (e.g. actinides and gamma-emitting radionuclides) between the ESS 

and the internal shell surface (ISS) was briefly studied. Methodologically, it was based on 

independent measurements of metal contents in mechanically removed periostracum and in 

scraped calcareous shell. For example, McDonald et al. (1993a) reported that 96 % of 239+240Pu, 

95 % of 238Pu, 98 % of 95Nb, 97 % of 137Cs were found in the periostracum of the blue mussel M. 

edulis collected from the environment. At the same time, in the present study the shell fragments 

of M. edulis with a thick well-preserved periostracum exhibited the lowest concentration of Th 

on the ESS, whereas the highest Th concentration was adsorbed on the ESS of C. islandica and 

M. mercenaria with an ultrathin and poorly preserved periostracum. On the other hand, the ESS 

in D. polymorpha with a thin periostracum is characterized by a high Th concentration because 

of very peculiar lamellate surface of its periostracum. Consequently, the presence of an intact 

periostracum (and its thickness) does not guarantee an enhanced ability of the ESS to adsorb Th 

among the species tested, whereas, in the first instance, it has a strong correlation with 

microtopography of ESS. In theory, another explanation could be related to the effective 

antifouling properties of the periostracum which may include a chemical mode of action that is 

as yet poorly studied (Taylor and Kennedy, 1969; Wahl et al., 1998; Scardino et al. 2003). In this 

context it is interesting to note that in Corbicula fluminea (M.) the biochemistry of periostracum 

can be modified after exposure to some organic contaminants (Meenakshi et al., 1969; 

Hutchinson et al., 1993 a,b). In any case, if this holds true for all actinides (e.g. almost identical 
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distribution of U, Pu, and Am in shells of M. edulis has been confirmed (Hamilton, 1980; 

Hamilton and Clifton, 1980) this result is of critical importance for the detection of transuranic 

radionuclides, because classical biological tool used in many biomonitoring studies, M. edulis, 

has shown a significantly lower actinide concentration in comparison with the other tested 

species.   
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Chapter 5. Periostracum of bivalve mollusk shells for sampling 

engineered metal nanoparticles: a case study of silver-based 

nanoparticles in Canada’s experimental lake 
 

Foreword 

This chapter features a fragile brush-like micromorphology of intact periostracum (i.e., intact 

external shell surface, ESS) of freshwater unionid mussels Pyganodon spp. Animals were 

collected from the Lake 222 (Experimental Lakes Area, northwestern Ontario) that was 

artificially contaminated with AgNPs. AgNPs directly adhered to shell periostracum and AgNPs-

doped silica shells of diatom algae, which were captured by the fleecy periostracum, were 

examined with SEM, TEM, ICP-MS and LA-ICP-MS. Here, therefore, this type of the intact 

ESS is discussed in terms of its double functionality as natural sampler of man engineered 

nanoparticles.    
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5.1 Abstract 

Given the ability of engineered metal nanoparticles to be transformed in natural waters in 

unpredictable manners, various sampling methods must be developed. Here, we took a novel 

approach to collection silver nanoparticles (AgNPs) that involved the use of the intact 

periostracum, the outer proteinaceous organic layer, of freshwater unionid mussels Pyganodon 

sp. Eight adult mussels were collected in August 2019 from a small boreal lake (L222) at the 

International Institute for Sustainable Development - Experimental Lakes Area (northwestern 

Ontario), which had been dosed with 15 kg of poly(vinylpyrrolidone)-coated silver nanoparticles 

(PVP-AgNPs) in 2014-2015. Additionally, three adult mussels were collected from a control lake 

(L375). Numerous silica (SiO2) diatom frustules were adhered to periostracum of all mussels. 

Intact periostracum promotes the formation of layer composed of diatoms and sand grains. The 

Ag content in soft tissues and shells of the mussels from L375 was as low as ≤ 0.1 ug/g. In 

mussels from L222, Ag concentrations in the periostracum of five shells were in detectable 

amounts (1-4 ug/g); in three shells concentrations were as high as 86, 122, and 494 ug/g. The 

underlying mineral shell is depleted in Ag (< 0.1 ug/g). The Ag content in soft tissue organs 

(whole body) ranged from 44-191 ug/g. AgNPs occur on the surface of both periostracum and 

diatoms. Single AgNPs (d = 20-60 nm) were partly sulfidized to Ag2S. The observed AgNPs 

often form aggregates with an average and a maximal size of circa 100 nm and 1.5 um, 

respectively. Scraping small fragments of intact periostracum of unionid shell is non-lethal to 

mussels, and is easy to do under field conditions. This simple sampling protocol could be used to 

detect metal-based nanoparticles (engineered or accidental) with the use of unionid and 

dreissenid bivalves. 
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5.2 Introduction  

During this period of rapid climate change, there is concern for the possible increasing release of 

engineered metal nanoparticles (ENPs) from consumer materials into the aquatic environments 

results in an increasing the potential for bioaccumulation and toxicity to aquatic organisms (Shi 

et al., 2019; Lai et al., 2020). ENPs, once released into natural waters undergo transformation 

processes including sorption, agglomeration, and sulfidation (Lead et al., 2018). Thus, there are 

numerous difficulties and limitations for detection and subsequent characterization of ENPs in 

the environment. No effective universal method for ENPs sampling (i.e., detection) currently 

exists. The most common methods for ENPs sampling in natural waters are water filtration and 

isolation from bottom sediment (Weinberg et al., 2011; Zhang et al., 2019). Furthermore, passive 

sampling devices using ENPs-specific sorbents have been tested (Shen et al., 2016), as well as 

ENPs were isolated from soft tissue organs of bivalve mollusks (García-Negrete et al., 2015; Xu 

et al., 2020). There are hundreds of papers reporting data of routine metal monitoring of natural 

waters using bivalves, with the number of the studies increasing year to year (Zuykov et al., 

2013; Zuykov and Schindler, 2019). However, only a few studies provided information on the 

solid phase or dissolved speciation of the metals of interest (Xu et al., 2020). The lack of 

speciation knowledge precludes accurate estimation of risk, bioaccumulation and fate of the 

nanoparticulate metals in aquatic ecosystems, the selection of strategy of their detection, and 

further studies’ planning. In this context, we agree with Guo et al. (2002, p. 62) that "chemical 

and phase speciation of metals should be considered in environmental monitoring and 

assessments". Thus, as environmental studies (including monitoring programs) did not pay 

attention the speciation of metals in shells and soft tissue organs of freshwater and bivalve 

mollusks, we assume that researchers believe that recognized biomonitors hold metals in ionic 
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form (“metals” thereafter). With that said, no attempt to use shells for detection metals in 

particulate form was made. In this regard, in terms of development of bioindicators, Zuykov et 

al. (2011) discussed the disturbance in shell biomineralization of blue mussels, Mytilus edulis L., 

obtained after animals’ short-term exposure to AgNPs.  

 Our previous laboratory studies (Zuykov et al., 2012; Zuykov et al., 2020), showed that 

the microtopography of the external shell surface (ESS) is of great importance for the sorption of 

metals from ambient waters. In particular, shells with smooth intact periostracum (the outer 

proteinaceous organic shell layer) will adsorb less metal than shells with brush-like 

periostracum. In this framework, several authors reported that periostracum of some marine 

bivalves can be used as biomonitors for detection of Pb and Cu (Yap and Tan, 2011; Yap, 2012), 

and Pu and Am (Hamilton and Clifton, 1980).  

 The primary goal of this study was to examine the role of the periostracum of bivalves as 

a potential natural passive sampler for ENPs. As ENPs can adhere to various substrates such as 

organic matter, microalgae, and clay particles in the water column (Lead et al., 2018), we 

hypothesized that ENPs-bearing microparticles can be captured by the intact fleecy periostracum 

of freshwater unionid bivalves. In August 2019, we collected floater mussels Pyganodon sp. 

(Unionidae) from a small boreal lake (L222) situated at the International Institute for Sustainable 

Development - Experimental Lakes Area (IISD-ELA), located in northwestern Ontario, Canada 

(Fig. 33A). Silver nanoparticles (AgNPs) were introduced to L222 in 2014 and 2015, in order to 

 investigate their behavior and fate in freshwater ecosystem. To date, the influence of AgNPs on 

the phytoplankton community and fish were examined (Conine et al., 2018; Martin et al., 2018; 

Rearick et al., 2018; Hayhurst et al., 2020). Control mussels were also collected from a nearby 

reference lake (L375) at the IISD-ELA (Fig. 33B). In the current study we evaluated the 
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distribution and transformation of AgNPs adhered to the periostracum of floater mussels and 

discussed the partitioning of Ag between periostracum and mineral shell parts.      

 

5.3 Materials and methods 

Dissolved Ag and AgNPs in Lake 222. In 2014 – 2015, in total 15 kg of poly(vinylpyrrolidone)-

coated silver nanoparticles (PVP-AgNPs; size 30±50 nm; spherical in shape) were introduced 

into L222, with the process methodology having been published repeatedly (for ref Hayhurst et 

al., 2020). The latest measurement of the Ag concentrations and the size of the AgNPs in the lake 

was completed in 2016 by Rearick et al. (2018): (1) dissolved Ag in water samples was detected 

at concentrations < 0.4 μg L-1 with a mean of total Ag of 4.05 ± 3.28 μg L-1, (2) the size and 

shape of the AgNPs in the water samples were comparable with those in the stock solution; 

aggregates of AgNPs rarely occurred, and (3) AgNPs were widely distributed throughout the 

L222.  

Sampling sites and mussels collection. On August 20-22, 2019, adult floater mussels 

Pyganodon sp. (Fig. 33C) with shell length of 70-85 mm were collected by hand with mask and 

snorkel between 1– 2 m offshore at 1 m water depth from two closely situated lakes (approx. 5 

km distance) of similar hydrology, dosed L222 (surface area ~ 16 ha) and reference L375 

(surface area ~ 23 ha). The water temperature at the time of collection was 19-20 ºC. Bottom 

sediment in the mussel sampling sites, were: (i) for L222, mud, silt, and sand with a lot of wood 

debris and dead leaves; and (ii) for L375, silt and sand with rare dead leaves. Eight mussels were 

collected from L222 within a 2 m radius of the 2014 and 2015 shoreline addition site of the 

AgNPs (GPS coordinates: 49.694990, -93.724686). Three mussels were collected from L375 

(GPS coordinates 49.747283, -93.788361). The external shell surface in nearly all mussels was 
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well preserved, and only a couple valves lack periostracum on a small area in the umbonal zone 

where an underlying mineral shell layer was exposed (Fig. 33C). On the surface of each valve, 

the periostracum had an intact fleecy micro-ornamentation (Fig. 33D), or was scratched so that 

shell fragments looked smooth (Fig. 33E).  

Samples processing and digital microscopy study. After field collection, mussels were 

transported to the IISD-ELA laboratory where the soft body was removed from the shell. Whole 

soft tissues were dried in individual Petri dishes in an oven at 60 ºC for 24 h to constant weight, 

and then homogenised. Twenty-two valves were triple washed with Milli-Q water and dried at 

room temperature. One valve, from each shell, with well preserved periostracum, was ground 

with a mortar and pestle to create a homogenous sample for subsequent elemental analyses. 

Another valve was studied using a digital microscope (KEYENCE VHX-2000) under low 

magnification (5–10x); the periostracum micromorphology and the nature of adhered 

microparticles were examined. Then, two sample (circa 1 x 2 cm) sets with either fleecy or 

smooth periostracum were cut with a diamond saw. All fragments were then cleaned in 

ultrasonic bath for 5 min with Milli-Q water and dried at room temperature. For each valve, 

several fragments of both sets were studied without modification. Also, from several shells the 

periostracum was removed by two different ways. (1) The periostracum was mechanically 

removed with a Dremel® rotary tool. The mineral shell part was then bathed for 30 min with 5% 

NaOH, triple washed with Milli-Q water, and dried at room temperature. (2) The periostracum 

was gently scraped from the shells with a scalpel and placed into Eppendorf Tubes®; the mineral 

parts of shell were excluded from further study.   

Trace Element Analyses, identification and visualization of AgNPs. The concentrations of trace 

elements (Ag, Si, and Ca), and their spatial distribution (mapping) in different samples were 
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Figure 33. Sampling area of studied bivalves Pyganodon sp. (Unionidae) and details of the 

morphology of the external shell surface. International Institute for Sustainable Development - 

Experimental Lakes Area (IISD-ELA), northwestern Ontario, Canada (A). The control lake, 

Lake 375 (B). Shells on C, E from L375, shells on D, F-H from the lake contaminated with 

AgNPs, Lake 222 (not shown). Left valve of Pyganodon sp., periostracum completely destroyed 

in umbonal area (white zone). The intact (fleecy surface) and smooth (fleecy surface destroyed) 

periostracum fragments are in blocks (C). Shell edge in section: d/ - intact fleecy periostracum, d// 

- mineral shell part (D). The shell fragment with smooth surface and several diatom (SiO2) 

frustules (E). The surface of periostracum which lacks diatoms with the line of spots of LA-ICP-

MS (F). The surface of periostracum with diatoms with the line of spots of LA-ICP-MS (G). 

Diatoms (various species) cemented with bottom sediment sand form tightly layer on the 

periostracum surface (H). Diatoms (Eunotia sp.) under high magnification (I).  
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examined by one destructive (1) and three non-destructive methods (2-4). 

(1) Inductively Coupled Plasma Mass Spectrometry (ICP-MS) was used quantify Ag and Si 

concentrations of the whole soft body, whole shell, and only mineral shell parts. In each case, 

approximately 0.1 g of the powdered sample was digested in 5 mL of concentrated HNO3 (Trace 

Metal Grade produced by Fisher Chemical part number A509P212) on a MARS 5 microwave 

digestion system. Digestion was performed in XP1500 vessels by ramping from room 

temperature to 200 °C within 15 min and hold for 15 min. Once fully digested, the digestates 

were diluted (50x) with ultra-pure water prior to analysis with an Agilent 8900 ICP-triple 

quadrupole-MS in the Ultra-Clean Trace Elements Laboratory, University of Manitoba (Canada) 

operated at RF power, 1550 W with a plasma gas flow of 15.0 L min−1, with Si sensitivity being 

enhanced using hydrogen mode (Guillong and Heinrich, 2007) for quantification at m/z 28 with 

integration time of 0.5 s. Certified reference materials (CRM) NIST2976 (Mussel Tissue) and 

NIST2709a (San Joaquin Soil) were also digested and analyzed as a component of the quality 

assurance/quality control procedures. In particular, both the Ag and the Si concentrations for 

CRMs (Ag with NIST2976, Si with NIST2709a) yielded > 90% recoveries; they were digested 

within the same run as the samples, so it was assumed the recoveries will be the same within all 

the samples.  

 (2) The Laser Ablation ICP-MS (LA-ICP-MS) system (NWR-193, New Wave Research, 

Fremont, CA, U.S.A.) integrated with an Agilent 7700 ICP-MS (Agilent, Tokyo, Japan) in the 

Atmosphere and Ocean Research Institute, The University of Tokyo (Japan) was used for the 

determination of Ag, Si, and Ca concentrations in four shell fragments obtained from shells of 

two mussels collected in the L222 and L375. In total, samples from eight shell fragment sites, 

four with diatoms and four without diatoms, were examined. At each site, one line of five spots 
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Figure 34. Element/Ca ratios (+/- Standard deviation) in periostracum of two shells, 1-4 sites 

(from L222), and 5-8 sites (from L375) measured by LA-ICP-MS. Each site – 5 spots; diatoms-

rich sites (see here Fig. 33G): 1-2, 5-6. Sites lack diatoms (see here Fig. 33F): 3-4, 7-8.    

 

was selected (Fig. 33F,G). A laser spot (150 μm in diameter) ablating the external shell surface 

to a depth of about 40 - 50 μm. Hence, the chemical composition of both periostracum and 

underlying mineral (prismatic) shell layer were examined together. The mixture of the purely 

organic and organo-mineral biomatrix (i.e., matrix effect), prevented the reliable quantification 

of elements in shells. Thus, the semi-quantitative data obtained is presented here as signal 

intensity (count per second, CPS) or as a ratio (Fig. 34). In a LA-ICP-MS measurement, the 

signal intensity correlates with the concentration of an element and can be used to estimate the 

relative elemental concentration of an element in the sample. The signal intensities of silicon 

(28Si), calcium (43Ca), and silver (107Ag) were acquired cyclically every 0.2 sec for 60 sec in 

single spot mode. We estimated that the data of the first four seconds represents the elemental 

composition of the periostracum based on the lower level of 43Ca intensity profile, and averages 

during the four seconds were calculated after subtracting the background level of trace elements, 

which had been obtained empirically with the laser output set to 0%. Subsequently, the average 

of 28Si, 43Ca, and 107Ag count, and 107Ag/43Ca, 28Si/43Ca, and 107Ag/28Si count ratio were 
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calculated. Setup conditions included He as the carrier gas, a pulse rate of 20 Hz and pulse 

energy of 5.4 mJ which resulted in laser power of 1.5-1.6 J/cm2. The synthetic NIST SRM 612 

glass was used as external standard to monitor the analytical condition during analysis with the 

same experimental settings as in the case for the shells. Analysis of nine spots of SRM612 

yielded the following analytical conditions results: 28Si count = 23000000 ± 6000000, 43Ca count 

= 620000 ± 180000, 107Ag count = 77000 ± 23000, 107Ag/28Si = 0.0033 ± 0.0002, 107Ag/43Ca = 

0.13 ± 0.01, and 28Si/43Ca = 37 ± 2 (average ± 1SD).  

(3) The external surface of uncoated shell fragments was examined with Environmental 

Scanning Electron Microscopy (ESEM), FEI Quanta 650 FEG, operated under low vacuum (10-6 

torr) at 15 kV and 2.7 nA, and equipped with both backscatter (BSE) and secondary (SE) 

electron detectors and an Energy Dispersive X-ray Spectrometer (EDS). The ESEM study was 

conducted in the Manitoba Institute for Materials (MIM), University of Manitoba (Canada).  

(4) Field-emission Transmission Electron Microscopy (TEM), FEI Talos F200x, operated at 200 

kV in different modes, was used to study the morphology and elemental composition of AgNPs, 

as well as the spatial distribution of selected elements in periostracum samples. The TEM is 

equipped with backscatter (BSE) and secondary (SE) electron detectors and an Energy 

Dispersive X-ray Spectrometer (EDS). Scanning TEM (STEM) mode uses a 16MB ceta camera 

and Fischicone annular dark field (HAADF) detector for acquisition of imagery and selected area 

electron diffraction (SAED) patterns. For the TEM study, samples of scraped periostracum were 

gently crushed with a syringe needle and dispersed in 10 mL of isopropanol (Fisher scientific 

CAS 67-63-0) in an ultrasonic bath for 15 min. A droplet of this suspension was then deposited 

on a lacey-carbon film supported on a 400-mesh copper TEM grids. The TEM study was 

conducted at the MIM.  
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 Ag and Ag2S-NPs were identified on the basis of the Ag:S ratios and diffraction data. 

Partially sulfidized AgNPs were identified based on the presence of S-rich rims and Ag-rich 

cores in the chemical distribution maps for Ag and S. 

 

5.4 Results and discussions 

Diatoms shells and Si on periostracum surface. Figures 33E,G-I reveal that diatoms biosilica 

(SiO2) frustules (“shells”) adhered to the periostracum (with fleecy and smooth surface) of the 

mussels collected from L222 and L375. The identification of the most frequently occurred 

diatoms, as shows Fig. 35 (Eunotia sp., Brachysira sp., and Pinnularia sp.), was performed by 

Dr. Paul Hamilton (Canada Museum of Nature, Ottawa). Diatoms are most abundant on the 

periostracum with fleecy surface where they can form tight layers in their cementation with  

 

 

Figure 35. ESEM images of the surface of periostracum and diatoms, mussels were collected 

from L222. Bright dots are individual AgNPs or their aggregates. Elemental composition of 

ENPs placed in circles was determined with ESEM-EDS, one spectrum shows here as example. 

Diatoms identification: 1 – Pinnularia sp., 2 – Eunotia sp., 3 – Brachysira sp. 

 

bottom sediment sand (Fig. 33H). The external surface of the frustule is decorated by regular and 

symmetrical arrays in the lattice of circular/oval in shape pores of various sizes (Fig. 36J, K).  
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 Table 1 shows that the highest Si concentrations (707-1069 ug/g) were measured in the 

periostracum, with Si concentration being below detection limit in the mineral shell (< 1 ug/g), a 

result expected as the periostracum is rich in both adhered diatoms and the dominant terrigenous 

component of bottom sediment, namely detrital quartz.   

Ag in soft tissues and shells. The ICP-MS analyses (Table 5) indicated very low Ag 

concentrations (≤ 0.1 ug/g) in soft tissues and shells in mussels collected from L375, whereas in 

mussels collected from L222 the Ag concentrations were in the range 22-191 ug/g for soft 

tissues, and 1-494 ug/g for shells. In the latter case, five shells had Ag ranging from 1- 4 ug/g, 

and three shells were highly contaminated with Ag (i.e., 86, 122 and 494 ug/g). This 

concentration difference requires special examination, including measurement of Ag in the 

bottom sediment. It can be proposed that the difference was likely due to individual mussels 

spending different time buried in the sediment that, correspondingly, controls the timing and 

duration of contact of their shells with ambient water and sediment, and thus exposure to the 

dosed AgNPs (Cyr, 2009). Over 99% of Ag was associated with the organic periostracum, 

whereas underlying mineral shell had Ag concentrations exhibited control specimens’ levels of < 

0.1 ug/g. The LA-ICP-MS data (Fig. 34) indicates that the diatom-rich periostracum surface was 

characterised by two-fold higher Ag CPS than the periostracum lacking diatoms. This 

observation may suggest that the diatoms absorb a greater amount of AgNPs and have thus 

influenced the greatly to the Ag concentrations measured in shells. 

AgNPs and Ag2S-NPs on the surface of periostracum and diatoms. In situ study of Ag-NPs by 

ESEM. ESEM studies on unbroken shell fragments (even without sample coating), can 

tentatively be considered "in situ” ENPs examination, as the shells only being washed after 

mussel sampling. AgNPs and their aggregates were observed on the surface of both periostracum 
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and diatoms (Fig. 35). Sulfidation of AgNPs. AgNPs, partly transformed to Ag2S, were found 

adhered to the surface of both periostracum and diatoms. The partly transformed AgNPs are 

composed of an Ag-rich core with Ag:S ratios > 2:1 and rims with Ag:S ratios of ≤ 2:1) (Fig. 36, 

Table 6). The diameter of individual particles was in the range 20–60 nm, and was thus 

comparable to that of the original stock solution AgNPs. Furthermore, AgNPs also formed 

aggregates with sizes varying from 100 nm up to 1.5 um (Figs. 35, 36). The AgNPs and their 

aggregates were randomly distributed on the surface of periostracum and diatoms. Two types of 

aggregates occurred between AgNPs: (i) with weakly attached or unattached AgNPs (Fig. 36Q, 

R) being most likely artefacts of sample preparation for TEM examination, and (ii) with strong 

attachments essentially with fused surfaces (Fig. 36J, K, S, T), occurring primarily in pores 

permeating the diatom surface. The ability of the pores of the diatoms shells to sieve molecules 

and particles has been exploited in biomedicine, nanoscience, and environmental science (Onesto 

et al., 2018; Tramontano et al., 2020). Hence, nanostructured biosilica materials, such as 

diatoms, offer the potential to replace synthetic mesoporous silica-based materials which were 

already recognized as effective adsorbents for both Ag+ and AgNPs adsorption (Pongkitdachoti 

and Unob, 2018). 

 Liu et al. (2011) proposed that the sulfidation of PVP-AgNPs to Ag2S-NPs in the 

presence of HS- and dissolved O2 occurs either through an oxidative dissolution or a direct 

oxysulfidation process. Oxysulfidation is essentially a dissolution-reprecipitation processes 

occuring here at high sulfide concentrations through direct particle-fluid reaction with Ag+ 

sequestered prior to release in solution. The oxysulfidation occurs along the interface of the 

AgNPs toward the newly formed Ag2S-NPs and commonly preserves the morphology of the  
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Figure 36. TEM study of periostracum samples of freshwater bivalve Pyganodon sp. collected 

from control lake, L375 (A, B), and lake L222 contaminated with AgNPs (C-T). TEM image in 

bright field mode (C, E, G, L, M, O, Q, S, T), and STEM-EDS chemical distribution map for 

various elements (A, B, D, F, H-K, N, R). In samples from L375 the Ag was found in 

concentrations below detection limit of STEM-EDS analysis (A, B); black contour is the 

fragment of “smooth” (see here Fig. 33C, E) periostracum (A), fragment of diatom shell and 

debris (B). AgNPs individual particles and aggregates (in oval) adhered to periostracum (C, D). 

Diatom shell, various debris and aggregate of Ag2S nanoparticles and a Fe-(hydroxide (FeOx) 

(E, F).  Diatom shell with adhered partially sulfidized Ag2S nanoparticles (G-N): nanoparticles 

are in pores (G-K), nanoparticles are on the diatom surface (L), three ENPs are in oval (M, N). 
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The individual Ag2S nanoparticles; TEM image in bright field mode (O) and corresponding Fast 

Fourier Transformation pattern, the corresponding d-spacings of the diffraction spots are listed in 

the FFT pattern (P). The aggregate with weakly attached (Ag, Zn)-sulfide ENPs; most likely the 

aggregate was formed during samples preparation procedures for TEM (Q, R). Diatom shell, the 

strong intergrowth interaction between Ag2S-NPs situated in pores (S, T). Colors on STEM-EDS 

chemical distribution maps, for elements: Ag – pink, Si – red, S – green, Fe – cyan, Zn – blue, P 

– violet, Ca – yellow, C – grey. 

_____________________________________________________________________________ 

 

replaced phase. Hence, the preservation of size and morphology of the original AgNPs during 

their transformation to Ag2S suggests the immediate sequestration of Ag+ ions and thus high 

S/Ag ratios in the matrices surroundings of the AgNPs, a conclusion that supports the observed 

partial sulfidation of AgNPs occurring in larger aggregates (Fig. 36, Table 6). Here, 

nanoparticles in the aggregate block were reactive sites on AgNPs surfaces, which, in turn, 

limited the oxidative dissolution of the AgNPs (Liu et al., 2011). In aggregates composed of 

AgNPs and Ag2S-NPs, (Ag, Zn, Fe)-sulfide ENPs also occur (Fig. 36, Table 6), suggesting that  

 

Table 5.  Concentration (ug/g; dry weight) of Ag and Si measured by ICP-MS in soft tissues and  

shells of freshwater mussels Pyganodon sp. collected from control lake (L375) and dosed lake 

(L222) contaminated with PVP-AgNPs in 2014 and 2015. 
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Table 6. Identification of Ag and Ag2S which were imaged on Figure 36. 

 

 

these ENPs formed through dissolution-reprecipitation processes where metal sulfides (MS with 

M = Fe2+, Cd2+, Pb2+ and Zn2+) of higher solubility dissolve and Ag2S precipitates via the 

chemical reaction 2Ag+ + MS → M2+ + Ag2S (Bell and Kramer, 1999). Sulfidation reduces the 

toxicity of AgNPs to aquatic organisms because Ag+ ions cannot be easily released from low-

solubility Ag2S (Choi et al., 2009; Suresh et al., 2011; Levard et al., 2012, 2013; Reinsch et al., 

2012). The chronic effects of sulfidized AgNPs on biota, however, requires more research focus 

(Li et al., 2019). Further, sulfidation reduces AgNPs migration due to an increase in their degree 

of self-aggregation. However, it is uncertain when sulfidation processes will begin and be 

complete (Fletcher et al., 2019). There are numerous factors affecting the stability of Ag2S in 

natural waters (He et al., 2013). One important observation with respect to this study is the anion 

exchange reaction between Cl- and Ag2S, which results in an increase in the dissolution rate and 

solubility of Ag2S, with a concomitant significant increase in Ag ion bioavailability (Navarro et 

al., 2014; Wang et al., 2016). The aggregates observed (Fig. 36) showed chemical heterogeneity, 

with entrained particles or areas enriched in Cl, Fe, Zn, and Mn. 
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5.5 Conclusions 

This paper, to our best knowledge, is the first study that focused on the application of bivalve 

mollusk shells for detection of ENPs. Periostracum of unionid bivalves Pyganodon sp., as a 

biomonitor of water pollution with AgNPs, is characterized by a double functionality: (i) AgNPs 

were directly be adhered to periostracum surface; and (ii) diatoms contaminated with AgNPs 

were captured by intact periostracum. Notably, Ag concentrations for some specimens were 

comparable between soft tissues and periostracum, an observation that requires more sample 

replication than possible in the current study. A potential major advantage of the periostracum 

versus soft tissue organs is that ENPs on the periostracum surface do not undergo the 

biotransformation processes that occur within organism of bivalves (Montes et al., 2012). 

Nevertheless, the role of the surface biofilm-bacteria and antifouling properties of periostracum 

in the adsorption and transformation of ENPs is unknown and should be addressed in future 

studies (Desmau et al., 2020). Our study shows that, five years after their introduction into L222, 

PVP-AgNPs were partly transformed to Ag2S-NPs. To accurately portray the potential fate of 

AgNPs in lake ecosystems in order to estimate their environmental risks, the chemical forms of 

AgNPs need to be determined in various ecosystem components such as bottom sediment, water, 

and biota. Fleecy or brush-like periostracum is known in unionid and dreissenid freshwater 

bivalves frequently occurs in different regions of the world. Their periostracum, therefore, is 

prospective biomonitor of any metal-based nanoparticles, either ENPs or accidentally released 

NPs, an important object in future studies. Scraping with scalpel a small fragment of 

periostracum for elemental analyses will not lead to the bivalve death, is easy to do under field 

conditions, and does not require a high level of training with specialized qualifications. Finally, 

the thin and fragile intact periostracum in bivalve shells (e.g., as we found in unionid) can be 
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easily destroyed due to natural abrasion or in a course of shell washing with the use of a brush. 

Therefore, to avoid great variability elemental data and presence of "unpredicted" elements, for 

example the Si levels observed in this study, preservation of periostracum of each shell requires 

examination with a low magnification binocular prior to high resolution chemical analysis.  
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Chapter 6. Alteration of shell nacre micromorphology in blue  

mussel Mytilus edulis after exposure to free-ionic silver and silver 

nanoparticles  

 

Foreword 

Faubel et al. (2008) demonstrated that the incubation of freshwater bivalve Anodonta cygnea (L.) 

with Cd2+ promoted an increasing precipitation rate of calcium carbonate that resulted in the 

formation of small crystals of calcite and aragonite on the top of the prismatic layer and on the 

edges of the rhombic nacre tablets with development of doughnut shape structures (DSS). In the 

present chapter, with the use of SEM, DSS were shown on the nacre surface in marine blue 

mussels Mytilus edulis L. obtained after short-term exposure (in laboratory conditions) to 

dissolved (ionic) silver and engineered nanoparticulate (AgNPs). Differences in DSS 

morphology between mussels exposed to Ag+ and AgNPs are discussed. 

 

 

 

 

 

______________________________________________________________________________ 

Chapter published as: 

Zuykov, M., Pelletier, E., Belzile, C., Demers, S. 2011. Alteration of shell nacre 

micromorphology in blue mussel Mytilus edulis after exposure to free-ionic silver and silver 

nanoparticles. Chemosphere 84, 701-706. 
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6.1 Abstract  

This study describes the morphology of inner shell surface (ISS) of the blue mussel Mytilus 

edulis Linnaeus after short-term exposures to radiolabelled silver in free-ionic (110mAg+) and 

engineered nanoparticulate (110mAgNPs, < 40 nm) phases. Radiolabelled silver in starting 

solutions was used in a similar low concentration (~ 15 Bq ml-1) for both treatments. After 

exposure experiments radiolabelled silver was leached from the ISS using HCl. The 

concentration for shells from both treatments was ~ 0.5 Bq ml-1. Whole ISS of young individuals 

and prismatic layer of adults showed no evidence of any major alteration process after silver 

uptake. However, the nacre portion of adult mussels exposed to both treatments revealed distinct 

doughnut shape structures (DSS) formed by calcium carbonate micrograins that covered the 

surface of aragonite tablets. Scanning electron microscope (SEM) imaging revealed the existence 

of only minor differences in DSS morphology between mussels exposed to Ag+ and AgNPs. 

From literature survey, DSS were also found in bivalves exposed to Cd2+. The DSS occurring in 

a specimen of a field-collected bivalve is also shown. Formation of distinctive DSS can be 

explained by a disturbance of the shell calcification mechanism. Although the occurrence of DSS 

is not exclusively associated with metal bioavailability to the mussels, the morphology of DSS 

seems to be linked to the speciation of the metal used in the uptake experiments.  

 

6.2 Introduction 

The shell of M. edulis consists of a thick calcified part overlaid by a thin outer organic 

periostracum. There are three main layers in the mineral part: the outer layer (finely structured 

prismatic calcite) and the inner layer (aragonite nacre) which are separated by the pallial 

myostracum (Taylor et al., 1969).   
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The nacre forms a thick inner layer of the shell, and it is present on approximately 90 % 

of the inner shell surface (ISS) (Fig. 37A). It consists of numerous thin lamellae (~ 1 μm thick) 

of tablet-shaped aragonite crystals, separated by interlamellar layers of an organic matrix. 

Laterally, each aragonite tablet is separated from the next one by an organic interlamellar 

membrane. An organic (intracrystalline) matrix is also present within each nacreous tablet. Nacre 

consists of about 95% brittle aragonite and a few percent of an organic biopolymer. The 

combination of the biopolymer and the aragonite produced a lamellar composite. The structure of 

nacre in cross-section is similar to a brick wall (Fig. 37B). The individual aragonite tablets 

consist of thousands of nanosized grains with an average grain size of about 32 nm (Rousseau et 

al., 2005; Li et al., 2006; Li and Huang, 2009). The shape of single nacre crystals and their 

organization into aggregated micro-architectures (i.e., terraces, spirals, labyrinths, and target 

patterns) are well documented (Wada, 1966; Moura et al., 2000-2001; Checa et al., 2006; Checa 

and Rodríguez-Navarro, 2001; Cartwright and Checa, 2007). The growing time for one fresh 

layer of nacre varies from 1 to 24 h (Caseiro, 1995; Lin and Meyers, 2005). 

The mechanism of nacreous tablets formation is sensitive to changes occurring in the 

microenvironment of extrapallial fluid (EPF) due to the invasion of organic and inorganic 

 

 

Fig. 37. M. edulis. The inner shell surface with studied zone in quadrate (A); SEM images of   

           nacreous layer in lateral view (B).  
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materials. For example, the injection of antibodies against matrix proteins into the central EPF of 

the pearl oyster Pinctada fucata (Gould) resulted in a thickening of aragonite tablets by  

“inconsistent nanograins” (Ma et al., 2007; Gong et al, 2008). Faubel et al. (2008) demonstrated 

that the incubation of freshwater bivalve Anodonta cygnea (Linnaeus) with Cd2+ promoted an 

increasing precipitation rate of calcium carbonate within the marginal and central EPF that 

resulted in the formation of small crystals of calcite and aragonite on the top of the prismatic 

layer and on the edges of the rhombic nacre tablets with development of doughnut shape 

structures (DSS). Calcite and aragonite crystals and even a second mineral, barite (BaSO4), can 

be formed in vivo on the ISS of marine and freshwater bivalves in relation to some specific 

environmental conditions (Fritz et al., 1990; Fritz et al., 1992; Checa et al., 2007).  

Metal speciation was identified as an important factor affecting their bioavailability to 

bivalves (Guo et al., 2002; Reeder et al., 2006). Zuykov et al. (2011) previously showed that 

different silver phases (Ag+ and nanoparticles AgNPs) in starting solutions had little influence on 

silver incorporation onto the surface of nacreous layer of M. edulis; silver in EPF was found in 

the same amount and was in a complexed form for mussels from both treatments. Here, we used 

scanning electron microscopy (SEM) in order to investigate the changes occurring in the ISS of 

shells obtained in our previous experiment (Zuykov et al., 2011) and shells of M. edulis collected 

after new exposures to Ag+ and AgNPs.   

 

6.3 Materials and methods 

Animals. In the present study, six juvenile (up to 20 mm) and fifteen adult (up to 60 mm) blue 

mussels (M. edulis) grown under laboratory conditions at the Institut des Sciences de la Mer de 

Rimouski (ISMER-UQAR, Quebec, Canada) were used. The ISS of juvenile mussels was 
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studied here in broken fragments, whereas nacre fragments (5 x 10 mm) of adult individuals 

were cut from the same location on all studied shells as shown on Fig. 37A. Only one valve from 

each adult individual was available for SEM examination whereas the surface of another valve 

was dissolved in HCl acidic solution for measurements of silver radioactivity as described in 

Zuykov et al. (2011).     

Ag+. Radioactive silver (110mAgNO3 from Polatom, Poland) was used as a radiotracer. Silver was 

selected because this metal is frequently occurring in bivalves collected from contaminated 

environments (Gagnon et al., 2006; Cosson et al., 2008) and also because the isotope 110Ag is 

easily detectable even in minor concentrations by gamma spectrometry.  

AgNPs . The silver nanoparticles (AgNPs) used for this study were produced using a protocol 

modified from Sardar et al. (2007) and adapted by our laboratory for radioactive silver (Al-Sid-

Cheikh et al., in press). Briefly, 200 mg of 110mAgNO3 were added to 4 mL of Milli-Q water, 

with added poly(allyl)amine (PAAm). The solution was refluxed for 1 h 30 min and then 

centrifuged for 1h to 25 000g to separate ionic and particulate silver. The solid silver was re-

suspended in pure water and centrifuged again. Finally, radiolabelled nanoparticles were 

dispersed in pure water and stored at 7 oC in the dark until further use. The size of NPs was 

monitored by UV-visible absorption spectroscopy. Based on transmission electron microscopy 

measurements the average particle size was < 40 nm in diameter (Fig. 38). 

Metal uptake experiments. Ten adult mussels (five mussels in each treatment) were exposed to 

Ag+ and AgNPs, respectively; three juvenile mussels were exposed only to AgNPs. The filtered 

seawater (0.22 μm) was spiked with 110mAg+ (mostly AgCl2-
4 in seawater) and 110mAgNPs in 

similar silver concentration (~ 0.7 μg/L). Based on using ultrafiltration method, it was concluded 

that silver found in seawater in experimental containers before and after uptake experiments with 
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Fig. 38. TEM image of silver nanoparticles (<40 µm) obtained by the optimized method of 

Sardar et al. (2007). Sample of seawater before experiment with M. edulis. Scale bar: 250 nm. 

 

both treatments did not tend to aggregation (Zuykov et al., 2011). Experimental Teflon 

containers with 500 ml of solution for all treatments were allowed to equilibrate for 15 h prior to 

the experiments. Mussels were placed into each container individually and left filtrating in the 

exposure medium for 3h 30 min. The experimental animals revealed normal physiological 

reactions due to the use of low silver concentration and a stable pH around 8 in seawater 

solutions. All juvenile and two adult mussels were immediately sacrificed, whereas 4, 2, and 2 

adult mussels were sacrificed after 72 h, 96 h, and 30 days of depuration in aquariums with clean 

non-labelled seawater, respectively. Shells were separated from mantle tissues, carefully washed 

with distilled water, dabbed with paper and dried at room temperature. 

Analytical methods. The radioactivity of 110mAg in whole shells and on the ISS was determined 

using a NaI (Tl) gamma spectrometer (Canberra) and spectral analysis software (MultiCalc). The 

ISS morphology was investigated using a JEOL JSM-6460 LV with an acceleration voltage of 20 

kV; all samples were coated with gold-palladium. An attempt to detect Ag on the internal and 
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external shell surfaces using the LA-ICP-MS (Agilent 7500c coupled with LA system UP-213, 

NWR) was unsuccessful because metal concentration was below the detection limit (< 1 µg g-1).  

 

6.4 Results and discussion 

Prismatic layer.  The prismatic layer in all studied mussels was uniform and similar to that 

shown in Fig. 39A. 

Nacre of shells from control group. Fig. 39B shows the typical (unaltered) morphology of the 

nacre in M. edulis. Nacre tablets show a general polygonal form, and isolated tablets are 

characterized by a regular hexagonal shape. In some sites, tablets may have puzzle-like outline 

that seems to be due to erosion of its lateral sides (Fig. 39C). Spirals or target-like patterns 

previously reported for nacre in some bivalves (Cartwright and Checa, 2007; Cartwright et al., 

2009) were not found.  

Nacre of shells from experimental group. The concentration of 110mAg leached from the nacre 

surface of adult mussels (from each treatment) after a 72-h depuration period was about 0.5 

Bq/ml, and about 25 Bq/g for whole shell (details are given in Zuykov et al., 2011). Following of 

the author’s data on 241Am (Zuykov et al., 2009) and Th (unpublished), it can be suggested that 

silver has no deep penetration into the ISS of M. edulis. Although silver showed a loss of its bulk 

activity in EPF during the depuration period, it remains well detectable after 72 h and 96 h. 

Therefore, Ag+ and AgNPs complexed with biomacromolecules can be considered among 

reasons promoting the formation of altered structures in nacre surface morphology, as described 

below. No evidences of alteration processes were found on the nacreous layer of the silver 

exposed young and adult mussels after 30 days of depuration, but distinctive fields with 

doughnut shape structures (DSS) were found among unaltered nacre of all six adult mussels 
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sacrificed after 72 h and 96 h of depuration period (Fig. 39D). In areas affected with DSS the 

nacreous tablets were covered with calcium carbonate micrograins. Transitional zones between 

DSS and unaltered nacre are shown in Figs. 39 E,F and Fig. 40A-D. Transitional zones give the 

opportunity to estimate the staging process of the DSS formation. On the initial stage, the nacre 

surface for mussels exposed to Ag+ exhibits tablets with slightly and fragmentarily etched 

surface; the central part of each tablet seems to be distinctively differentiated (Fig. 39E). Mussels 

exposed to AgNPs show tablets with a smooth etched surface (Fig. 40A). Subsequently, calcium 

carbonate micrograins should probably be rapidly precipitated (although deposition rate has not 

been determined) on perimeter of each tablet (Figs. 39 F,G, 40B), growing upwards at the 

following stage. On the final stage, the whole surface of nacre tablets is covered with calcium 

carbonate micrograins (Figs. 39H, 40E,F). DSS in mussels exposed to Ag+ are coarse (thereafter 

called type 1), whereas the surface is rounded and has a smooth touch in mussels exposed to 

AgNPs (type 2).  

Gong et al. (2008) used the term “inconsistent nanograins” (although illustrations show 

grains with a microscale size) for the rapidly formed carbonate particles that grew 

simultaneously and homogeneously on the whole surface of the nacre tablets and resulted in their 

thickening. In Gong et al. (2008), however, the tablet surface became rough, being similar in this 

character to DSS of mussels exposed here to Ag+. Notably, the similar coarse DSS were 

previously described for A. cygnea exposed to Cd2+ (Faubel et al., 2008).   

As suggested by literature data (Faubel et al., 2008; Gong et al., 2008), an increase of the 

rate of calcium carbonate precipitation should be responsible for the DSS formation. Following 

this assumption, DSS should be homogenously distributed on the whole nacre surface bathed 
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Fig. 39 SEM images of M. edulis prismatic (A) and nacreous (B-H) layers of adult individuals. 

Shells from control group (A-C) and after exposure to Ag+ (D-H). Two SEM fields of nacreous 

layer with altered structures (in oval) among unmodified nacre (D). Stages in formation of 

altered structures from transition zone of one shell fragment (E-H).    
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Fig. 40. SEM images of nacreous layer with altered structures in M. edulis shells obtained after 

an exposure to AgNPs (A-F) showing successive stages in formation of altered structures from 

transition zone of one shell fragment and altered structures in A. cygnea shells collected by J. 

Machado from the Mira Lagoon (near Aveiro), Portugal (G, H).   
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with the EPF. At the same time, the DSS (with well defined transition zones) are only locally 

occurring even in the small studied shell fragments of M. edulis, data on whole area of ISS 

covered with DSS are not available in the present study. A possible explanation of this selectivity 

might reside, for example, in the biochemical non-homogeneity of the nacre surface. A simple in 

vitro experiment with fragments of nacre placed in saturated solution with CaCO3 demonstrated 

that different amounts (or composition) of proteins are occurring at different sites within small 

shell fragments (Aizenberg et al., 1994). Therefore, it seems likely that the formation (i.e. 

distribution) of DSS on the ISS can be controlled by local protein availability.  Besides this 

point, the growing of calcium carbonate micrograins on top of the nacre tablet should be a signal 

that the interlamellar membranes do not perform their usual function of regulating the thickness 

of nacre tablets (Bevelander and Nakahara, 1969). 

Altered structures on nacreous layer of field-collected bivalves.  DSS were found in specimens 

of the freshwater clam Anadonta cygnea, the marine pen-shell Atrina pectinata (Linnaeus) and 

the pearl oyster Pinctada martensii (Dunker) collected from non-contaminated sites of Portugal 

and the coast of Japan (personal communications of Drs. Antonio Checa, Univ. of Granada, 

Spain, and Jorge Machado, Univ. of Porto, Portugal). As shown on Figs. 40G,H the morphology 

of DSS from A. cygnea is comparable to that exhibited by M. edulis exposed to AgNPs.    

 

6.5 Conclusion 

Distinctive doughnut shaped structures (DSS) on the nacreous surface were found in the central 

part of shells of adult blue mussels after short-term exposures to Ag+ (DSS of type 1) and AgNPs 

(DSS of type 2). They represent a particular deposition process of calcium carbonate micrograins 

on the surface of nacreous tablets occurring in small spots among apparently unmodified nacre 
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plates. Type 1 has a minor, but clearly visible difference from type 2 in having a coarse 

morphology. By observing transition zones between DSS and surrounding nacre the following 

scenario can be proposed: calcium carbonate micrograins grew first at the tablet perimeter or 

contour, then they began to grow upwards, and, finally they can occupy the whole tablet surfaces 

resulting in their thickening. DSS were formed due to a disturbance of the shell calcification 

mechanism, and it is not exclusively associated to metal availability and apparently not 

controlled by metal speciation. Finally, it can be proposed that the changes in calcification 

mechanism appear quickly after the beginning of the animal exposure in contaminated media, 

and continue during the presence of foreign agent in EPF. 
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Chapter 7. Does photosynthesis provoke formation of shell   

deformity in wild mytilid mussels infested with green microalgae 

Coccomyxa? - a conceptual model and research agenda 
 

Foreword 

This chapter is the first of a series discussing influence of pathogenic unicellular photosynthetic 

microalgae Coccomyxa sp. on shell biomineralization in wild mytilid mussels Mytilus spp. Here, 

the model of the formation of shell deformity in Coccomyxa-infested mussels, that is comparable 

with light-enhanced calcification mechanism well known in tropical Tridacna bivalves, is 

proposed. This concept will further be elaborated and validated in individual chapters and 

appendices.   

 

There are Appendices B and C to this Chapter where an observation of L-shaped shell 

deformity on the posterior shell edge has been applied for reliable and rapid monitoring of 

Coccomyxa-infected mussels on large spatial areas. This field-friendly technique does not 

require the collection and transportation of a great number of animals. Spatial distribution of 

this pathogen was studied in blue mussels population inhabitant in the Estuary and the Gulf of 

St.Lawrence (App. B) and in the Gulf of Maine (App. C). 

 

 

 

______________________________________________________________________________ 

Chapter published as: 

Zuykov, M., Anderson, J., Pelletier, E. 2018. Does photosynthesis provoke formation of shell 

deformity in Coccomyxa-infested wild mytilid mussels Mytilus spp.? - a conceptual model and 

research agenda. J Exp Mar Biol Ecol 505, 9-11 
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7.1 Abstract  

This report proposes a conceptual model for the formation of L-shaped shell deformity in wild 

mytilid mussels Mytilus spp. highly infested by unicellular photosynthetic microalgae 

Coccomyxa sp. where a key role plays the influence of the alga’s photosynthesis on the 

parameters of carbonate system at the site of calcification. A number of research questions are 

posed, to be investigated through a combination of experimental methods. 

 

7.2 Introduction 

General shell morphology is a very stable character that rarely shows dramatic deviations in 

bivalves. Therefore, each case of shell deformity, as, for example, the heart-like shells of the 

wild mytilid mussels Mytilus spp. highly infested with unicellular photosynthetic Coccomyxa-

like algae (Fig. 41A), requires careful study. Latter deformity, named by Zuykov et al. (2014) as 

L-shaped shell deformity (LSSD), is known exclusively among Coccomyxa-infested wild mytilid 

mussels Mytilus spp. which are from different regions of the World Ocean (Table 7). To date 

only Mortensen et al. (2005, p. 31) have described the formation of LSSD as follows: ”Infections 

along the mantle edge correspond to mantle contractions and deformations which, over time, led 

to serve shell deformations resulting from several years of shell deposition with no positive 

growth in length posteriorly [Figs. therein].“ Despite previous reports of various deformations of 

the mantle edge in Coccomyxa-infested mussels (for refs. see Sokolnikova et al., 2016), no 

solutions were proposed to explain how affected mantle cells would influence shell 

biomineralization. In this context, Zuykov et al. (2014) concluded that the core of LSSD in 

mussels from the Lower St. Lawrence Estuary (Québec, Canada) is built with extra shell material 

(ESM)(Fig. 41B). In the latter paper it is also shown that the concentration of Coccomyxa algal 
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cells in hemolymph and extrapallial fluid is actually equal to and reaching 2x108 mL-1; the 

degree of LSSD (Fig. 41A) increases with the increasing concentration of algal cells in these 

biological liquids. Here we suggest that ESM was deposited due to the acceleration of 

calcification, induced by the photosynthesis of millions of Coccomyxa algal cells located in the 

mantle of the mussel and its biological liquids. How does it work? Because Coccomyxa-like 

algae have no known ability to produce CaCO3 or to perforate the shell (that would induce a 

rapid deposition of CaCO3 through shell repair mechanism), therefore, algae seem to be able to  

 

 

Figure 41. Wild mytilid mussels Mytilus spp. from the Lower St. Lawrence Estuary (Québec, 

Canada) highly infested with green microalgae Coccomyxa sp. (KJ372210) (a), mussels with 

variously developed L-shaped shell deformity (lateral view); a/ - mussel with different degree of 

shell deformity between valves, (b), plastic tablets with polished sections of the posterior shell 

edge of the six different mussels with variously developed shell deformity; b/ - non-deformed; 

ISS, ESS – internal and external shell surface, (c), algal colonies on the surface of soft tissues 

and pearls, (d), mussel’s mantle with large pearls. Scale bars 5 mm.  
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accelerate the calcification process at the mantle edge of the mussel along a biochemical 

pathway. Some aspects need to be taken into account before further discussion: (1) bivalve 

mollusks are capable to regulate pH at the site of calcification (RC)(see refs Zhao et al., 2018), 

(2) elevated CO2-levels (e.g., ocean acidification, OA) may influence the net calcification (Ries 

et al., 2009) and the rate of shell growth (Zhao et al., 2017a, 2018) in some bivalves; preliminary 

unpublished observations suggest that these types of shell transformation seem to arise 

independently rather than represent a joint action in one organism (pers. comm. Dr. Liqiang 

Zhao, 2018), (3) various taxa of bivalves are characterized by different ability to RC (Ries et al., 

2009, Zhao et al., 2017a), (4) blue mussels, Mytilus edulis L. being exposed to elevated CO2, 

show a very tight control on RC – acidification does not affect the net calcification (Ries et al., 

2009), (5) metabolic CO2 facilitating shell formation (Zhao et al., 2018). All mentioned above 

represent a great importance for present paper because it becomes clear that influence of 

Coccomyxa algae on calcification in infested bivalves, as will be demonstrated below, is too 

powerful that seems to lead to the blocking of RC in infested mussels, including M. edulis.   

As we theorize, once Coccomyxa alga enter mussel’s organism it acquires the inorganic 

carbon (Ci) for photosynthesis from respired CO2 derived from the mussel’s biological liquids, 

influences physiologically relevant closely interlinked parameters of the carbonate system (CO2, 

HCO3
-, CO3

2- and H+) in calcification site. The putative evidence in support of our hypothesis is 

that in the giant clam Tridacna gigas (L.) - zooxanthellae algae symbiosis, as reported by Leggat 

et al. (2000), algae presumably causes the depletion of Ci in the clam’s hemolymph due to the 

consumption of CO2 (rather than bicarbonate), as well as the pH in hemolymph was increasing 

during the day and decreasing at night following algal photosynthetic activity. In this context, 

many authors, as summarized by Ries (2011, p.4054), have suggested that different calcifying 
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marine organisms are facilitating: "precipitation of their skeletal or shell CaCO3 by elevating pH 

at their site of calcification." Besides, Zhao et al. (2017b) showed that marine bivalve Ruditapes 

philippinarum Adams and Reeve in a course of rapid acclimation to OA (data of laboratory 

experiments) is able to actively alkalinize the extrapallial fluid to compensate for the adverse 

effects of acidification on shell formation. Moreover, a large number of pearls (Fig. 41C, D) was 

reported in the mantle lobes of Coccomyxa-infested mussels from two sites (Table 1). Mantle 

epithelial cells are directly responsible for both shell growth and pearl formation (Barik et al., 

2004). If pearl formation represents an extension of the normal process of shell 

biomineralization, therefore, appearance of pearls in Coccomyxa-infested mussels is to be 

expected (this aspect will be highlighted in a separate paper).  

The deposition of the ESM allowed us to propose a conceptual model for the formation of 

LSSD (Fig. 42). At the initial stage of infestation by Coccomyxa the shell edge lacks ESM; as 

soon as the concentration of algal cells in hemolymph/extrapallial fluid reaches a high level, 

bivalve’ microenvironment starts to loose metabolic CO2 in significant amount; it will results on 

change of acid-base regulation at the calcification site, where, in its turn, an initial portion of 

ESM becomes deposited on shell-growing edge. Subsequently, ESM creates an obstacle in the 

front of the mantle edge. The growing mantle edge, therefore, exploits the space available and it 

 

 

Figure 42. A proposed model showing development of L-shaped shell deformity (cross section 

through posterior shell edge of one valve).  



159 
 

 
 

tends to move upward to form LSSD. If the rate of ESM deposition is the same in each valve it 

will result in the formation of a heart-shaped profile for the mussel’s shell; but, sometimes it is 

not equal between valves (Fig. 41A-a/). Why ESM is only observed on the posterior shell edge 

rather than in central shell part that grows (thickens) during the mussel's life? It seems to be 

associated with the highest amount of algal cells on (inside) the posterior mantle edge (with 

maximal exposure to sunlight); different parts of bivalve’s mantle (i.e., center, pallial, and edge) 

are characterized by slightly different protein composition and level of carbonic anhydrase (CA) 

activities (Miyamoto et al., 1996, Miyamoto et al., 2005, Liu et al., 2012). CA is fundamental for 

both photosynthesis in Coccomyxa alga (Hiltonen et al., 1995) and calcification in blue mussels 

(Medaković, 2000), and is known to be crucial for rapid shell growth and regeneration in 

different molluscs (Marchall and Day, 2001, Yang, 2016). It is interesting to note that, CA 

(recombinant α-type CA) significantly promotes the formation of solid CaCO3 in biomimetic 

experiments (Kim et al., 2012).  

Finally, microalgae referred to the genus Coccomyxa Schmidle occur in soil and can be 

associated with mosses, lichen, higher plants, and marine bivalves; they can be planktonic in 

freshwater ecosystems (for refs. see Darienko et al., 2015). What advantages have these algae 

gained by living in mussels? It seems that answer to this question can be found in papers dealing 

with characterization of lichen – Coccomyxa symbiosis (for refs. see Hiltonen et al., 1995). A 

lichen thallus is considered to be a transparent box with internal medium that supports 

photosynthesis of green algae. To the question why such an association, Hill (1994, p. 96) 

suggested: “This is a more taxing question, the answer, in evolutionary terms, may be that the 

photobiont has become adapted to a relatively stable habitat within a lichen which is unavailable 

to 'freeliving' algae and in which it can survive.” Using the lichen analogue, we can suggest here 
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that mussel’s shell also provides a physical protection for marine Coccomyxa algae, as well as, 

mussel’s soft tissues, hemolymph and extrapallial liquid are rich of metabolic CO2 required for 

photosynthesis. However, mussel’s shell has a low light transparency. As a result, the highest 

density of algal cells colonies in/on mantle is observed near posterior shell edge that is often 

open to sunlight. Following this logic, many bivalves could be expected to be among hosts of 

these algal cells, however, we found information only about eight infested taxa (Table 7).  

In conclusion, we provide new evidence of interactions between photosynthesis and 

calcification in aquatic organisms; we also show that the marine Coccomyxa algae have clear 

advantages for the rapid colonization of wild mytilid mussels. Further research is suggested (1) 

to determine the relative contribution (proportion) of dissolved inorganic carbon of seawater and 

metabolic carbon to shell and pearl carbonate of Coccomyxa-infested mussels, (2) to define of 

what algal concentration in biological liquids is sufficient for initiation of ESM deposition, and 

(3) to establish correlation (if any) between degree LSSD and thickness of ESM. Latter requires 

development of special methodology, because concentration of Coccomyxa algal cells seems to 

be varying in each infested animal during a season, year, etc. Moreover, Coccomyxa-like algae 

that infest mussels are supposed to be characterized by a highly efficient CO2 capture system that 

has never been studied before; attention should be paid to characterization of CA in algae, mantle 

and biological liquids of infested mussels. 
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Table 7. Bivalves which are hosts of Coccomyxa-like microalgae with data on L-shaped shell     

              deformity (LSSD) and presence of a high amount of pearls (PL) in mantle. 
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Chapter 8. New insight into light-enhanced calcification in mytilid  

mussels, Mytilus sp., infected with photosynthetic algae     

Coccomyxa sp.: δ13C value and metabolic carbon record in shells 
 

Foreword 

In the previous chapter of this dissertation, the model of the formation of shell deformity in 

Coccomyxa-infected mussels has been proposed in terms of light-enhanced calcification 

mechanism that is known in tropical Tridacna bivalves. Therefore, metabolism of Coccomyxa 

algae may affect the δ13C content in shells and metabolic carbon (CM) contribution to shells. In 

this Chapter, data collected from shells, mantles and adductor muscles of control and 

Coccomyxa-infected mussels are compared using ratio mass spectrometry. 

 

There is Appendix D to this Chapter where data on the thickness of prismatic and nacreous 

layers (3 points per shell), the number of bioeroded shells, bioerosion degree, and the number 

of badly eroded shells, in uninfected and Coccomyxa-infected Mytilus spp. are reported. 

Moreover, a three-way symbiosis (Coccomyxa sp. – Mytilus spp. – endolithic cyanobacteria) 

has been proposed. Mussel shell plays a key role in this symbiosis. I proposed that shell 

degradation caused by endoliths can be considered among reasons responsible for the death of 

Coccomyxa-infected mussels at the studied sites. 

 

 

______________________________________________________________________________ 

 

Chapter published as: 

Zhao, L., Zuykov, M., Tanaka, K., Shirai, K., Anderson, J., McKindsey, C.W., Deng,Y., Spiers,G., 

Schindler, M., 2019. New insight into light-enhanced calcification in mytilid mussels, Mytilus 

sp., infected with photosynthetic algae Coccomyxa sp.: δ13C value and metabolic carbon record 

in shells. J Exp Mar Biol Ecol 520, https://doi.org/10.1016/j.jembe.2019.151211 
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8.1 Abstract  

The posterior shell edge (PSE) of wild mytilid mussels that are highly infected with unicellular 

photosynthetic green algae Coccomyxa sp. exhibits an extra shell material (ESM). A recently 

proposed mechanism of ESM formation shows similarity with light-enhanced calcification 

(LEC), i.e., algae photosynthesis mediates low respiratory CO2 level in shell calcification site 

(PSE) to promote ESM precipitation. The present study evaluates if infection with algae may 

affect the δ13C content and metabolic carbon (CM) contribution to shells (PSE) in mussels from 

the Lower St. Lawrence Estuary, Québec, Canada. Environmental conditions may influence shell 

δ13C records. To underline possible algae photosynthesis effects, mantle, adductor muscle and 

shell δ13C are analyzed in infected and non-infected mussels collected from two sites with 

different salinities, seawater dissolved inorganic carbon (DIC) content, and hydrodynamic 

regimes. Shell δ13C and tissue δ13C correlate with seawater DIC and salinity. Shell δ13C values 

are lowest in non-infected mussels, whereas tissues δ13C values show the opposite relationship; 

in both cases, differences between δ13C values in non-infected and infected mussels are about 

0.5‰. The percentage of CM incorporated into shell is higher (ca. 18%) for non-infected mussels 

than infected mussels (ca. 15%). Literature on the subject suggests that increased δ13C content 

and decreased %CM in shells of infected mussels must be related to algal photosynthetic activity. 

Our findings show that shell δ13C records permit the interpretation of ESM formation via LEC.  

 

8.2 Introduction 

The processes of photosynthesis and calcification display a number of interactions that are the 

subject of intensive studies, particularly with respect to alga-invertebrate associations as some 

organisms convert CO2 into exoskeleton (CaCO3). To date, valuable information has been 
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obtained from the study of the symbiosis between dinoflagellate algae of the genus 

Symbiodinium (“zooxanthella”) and reef-building corals. This is an example of a “light enhanced 

calcification” (LEC) process; its key feature being that the dinoflagellate lowers ambient CO2 

levels (McConnaughey, 2012). Cohen et al (2016, p. 1, abstract) pointed out that “The main 

mechanism proposed for LEC is that photosynthetic CO2 uptake by the algal symbionts elevates 

the pH and thus enhances calcification.” Reports on the photosynthesis-calcification relationship 

in alga-bivalve association, i.e., symbiosis of zooxanthellae and giant clams (family 

Tridacnidae), remain controversial.  

 For decades, one point of view (e.g., Romanek and Grossman, 1989, p.412) is that: 

“zooxanthellae in Tridacna do not impart an identifiable photosymbiont effect on isotopic 

composition”. Recently, Yamanashi et al. (2016, p.15) made a similar conclusion: ”the 

calcification site of T. derasa is unlikely to be affected by CO2 uptake or influx caused by 

photosynthesis or respiration, respectively.”  

 In contrast, Warter et al. (2018) have reported that: “Our findings support a very strong 

light-dependence on Tridacna crocea growth rates”, and they “hypothesized that Tridacna 

physiology and biochemistry is controlled by a circadian rhythm, which is initiated by the 

external factor light, but endogenously mediated by the giant clam and/or its photosynthetic 

symbionts.” This is in agreement with data of mantle’ molecular characterization in T. squamosa 

Lmk., which supports light-enhanced shell formation (Cao-Pham et al., 2019; Chew et al., 2019). 

Leggat et al. (2000) concluded that zooxanthellae in T. gigas L. use respiratory CO2 (generated 

by the bivalve) as the primary source of their inorganic carbon rather than bicarbonate. Rees et 

al. (1993) noted that zooxanthellae photosynthetic CO2 fixation can completely consume the 
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total dissolved inorganic carbon (DIC) in T. gigas hemolymph in < 13 min unless it is replaced 

by newly delivered inorganic carbon from seawater and/or clam metabolism.  

 Mytilid mussels occur worldwide. The posterior (growing) shell edge (PSE) is thin and 

flat (Fig. 43A, B-a/, С-b/) and formed of calcite prisms (prismatic layer) (Fig. 43B-a/). Wild 

mytilid mussels highly infected with unicellular photosynthetic algae Coccomyxa sp., have been 

reported from several sites around the World (Zuykov et al., 2018a). Their PSE exhibits extra 

shell material (ESM) (Fig. 43B-a//,///, C-b//) consisting of several (depends on thickness) extra 

prismatic layers (Zuykov et al., 2014). This ESM precipitation leads to an L-shaped shell 

deformity (LSSD) development that is unknown in non-infected mussels (Fig. 43B-D). The only 

proposed (theoretically) mechanism of ESM formation (Zuykov et al., 2018a), shows a similarity 

with LEC. Evidence for LEC in Coccomyxa-infected (hereafter “infected”) mussels may be 

documented in various ways, e.g., through analysis of pH, CO2 and carbonic anhydrase activity 

in soft tissues, hemolymph/extrapallial fluid, and by examining shell day- and night-specific 

calcification rates. Two key aspects, however, need to be taken into account. First, data from 

controlled laboratory experiments suggest that the percent of metabolic carbon (%CM) in bivalve 

shells shows plasticity in response to changing environmental conditions (multifactorial 

influence). In particular, it may depend on seawater DIC and pH, atmospheric pCO2, 

temperature, etc. (Gillikin et al., 2007; McConnaughey and Gillikin, 2008; Lu et al., 2018; Zhao 

et al., 2018). It supposes, therefore, that algal effects on shell δ13C signatures may be 

reconstructed if the contribution of environmental factors could be accounted for. Nevertheless, 

as recently reviewed by Zuykov and Schindler (2019), direct, indirect and/or cumulative 

influences of environmental and physiological (biological) factors affect the incorporation of 

elements into the shell matrix. As shown in previous studies (e.g., papers cited here), similar 
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Figure 43. Studied shells of wild mytilid mussels, Mytilus sp., from the Lower St. Lawrence 

Estuary, Québec, Canada. Non-infected: A, B-a/, C-b/; infected with algae Coccomyxa sp. 

(KJ372210): B-a//, ///, C-b//, D (parameter “d”), E (green spots – algal colonies). Rectangles – 

zones where shell fragments were cut for δ13C analysis. Specimens figured: A, C-b/: NHMW-

MO-113106-1; C-b//, D: NHMW-MO-113106-2. Scale bar 5 mm. 

 

situation also occurs for the incorporation of isotopes into mollusc shells. This point of view well 

illustrated by McConnaughey and Gillikin (2008, p. 296) who concluded: “The proper 

interpretation of shell δ13C records depends on context. In some situations, shell δ13C may 

provide a fairly straightforward recorder of salinity. In others, shell δ13C may respond to 

variables such as the environmental CO2/O2 ratio, DIC content, or the animals' physiology.” 

Therefore, although evaluating the influence of multiple environmental and biological (e.g., 

infestation with photosynthetic algae) factors on tissue and shell δ13C values and shell δ13C 

signatures by comparing values on the same/various species collected from one/various sites and 

values obtained laboratory may be attractive, it is currently not possible to do so using current 

approaches. Second, algal cells are deeply integrated into infected mussels, i.e. they are on the 

surface and inside of mantle tissues and in extrapallial fluid and hemolymph (Zuykov et al., 

2014; Sokolnikova et al., 2016). Given that it is impossible to separate tissues and algal cells 
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(Fig. 43E), data on tissues of infected mussels always represent a mixture of δ13C values for 

mantle and algae.  

 Like other bivalves, mytilid mussels build their shells using external dissolved inorganic 

carbon (DIC) from the ambient water and internal respired CO2, which forms an internal DIC 

pool. Thus, photosynthesis of thousands or millions Coccomyxa algal cells (Zuykov et al., 2014) 

may impact internal DIC pool. Such “metabolic” effects may change shell δ13C value and the 

%CM incorporated into the shell (McConnaughey et al., 1997; McConnaughey and Gillikin, 

2008). With that said, it seems that the simplest way to validate the biological or vital effects of 

photosynthesis on metabolism/shell calcification physiology in infected wild mytilid mussels, 

Mytilus sp., from the Lower St. Lawrence Estuary, Québec, Canada (LSLE), is to examine shell 

δ13C signatures in ESM and PSE of non-infected mussels of the same age collected together. In 

order to “isolate” the influence of environmental conditions, our focus is on the comparative 

study of samples which came from two sites with different pH, salinity, inorganic carbon 

contained in seawater (CDIC), and hydrodynamic regimes. Shells figured in present paper are 

deposited in the Natural History Museum of Vienna, Austria with collection number NHMW-

MO-113106. 

 

8.3 Materials and methods 

Sampling site. Fieldwork was done in the LSLE in August 2018. Two sampling sites (Fig. 44A), 

Longue-Rive, LR (48°34′19′′N, 69°11′36′′W) and Métis-sur-Mer, MsM (48°40′46′′N, 68°2′2′′W), 

were selected due to an abundance of Coccomyxa-infected mussels and they differed with respect 

to local environmental conditions. The last criterion is usually taken into account in the estimation 

of water parameters in the St. Lawrence Estuary (i.e., our sampling sites are situated at different 
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distances from the intrusion of waters from the Upper St. Lawrence Estuary and the Saguenay 

Fjord – a very dynamic region in terms of freshwater inputs to LSLE and tidal mixing; Barber et 

al., 2017; Mucci et al., 2018). Parameters of the environment were not measured at the time of 

sampling (except seawater DIC). Average salinity was 25 PSU and 28 PSU for the LR site and 

MsM site, respectively, and the average pH of surface waters varied between 7.8 and 8 in both 

sampling sites in May 2017 (Dr. Yves Gélinas, Concordia University, Canada, personal 

communications). Hydrodynamic regimes also differ between sampling sites, i.e., LR/MsM are 

open/closed to storm wave action respectively (Fig. 44B, C), that resulted in the colection of more 

sandy sediments at LR and more muddy sediments at MsM. Live mussels and water aliquots were 

collected at low tide (water depth reached about 20 cm) at a distance of 300 m (LR site) and 60 m 

(MsM site) from the shore.  

Seawater. Water samples were collected in sterile syringes (60 ml) through a filter syringe unit 

0.22 μm. Water aliquot were taken, avoiding air bubbles, by filling 5 ml cryogenic vials and adding 

0.1 µl of supersaturated HgCl2 (7.4g per 100 ml). Cryogenic vials were capped tightly and wrapped 

with Parafilm to avoid evaporation and stored at room temperature.     

Mussels. A total of 20 adult (shell length 50-65 mm) mytilid mussels, Mytilus sp., were collected 

from a small area (about 2 m2) at each sampling site where all animals were covered by water even 

at low tide. At each site, ten specimens were subdivided into two groups (by five): “with LSSD” 

and “without”. The presence of LSSD was used to distinguish animals infected with Coccomyxa 

algae. All infected mussels are characterized by a high degree of infection based upon shell 

parameter “D” > 7 mm (Fig. 43D) and a high density of green spots (algal colonies) on the 

inner/outer mantle surface (Zuykov et al., 2014) (Fig. 43E). Live mussels were placed into one of 

four Ziploc bags in accordance with sampling site and infection status, and transported in a Cool  
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Figure 44. Sampling area. A: map with sampling sites. B,C, sampling sites at low tide (sampling 

time): B - Longue-Rive (LR), open to storm wave action; C - Métis-sur-Mer (MsM), protected 

from storm wave action (small bay).  

 

box on ice to the Institut des sciences de la mer de Rimouski, Rimouski, Québec, Canada, where 

the whole mantle and adductor muscle were separated from each animal and preserved as 

individual samples. The samples were stored frozen (–20 °C) for 24h and then freeze-dried for 

48h. Sample homogenization with a mortar and pestle was performed at the University of Tokyo 

(Japan) where only fragments without green spots (for infected mussels) were taken for further 

analytical purposes. Shells were thoroughly cleaned by soft brush and air-dried. Only right valves 

from each shell were then shipped to the University of Tokyo, where they were soaked in full-

strength household chlorine bleach (5% sodium hypochlorite) overnight to remove the 

periostracum and then washed with Milli-Q water three times and air-dried.  

Isotope analysis. Approximately 2 mg of homogenized tissue (mantle or adductor muscle) 

powders were weighted into tin capsules, which were tightly folded and subsequently measured 
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with an isotope ratio mass spectrometer (IRMS; IsoPrime100, IsoPrime, UK) coupled with an 

elemental analyzer (vario MICRO cube, Elementar, Germany), housed at the Atmosphere and 

Ocean Research Institute at the University of Tokyo, Japan. Stable carbon isotopic ratios (δ13C) 

were reported relative to the Vienna Pee Dee Belemnite (VPDB) scale and expressed in the 

conventional delta (δ) notation in per mil (‰). δ13C values were calibrated against a commercial 

standard (L-alanine (SS13), Shoko Scientific; δ13C = –19.6 ± 0.2 ‰). The NIST SRM 2976 

(National Institute of Standards and Technology, USA) was used to monitor instrumental 

condition throughout the analysis. The reproducibility was better than 0.28 ‰ for δ13C (1 σ). 

 A small shell fragment composed of calcite was cut from the PSE from each valve with a 

diamond saw as shown on Fig. 1B and carefully milled. Carbonate powder samples (100 µg) 

were loaded into glass vials, which were flushed with helium and reacted with 100% phosphoric 

acid at 72 °C for 1 h. Liberated CO2 gas was then analyzed with a continuous flow-isotope ratio 

mass spectrometer (CF-IRMS; DELTA V Plus, Thermo Fisher Scientific, Germany) coupled 

with an automated carbonate reaction device (GasBench II, Thermo Fisher Scientific, Germany) 

housed at the same institute. Carbon isotopic data were calibrated against NBS-19 (δ13C =1.95 

‰) and reported in the δ notation as per mil (‰) deviations from the VPDB. Based on repeated 

measurements of an in-house standard, reproducibility for δ13C was better than 0.23 ‰ (1 σ).  

 Seawater samples for DIC δ13C measurements were acidified with 200 µL of 

concentrated orthophosphoric acid in the helium flushed vial overnight and analyzed using the 

CF-IRMS. Reproducibility for δ13C was better than 0.2 ‰ (1 σ) based on repeated measurements 

of reference materials (JCp-1 and JCt-1). 

Data analysis. Estimations of the percentage of metabolic carbon incorporated into shells (%CM) 

was made using the following equation (McConnaughey et al., 1997): 
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%𝐶𝑀 =
𝛿13𝐶𝑠ℎ𝑒𝑙𝑙 − 휀𝑐𝑎𝑙−𝑏 − 𝛿13𝐶𝐷𝐼𝐶

𝛿13𝐶𝑀 − 𝛿13𝐶𝐷𝐼𝐶
× 100 

where δ13Cshell, δ13CDIC and δ13CM represent the δ13C of shell carbonate, seawater DIC, and 

metabolic carbon, respectively, and εcal-b represents the enrichment factor between calcite and 

bicarbonate (1‰ calculated by Romanek et al., 1992). In the present study, δ13C ratios of mussel 

mantle (non-infected and infected, depending on the sample set) were employed to approximate 

δ13CM (McConnaughey et al., 1997). 

 All data were statistically analyzed using IBM SPSS Statistics software 19.0. Assumptions 

of normality (i.e., normal distribution) and homoscedasticity (i.e., equal variance among groups) 

were tested using the Shapiro-Wilk’s test and Levene’s F-test, respectively. Two-way analysis of 

variance (two-way ANOVA) was conducted to investigate the combined effects of sampling site 

and infestation on shell δ13C values. Student’s t-test was used to assess differences in seawater 

δ13C DIC. Statistical significance was set at p < 0.05. 

 

8.4 Results 

The δ13C ratio of seawater DIC was 2.14 ‰ at MsM and 1.67 ‰ at LR. No statistically significant 

difference between sites was detected by Student’s t-test (p > 0.05). 

Soft tissues (mantles and muscles) of both non-infected and infected mussels showed a trend 

to greater δ13C content at MsM than at LR (Fig. 45). Muscles show larger δ13C values than do 

mantles at both sites. Soft tissues of infected mussels, i.e., tissues + algae, always exhibit lower 

δ13C values (about 0.5‰) that non-infected ones. There is a relationship between shell δ13C values 

and seawater DIC and salinity for shells of non-infected and infected mussels (Fig. 46). Shell δ13C 

values are higher at MsM than at LR (p < 0.05) and are higher (about 0.5‰) in infected mussels 

than in non-infected ones (p < 0.05) (Fig. 47A). Sampling site has a minor effect on %CM, as the  
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Figure 45. Box plots showing δ13C values of mantle (A) and adductor muscle (B) measured in non-

infected and Coccomyxa-infected mussels collected at the Longue-Rive (LR) and Métis-sur-Mer 

(MsM).  

 

 

proportion of CM incorporated into shell is always higher (around 18%) for non-infected mussels 

than infected mussels (around 15%) (Fig. 47B). 

 

8.5 Discussions 

Two hypotheses for LSSD formation in Coccomyxa-infected mussels have been proposed to 

date, physical mantle damage (Mortensen et al., 2005) and change in acid-base balance in the 

calcification site due to the photosynthesis of algae (Zuykov et al., 2018a). As Mortensen et al. 

(2005, p. 31) point out: “Infections along the mantle edge correspond to mantle contractions and 

deformations which, over time, led to serve shell deformations resulting from several years of 

shell deposition with no positive growth in length posteriorly [Figs. therein]”. However, it seems 

that a physical mantle deformation, alone, cannot affect shells δ13C content and %CM as it is 

clearly visible when comparing non-infected and infected mussels that have been collected 

together. 
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Figure 46. Box plot showing the relationship between seawater DIC and salinity, δ13C values 

measured in shells, mantles and adductor muscles of non-infected and Coccomyxa-infected 

mussels collected at the Longue-Rive (LR) and Métis-sur-Mer (MsM).  

  

 

Figure 47. Box plot showing δ13C values of shell (A) and circular diagrams showing the percentage 

of metabolic carbon (B) incorporated into Mytilus sp. shells in non-infected and Coccomyxa-

infected mussels collected at the Longue-Rive (LR) and Métis-sur-Mer (MsM).  

 

 Interestingly, regardless of infection and sampling site, shell δ13C in our mussels is 

around 2‰ depleted in δ13C relative to seawater. A similar trend was found for T. derasa 

(Röding) from Ishigaki-jima, southwestern Japan (Yamanashi et al., 2016). Likewise, Gillikin et 
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al. (2006) found similar depletions for non-infected M. edulis from the Scheldt estuary (The 

Netherlands – Belgium). Others (e.g., McConnaughey et al., 1997; McConnaughey and Gillikin, 

2008) suggested that the causative factor for this phenomenon could be environmental DIC level. 

 To date (Zuykov et al., 2018b), M. edulis, M. trossulus Gould and their hybrid, co-occur 

in the LSLE and are known to be infected with the only one taxon, Coccomyxa sp. (KJ372210). 

Because identification of mytilid mussels is only possible via molecular analysis, which was not 

done in the present study, potential species-specific metabolic carbon incorporation (as 

mentioned by Gillikin, 2005) was not considered. 

 We propose that algal photosynthesis in infected mussels increases shell δ13C (Fig. 47A). 

This is supported by McConnaughey et al. (1997, p. 619) who concluded that “Skeletal 

incorporation of respired CO2 typically reduces shell δ13C by < 2‰ in aquatic invertebrates.” 

This is because the amount of respired CO2 in calcification fluids was higher in non-infected 

than infected mussels because algae consumed a portion of the CO2 . Contrarily, tissues δ13C 

values are higher in non-infected than infected mussels.  

 Data on δ13C signatures in shells (PSE) of mussels collected from the LSLE confirm that 

the CDIC is predominately incorporated into shells (Fig. 47B); the %CM in shells of non-infected 

mussels is around 18%, which is slightly more than the “10% or less” that has been reported as 

“typical” by Gillikin et al. (2006) for estuarine M. edulis, or by McConnaughey et al. (1997) for 

aquatic marine invertebrates in general. Under harsh conditions such as low tide aerial exposure, 

elevated pCO2 and temperature, the amount of CM incorporated into mussel shell carbonate 

increases rapidly (e.g., up to 40 % in M. edulis; Lu et al., 2018) due to the retention of 

metabolically generated CO2 and the accumulation of acidic metabolic wastes (Booth et al., 

1984; Burnett, 1988). It is thus logical that %CM in shells of infected mussels (Fig. 47B) is 
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around 15%, i.e., 3% lower than that of non-infected ones, as the calcification sites of the latter 

are depleted in CO2. 

 Without data on pH, CO2 concentration and carbonic anhydrase activity in 

mantle/hemolymph/extrapallial fluid of Coccomyxa-infected mussels, and on presence/absence 

of carbon concentration mechanism (CCM) in algae isolated from mussel hosts (no CCM was 

found in Coccomyxa the phycobiont in a lichen symbiosis, Verma et al. 2009), and food 

availability in sampling sites (Vander Putten et al., 2000; Gillikin et al., 2006) further 

interpretations and comparisons would remain speculative. Recent studies of zooxanthellae 

associated with Tridacna squamosa (e.g., Cao-Pham et al., 2019; Chew et al., 2019) developed 

methodology that could be used in further studies of Coccomyxa-infected mussels. However, 

differences in the location of zooxanthellae and Coccomyxa in the bivalve hosts’ will need to be 

considered. In giant clams, the algae are resident in a Z-tube system (generated from the clams’ 

stomach) and have no direct connection with the hemolymph (Norton et al., 1992). In contrast, in 

mussels algae are situated in the mantle intracellularly and in biological liquids, that provides 

them direct access to CO2.  

 In conclusion, the present study provides the first evidence (except the presence of ESM 

itself) for the influence of Coccomyxa algae photosynthesis on the calcification process in one of 

their hosts, the wild mytilid mussels from the Lower St. Lawrence Estuary.    
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Chapter 9. Pre-exposure to Cu2+ and CuO NPs leads to infection of 

caged blue mussels, Mytilus edulis L., by pathogenic microalga: pilot 

study in the Lower St. Lawrence Estuary (Québec, Canada)  

 

Foreword 

In the two previous chapters, it was demonstrated that L-shaped shell deformity (LSSD) appears 

on the posterior shell edge only in blue mussels heavily infested with pathogenic microalgae 

Coccomyxa sp. In the present Chapter data on laboratory (pre-exposure of mussels with CuSO4 

and CuO NPs) and caging (of untreated and pre-exposed mussels) experiments, aimed to study 

the controlled transmission of this pathogen in the Lower St. Lawrence Estuary between mussels 

is discussed. This bi-component experiment, therefore, highlights of the problem of 

contamination of estuarine waters with heavy metals, and application of blue mussels with LSSD 

as possible indicators of water pollution.   
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9.1 Abstract  

As evidenced from literature, exposure to non-lethal concentrations of dissolved copper (Cu2+) 

and copper nanoparticles (CuO NPs) promotes blue mussels susceptibility to various bacterial 

infections. We study whether pre-exposure (3.5 h) with CuSO4 (100 μg Cu L-1) and CuO NPs 

(1000 μg Cu L-1) will result in infection of M. edulis L. with pathogenic microalga Coccomyxa 

sp. under field conditions. In May – September 2019, cages were installed in the site Metis-sur-

Mer, St. Lawrence Estuary (QC, Canada) where the native mussel population is known to be 

infected with the pathogen. Untreated and pre-exposed mussels were grown for up to 130 days. 

Only the mussels pre-exposed to copper were infected by Coccomyxa. This finding allows 

proposing that occurrences of Coccomyxa-infected mussels worldwide might have an association 

with water pollution with xenobiotics. Pre-exposure of caged mussels to copper, as a protocol for 

monitoring of other infectious agents, can be recommended to test. 

 

9.2 Introduction 

As it is known from the literature, water pollution with different xenobiotics (e.g., dissolved and 

nanoparticulate copper) results in increased susceptibility of mytilid mussels to various infection 

ensues (Pipe and Coles, 1995; Gomes et al., 2011; Vosloo et al., 2012; Rocha et al., 2015; 

Torres-Duarte et al., 2019, etc.). Briefly, in the hemolymph of Cu-exposed mussels, reactive 

oxygen species (ROS) will be induced to generate changes in the immune system from reduction 

in a phagocytic activity and hemocyte viability. Thus, Cu-exposed mussels will show weaken 

immune responses for some period of time by the essentially inflammatory process. Further, 

many studies (Sunila, 1988a; Krishnakumar et al., 1990; Al-Subiai et al., 2011; Rocha et al., 

2015, etc.) have suggested that pre-exposure of mussels with either dissolved or nanoparticulate 



185 
 

 
 

copper results in the alteration of the epithelium of gills and digestive gland due to combined 

effects of oxidative and genotoxic stress. Actually, these damages represent a “gate” for the 

entrance of any microbes into the mussel microenvironment. In our previous studies which 

included molecular analysis, we showed that the native population of blue mussels (Mytilus 

edulis L., M. trossulus Gould and their hybrids) in the Estuary and the Gulf of St. Lawrence 

(Canada) is infected with the unicellular microalga Coccomyxa sp. strain KJ372210 (Zuykov et 

al., 2014; Zuykov et al., 2018a). Although the infection with Coccomyxa leads to serious 

alterations in mussels organs of soft tissues and induces a distinctive L-shaped shell deformity 

(LSSD) (Fig. 48B), algal virulence and host susceptibility remain unknown already for several 

decades. This, particularly, can be explained by the absence of an experimental protocol that will 

result in controlled mussel infection with this pathogen. Our long-term laboratory cohabitation 

experiments, year-long caging experiments in the St. Lawrence Estuary, and even injection of 

extrapallial fluid with algal cells into the extrapallial cavity of uninfected mussels, did not result 

in transmission. Previously, Stevenson and South (1975, p. 310) also stated that “attempts to 

induce infection [authors: with Coccomyxa parasitica Stevenson and South] of uninfected 

scallops via the feeding and digestive mechanisms met with failure under laboratory condition”.  

 With that said, a logical assumption is that mussels pre-exposed with copper might be 

colonized with Coccomyxa alga. The objective of this study was to investigate the effectiveness 

of the mussel caging approach to detect Coccomyxa alga in the site Métis-sur-Mer (Lower St. 

Lawrence Estuary, LSLE, Fig. 48A) using caged adult farmed mussels M. edulis pre-exposed for 

3.5 h to soluble copper (CuSO4) and CuO nanoparticles (CuO NPs). In other words, here we 

aimed to find answer as "yes" or "no" about transmission of Coccomyxa to caged mussels that is 

critical for the pathogen monitoring.  



186 
 

 
 

 Further discussion should take due cognizance that this study is a pilot, and there has not 

been similar experimental work done yet. Therefore, concentrations for CuSO4 and CuO NPs, 

time of mussels exposure with copper, duration of mussels depuration phase and caging 

experiments, number of experimental animals were selected based on published protocols of 

variously aimed ecotoxicological studies with copper and other xenobiotics (e.g., Rocha et al., 

2015; Torres-Duarte et al., 2019) and the authors' personal experiences.  

 The site with a high percentage of Coccomyxa-infected mussels in local population is the 

most properly fit for this pilot study although in future sites with different percentage of 

Coccomyxa-infected mussels need to be examined too. At present, the only means to determine 

infection in mussel population on large areas is the presence of LSSD, a biomineral marker 

(Zuykov et al., 2020a), which had been used successfully in the Gulf of Maine (Zuykov et al., 

2020b). Although there is information on the spatial distribution of Coccomyxa alga in the 

mussel population from the LSLE (Zuykov et al., 2018a), a protocol for estimation of the 

percentage of infected mussels in the population has not been published. Here, therefore, an 

experimental site was selected on the basis of data (unpublished) on quantification of alive all-

sized mussels with LSSD per square meter. Three sites variously protected from storm waves 

and wind, unprotected (open estuary), partly protected (passage between island and coast) and 

well protected (small cove), were examined two times, August 2014 and 2019. As the result, the 

station for caging experiments was organized in the small bay, site Métis-sur-Mer (MsM). 

Parameters of the environment were not measured at the time of experimental work. Average 

salinity was 28 PSU, and the average pH of surface waters varied between 7.8 and 8 in May 

2017 (Dr. Yves Gélinas, Concordia University, Canada, personal communications). The four 

cages (40 x 40 x 8 cm) were made from the metallic wire mesh (mesh grid 13 mm). Each cage 



187 
 

 
 

 

 

Figure 48. Mussels caging experiment in the site Métis-sur-Mer, MsM (48°40′46′′N, 68°2′2′′W), 

Lower St. Lawrence Estuary, Québec, Canada. A, position of MsM site. B, bottom sediment at 

the experimental site, blue mussels with normal shell (b/) and those with L-shaped shell 

deformity (b//); the latter is a biomineral marker that informed that mussels are infected with 

Coccomyxa algae or were heavily infected in the past (Zuykov et al., 2020a). C,D, experimental 

station with cages with farmed mussels. E, uninfected mussel before caging. F, wild mussel 

heavily infected with Coccomyxa algae, collected at MsM. G-I, three farmed mussels lightly 

infected with Coccomyxa algae after caging experiment II (mussels were pre-exposed with 

CuSO4; deployment time in the MsM was 60 days): G, dissected adductor muscle with green 

spots (Coccomyxa colonies), H,I, green spots are in mantle tissues,  arrows – exact locations of 

algal colonies. 
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was subdivided into four sections with metallic net walls. Cages were installed on the bottom 

muddy sediment during low tide at about 60 m from the shoreline (Fig. 48 C,D). They were 

reinforced with iron bars to avoid displacement by the tides. At the experimental site, the water 

depth at high tide is ca. 2 m. 

 In the present study the status of each mussel, as “uninfected” or “Coccomyxa-infected", 

was determined by it necropsy at the end of the caging experiments (mussels were dissected, 

studied macroscopically and photographed). Why? The speed of LSSD formation is unknown. 

Besides, we were supposed that the LSSD formation requires a high concentration of algal cells 

in host organism (Zuykov et al., 2018b). Therefore, a pathognomonic sign of the infection, the 

presence of green spots (GS), i.e., colonies of Coccomyxa algae, on the surface of the soft tissues 

(Fig. 48F-I), was considered herein as a reliable criterion for the detection of infected mussels. 

Notably, when even a single small GS appears, the hemolymph of the animal will have a 

greenish color due to the presence of algal cells that is also helped in the pathogen detection. 

Two caging experiments (CE) were performed from May to September 2019 (maximal light 

availability for algal photosynthesis in the region): (CE1) Long term (with untreated mussels) for 

130 days, and (CE2) short term (with untreated and Cu pre-exposed mussels) for 60 days. In 

May and July, uninfected adult (length around 7 cm) farmed Mytilus edulis L. were purchased 

from a commercial supplier that had a direct association with shellfish farms in Prince Edward 

Island (Canada). All animals were acclimated in circulating seawater for ten days in the 

laboratory of the Pointe-au-Père Aquaculture station (PP), Institut des sciences de la mer de 

Rimouski (ISMER), Université du Québec à Rimouski, Canada prior to further manipulations. 

 CE1, on May 23, 2019, thirty-two untreated mussels were transported in a cold container 

to the MsM site. They were caged and retrieved on September 30. Mussels mortality at the end 
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of caging experiment was 18% (6), whereas other 26 mussels have remained uninfected with 

Coccomyxa. 

 Before CE2, mussels were exposed separately to different concentrations of Cu as either 

CuSO4 or CuO NPs. Dry powders of copper were purchased from Acros Organics, Canada, as 

CuSO4·5H2O (CAS 7758-99-8) and from Sigma–Aldrich, Canada, as CuO NPs, Copper (II) 

oxide, nanopowder (CAS 1317-38-0). The nominal size of CuO NPs was <50 nm according to 

the manufacturer (determined by TEM). Stock suspensions of 25 mg Cu L-1 CuSO4 and CuO 

NPs, respectively, were made by dispersing the dry powders in 1000 ml of Milli-Q water by 60 

min of alternation of ultrasonication (bath-type) and shaking. Suspensions were made 

immediately prior to the mussel uptake experiments in order to avoid the potential nanoparticle 

aggregation. During the pre-exposure period (24 h), 20 mussels from a common tank at PP with 

running seawater were put individually in glass beakers with 1L of non-filtered seawater and 

aeration for acclimatization to the experimental conditions. Another set of twenty glass beakers 

(reserved for experiment) with 498 ml (for CuSO4) and 480 ml (for CuO NPs) of 0.45 μm 

filtered and gently aerated seawater were kept in the same room. In addition, four mussels were 

used in a parallel control series where the seawater was not spiked with copper. The temperature 

in this static system was kept at 17.7 ± 0.1˚C. After 24 h, mussels were transferred individually 

in experimental glass beakers with gently aerated seawater for 20 min; we waited until the 

mussels opened their shell valves and will be pumped normally. Stock suspensions of CuSO4 (2 

ml) or CuO NPs (20 ml) were added to the beakers such that all mussels were in 500 ml of 

experimental solution with nominal concentrations of either 100 μg L-1 of CuSO4 and 

1000 μg L-1 of CuO NPs. After 3.5 h of exposure, mussels were removed from the experimental 

solution and put individually into glass beakers containing 1L of clear non-filtered aerated 
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seawater. This water was changed every 24 h for 3 days, with no additional feeding of the 

mussels. After the 72 h of depuration, all mussels exhibited normal reactions to physical stimuli, 

pseudofeces were observed in the previously used water batches and no mortality was recorded. 

After retrieval, four Cu-exposed mussels and two from a control series were sacrificed, and their 

mantles were dissected, triple-washed in Milli-Q water, stored at - 80˚C (24h) and freeze-dried 

(48h) at ISMER pending analysis of the Cu content by inductively coupled plasma – mass 

spectrometry (ICP-MS) at the Ultra-Clean Trace Elements Laboratory (UCTEL) in the 

University of Manitoba. Dried tissues were ground with a mortar and pestle to create a 

homogenous sample. Approximately 0.1 g of the ground sample was digested in 5 mL of 

concentrated HNO3 in a MARS 5 microwave digestion system. The digestates were diluted with 

ultra-pure water before being analyzed with an Agilent 8900 ICP-triple quadrupole-MS. 

Certified reference materials NIST2976 (Mussel Tissue) and NIST2709a (San Joaquin Soil) 

were digested and analyzed following the same procedures for quality assurance/quality control. 

The copper concentrations were 5.18 and 5.69 μg g-1 (dry weight; dw) for those that were 

exposed to CuSO4, and 4.51 and 5.05 μg g-1 dw for those that were exposed to CuO NPs. A 

lower concentration, 3.02 μg g-1 and 3.61 μg g-1 dw, was found in the specimen that represents 

the control series (untreated).  

 CE2, on July 30, 2019, sixteen untreated and sixteen Cu-exposed mussels were 

transported in a cold container to the MsM site. They were caged and retrieved on September 30. 

No mortality was recorded at the end of this experiment. All untreated mussels have remained 

uninfected with Coccomyxa. Four individuals (50%) pre-exposed with CuSO4 shown GS on the 

inner surface of the mantle (see Sokolnikova et al., 2016) and inside of dissected adductor 

muscle (Fig. 48G-I). Among those pre-exposed with CuO NPs, GS were found only inside the 
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adductor in two individuals (25%). Hemolymph in all mussels with GS had a lightly greenish 

coloration. Cu pre-exposed mussels infected with this pathogen in a low degree (Fig. 48F shows 

a heavily infected individual for comparative purposes).   

 To our best knowledge, this is the first study that demonstrated the successful 

experimental infection of bivalves with the pathogenic alga Coccomyxa. It became possible only 

after pre-exposure of caged animals with copper randomly selected us among some other metals. 

For example, Cd and Ag, are also known as influencing mussels' health in a similar way (Sunila, 

1988b; Auffret et al., 2002; Nicholson, 2003). Hence, metals other than Cu can also have 

stimulating effects on mussel infectivity to Coccomyxa that needs to be tested in futures studies. 

Here, we found that despite a lower nominal concentration of Cu in the experimental media, 

soluble copper (CuSO4) caused a higher percentage of infected mussels, with algal colonization 

being visually more extensive than observed for animals pre-exposed to CuO NPs. These suggest 

that the less adverse effect on mussels' health was after the uptake experiment with CuO NPs that 

can have various reasons, e.g., low solubility of nanoparticles in the mussel’s microenvironment 

(Gomes et al., 2012; Hanna et al., 2014). Copper is an essential metal for all living organisms, so 

its concentration is tightly regulated in their microenvironment. We analyzed copper 

concentrations in the mantle because it is the main site of algal colonization on the mussel soft 

body tissues. Exposure to different copper concentrations and species caused a similarity in 

accumulated Cu levels in the studied animals. This observation agrees with that reported by Hu 

et al. (2014) for mantles of M. edulis after exposure for 1 h to 400, 700 and 1000 ug g-1 of CuO 

NPs. In both studies, mantles of Cu-exposed and control animals showed insignificant 

differences. The pathogenic Coccomyxa alga is known in bivalves from sites in the North and 

South Atlantic Oceans, the Barents and White Seas, and the North-Western Pacific Ocean. The 
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question arises how it is possible if in the review paper on the genus Coccomyxa, Darienko et al. 

(2015, p. 3) it was reported that “no evidence has been published about the distribution of 

Coccomyxa free-living in marine environment”. Interestingly, this coincides with the comment 

by Belzile and Gosselin (2015) who studied a laboratory liquid culture of alga (KJ372210) 

isolated from mussels collected in MsM: "Considering the ability of Coccomyxa sp. to achieve a 

high growth rate at low irradiance and its relative insensitivity to the prevailing salinity, it is 

somewhat surprising it has not yet infected bivalves at a larger scale worldwide." The way of 

migration of pathogenic Coccomyxa alga has never been discussed. We can propose a scenario 

of algal cells moving spatially together with their hosts, i.e., inside of tissues of infected mussels 

when they attach themselves to boats, ropelines, and other gear. On a new site Coccomyxa cells 

released into the water and infect new hosts. In this framework, recent experimental sampling 

through large areas in the Gulf of Maine revealed the pathogen to be found exclusively in port 

areas (Zuykov et al., 2020b). The smallest mussels studied by the authors heavily infected with 

Coccomyxa and also have LSSD have a shell length of 10 mm. In LSLE the pathogen is already 

characterized by a widespread distribution. 

 Our findings allow to suggest that successful Coccomyxa transmission is possible if the 

site will be contaminated with xenobiotics, e.g., with metals. There are reports of 

histopathological alteration of the digestive organs in caged mussels exposed at sites polluted 

with metals, drugs, PAHs, etc. (Bodin et al., 2004; Cappello et al., 2013; Cuevas et al., 2015 

Morley, 2010; Machado et al., 2016) as well as those animals that have been exposed in the 

laboratory to various contaminants at low environmentally realistic concentrations (Rocha et al., 

2015; Faggio et al., 2018). Biochemical and physiological parameters of mussels in response to 

low pollutant concentrations are also documented (Turja et al., 2015; Xu et al., 2018). Estuarine 
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and coastal ecosystems are usually polluted by a mixture of chemicals. However, except for 

mercury data (Cossa and Tabard, 2020), only outdated information on the concentration of 

various elements in water and mussels in the Estuary and Gulf of St. Lawrence is available 

(Cossa et al., 1980; Cossa, 1990; Gobeil, 2006). Interestingly, Cossa and Tabard (2020) 

concluded that Hg contents of mussels in the Estuary and the Gulf of St. Lawrence did not 

change during the last 40 years. Our own data (Zuykov et al., 2014; unpublished) have been 

limited to the elemental composition of mussel mantle samples which are unrepresentative to be 

considered in the frame of the present discussion. Therefore, at the moment we cannot speculate 

on the “normal” or “contaminated” environmental conditions in any particular site in Canada’s 

coastal waters where Coccomyxa-infected mussels were found. 

 In conclusion, the use of caged blue mussels pre-exposed with copper, especially to 

soluble copper salt (CuSO4), promoted successful Coccomyxa transmission in the field 

conditions. In other words, it can be called as pathogen detection or environmental monitoring. 

We recommend this simple and cost-effective field applicable protocol for further development 

as a tool for monitoring of various infectious agents. Of both ecological and economic 

importance, the appearance of Coccomyxa-infected mussels may have an association with water 

pollution with unknown xenobiotics. Thus, elemental analyses of ecosystem components (water, 

bottom sediment, mussel) will provide critical background information to guide management and 

development. Finally, characterization of biomarkers, histopathology, and any other specific 

parameters of experimental animals cannot provide this successful pilot study. Latter requires 

special experiments, analytical and sample preparation work which need to be performed under 

further development of the proposed protocol. 
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Chapter 10. SEM observation of structural (non-mineralogical) 

alteration inside the previously crystallized nacreous layer of 

Crenomytilus grayanus (Bivalvia: Mytilidae) 

 

Foreword 

Kennedy et al. (1969) reported that the function of discontinuous sheets and lenses of prisms 

(LP) which may occur inside of the inner layer of many bivalves lacks reliable interpretation. In 

this Chapters morphology and mineralogy of LP in mytilid mussels Crenomytilus grayanus (D.) 

collected from the Sea of Japan are studied with SEM and by Feigl’s staining method 

(identification of calcite and aragonite). Because the thickest LP were found below the holes 

which were made in shells by boring organisms, an appearance of LP in terms of anti-predator 

mechanism that can reduce shell boring is discussed.    

 

There is also Appendix E to this Chapter, where the morphology of aragonitic lenses of 

prisms (ALPs) and nacre-prisms transformation (transition between prismatic and nacreous 

layers) were illustrated on Supplementary images.    

 

 

 

______________________________________________________________________________ 

 

Chapter published as: 

Zuykov, M., Pelletier, E., Kolyuchkina, G., 2013. SEM observation of structural (non-

mineralogical) alteration inside the previously crystallized nacreous layer of Crenomytilus 

grayanus (Bivalvia: Mytilidae). Micron 44, 479-482 
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10.1 Abstract  

A microstructural and mineralogical study shows the transition of aragonitic nacreous tablets to 

aragonitic prisms inside previously secreted nacre, i.e. without contact with the mantle or 

extrapallial fluid, in a field-collected mytilid bivalve Crenomytilus grayanus (D.). The 

intermediate zone between nacre and new prisms is represented by nacre tablets “stuck together” 

or by disordered calcium carbonate material. The modified nacre forms aragonitic lenses of 

prisms (ALPs).  These lenses may reach 500 µm in thickness below the tunnels excavated by the 

shell borers. ALPs are similar to myostracal prisms in mineralogy, morphology, and orientation, 

but differ from those in the outer shell layer. The process of ALPs formation is different to that 

of normal shell formation (e.g. nacre-prisms transition between prismatic and nacreous layers), 

remote biomineralization, extra shell thickening, as well as, shell repair, erosion, deformation or 

disease. Response to shell excavation by boring organisms is discussed as the reason for the 

appearance of ALPs. 

 

10.2 Introduction 

In many bivalves two main layers are present in the calcareous part of the shell, an outer layer 

composed of calcite prisms and an inner layer consisting of aragonite nacre. They form at the 

shell edge, as well as fresh layers of nacre are produced on the central part of the internal shell 

surface. Transition from prismatic to nacreous layers, visible on the internal shell surface, 

includes a three-step chemical and biochemical change as part of the regular biomineralization 

process in bivalve Pinctada margaritifera (L.) as described by Dauphin et al. (2008). Previous 

investigations of shell biomineralization in bivalves and gastropods (Meenakshi et al., 1973; 

Watabe, 1983; Reimer and Tedengren, 1996; Smith and Jennings, 2000; Checa, 2000; Brookes 
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and Rochette, 2007; Avery and Etter, 2006; Fleury et al., 2008) have demonstrated the following 

facts which are important to note for further discussion: (1) The previously secreted shell matrix 

is not involved in the process of new shell formation, except in the case of insignificant etching 

when an extra contribution of Ca2+ is required. (2) The microstructure and mineralogy of shell 

layers, as well as their succession, cannot be changed after secretion in the case of normal shell 

formation. (3) In case of shell repair (regeneration), abnormal crystals or shell layers are usually 

produced. (4) Extra shell material can be secreted as a predator-induced response. (5) The mantle 

and extrapallial fluid play key roles in the biomineralization process. (6) A remote 

biomineralization process arises in the microenvironment of extrapallial fluid, out of contact with 

the mantle.  

In this paper evidence is presented that fragments of old (previously secreted) nacreous 

layers inside the shells of adult bivalves, Crenomytilus grayanus (D.), were changed into prisms 

without any alteration in mineralogy. The new prisms are formed in distinct lenses called here, 

aragonitic lenses of prisms (ALPs) (Fig. 49, Figs. E:2-E:4).  

Surprisingly this previously unknown alteration process arises without influence of the 

mantle or extrapallial fluid. The following is a description of SEM images with an interpretation 

of the possible causes of the observed nacre-prisms transition.     

 

10.3 Materials and methods 

Molluscs shell. Fifteen shells of live C. grayanus, variously infested by boring polychaetes and 

boring sponge based on analysis of boreholes (shells without boreholes were not found), were 

collected from the Stark Strait (offshore from Popov Island), Amur Gulf, Sea of Japan. The age 

of the mussels estimated from shell size (112~120 mm length) ranges from 35 to 50 years 
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(Zolotarev, 1974). The maximum thickness (3~4 mm in the central shell part) and weight (~60 

grams) varies insignificantly between the valves; the internal shell surface was clear of patches 

of extra shell material. 

Sample preparation. Live mussels were sacrificed and their soft tissues separated from the shell. 

Shells were washed in demineralized water, dried, and sectioned. Polished sections, embedded in 

resin, were etched in 2% EDTA for 10 min and then cleaned ultrasonically for 20 min.   

Analytical methods. Feigl’s staining method (Checa et al., 2007) was used for identification of 

calcite (unstained) and aragonite (turning black) layers in the cross-section of shells. For 

identification an Olympus light microscope (with magnification up to x 100) was used. Images 

of shell microstructure were obtained using a SEM at the ISMER-UQAR with a JEOL JSM-6460 

LV with an acceleration voltage of 20 kV. All samples were coated with gold-palladium. 

 

10.4 Results    

The shell of C. grayanus consists of periostracum, an outer layer composed of calcite prisms, an 

inner nacreous layer built with aragonite and an aragonitic myostracum (up to 80 µm thick) that 

is located in the muscle attachment area (Fig. E:1A-C). With respect to the nacreous layer, it is 

important to note that:  

(1) The irregular vertical microchannels (0.1-0.2 µm width) with ends opening into the 

extrapallial cavity are visible on many figures (Fig. E:1D,E); there is no evidence of organic 

linings or secondary calcification on their walls, so they could not have been filled with 

extrapallial fluid during life.  

(2) The thickness of nacreous tablets has two sizes: regular and thin (Fig. 49A-C, H).  

(3) There are localized zones of disordered calcium carbonate material, or ones where nacre  
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Figure 49. SEM images of thin shell sections of the nacreous layer of C. grayanus infested by 

shell boring organisms. (A) Nacreous tablets of regular size; (B) Thin nacreous tablets; (C) 

Layers of nacre with thin tablets inside the regular nacre; (D) Layer of disordered granular 
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calcium carbonate material; (E) Layer of disordered granular calcium carbonate material 

(intermediate zone) between already formed prisms and thin nacre; (F) Close up of fragment area 

in Fig. E; (G) Formation of ALPs with intermediate zone where thin nacreous tablets are “stuck 

together”; (H) Single ALPs; (I) Complex ALPs below bored tunnel. External shell surface for all 

figures is at the top of the images. Pr – prisms of ALPs, Tn – thin nacre, Rnr – nacreous tablets 

of regular size, Int - intermediate zone. 

______________________________________________________________________________ 

tablets became “stacked together” with loss of the individual shape (Fig. 49D-G).  

(4) There are lenses of closely packed aragonitic (confirmed by Feigl’s staining) prisms named 

here as ALPs (Fig. 49G,H) which often form a complex system (Figs. 49I, Figs. E:2, E:3).  

ALPs with various thicknesses (from 2 to 500 µm with an average of 100-200 µm) and 

length were found in all of the shell sections examined. The thicker ALPs occur below the 

tunnels excavated by the shell borers (Fig. 49I, Fig. E:2). Away from the tunnels they are: 1) 

absent, 2) in the process of formation (Fig. 49C,D), 3) present as thin (2~20 µm) single units 

(Fig. 49H). The lateral borders of fully completed ALPs are sharp; thick ALPs on their lateral 

borders have a tendency of repeated bifurcations into the smallest ones (Fig. E:4). 

 

10.5 Discussion 

Nacre is the most studied layer of mollusk shells, and any regular structures built with prisms 

other than myostracum inside the nacre of bivalves have not been previously described. In 

particular, the myostracum associated with the adductor attachment scar can be covered by nacre 

during shell growth. Thus, in adult animals a single layer of prisms can be found in the inner 

shell layer (Lee et al., 2011). However, as evidenced by Kennedy et al. (1969), “discontinuous 

sheets and lenses of prisms occur in the inner layer of many bivalves. These might be interpreted 

as indications of periodic muscle attachment, but we have no direct evidence of this.” Therefore 
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the formation of ALP could be a more widespread biomineralogical process among bivalves than 

is presently believed. 

In the present study nacre-prism transition is only supported by SEM observation of 

intermediate microstructures that are in fact distinct zones whose microstructure is different from 

nacre or prisms. As it can be proposed, at the beginning of the transition process, the particular 

nacreous tablets become up to two times thinner compared with their regular size. Moreover, 

from a synthesis of numerous SEM images, it appears that the transition is a diachronous 

process, where it can be fully completed on one side of ALPs, but remain in the process of 

formation on the other end. The thicker ALPs are developed only below tunnels excavated by 

boring organisms. Gaps with unmodified nacre between tunnels and ALPs suggest that ALPs 

appear prior to contact with boring organisms, e.g. without contact with seawater that can be 

present in the empty tunnels. Details of the physicochemical process of nacre-prism transition 

observed in nacre of C. grayanus remain unknown since a special biochemical study of proteins, 

as well as application of more precise technique (SIMS, XANES, etc.) would be required to 

discern them (Dauphin et al., 2008).  

Anti-predator mechanism? Secretion of extra shell material (the inner shell layer becomes 

thicker) is one of the defensive responses of gastropods and bivalves, in particular, on exposure 

to shell-boring predators (Reimer and Tedengren, 1996; Smith and Jennings, 2000; Brookes and 

Rochette, 2007). However, formation of shell requires considerable energy expense (Palmer, 

1981; Wilbur and Saleuddin, 1983; Palmer, 1992). If predators attack, the fast secretion of extra 

shell material will require more energy and the thicker walls may reduce the mollusk’s living 

space (Hughes and Roberts, 1980). Hypothetically, a less energetic anti-predatory response could 

be in a fast transition of originally secreted microstructure to the prismatic shell. Why prisms? 
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Evidence from in vitro experiments (Gabriel, 1981) show that prismatic microstructures provides 

a better physical resistance of the shell to abrasion and chemical agents produced by shell-boring 

organisms than other microstructures. Although ALPs cannot be considered as an absolute 

physical barrier to borers (Fig. E:2A), they can be interpreted at least as a distinct response to 

shell excavation. For activation of ALPs formation, an animal should be able to receive and 

interpret biochemical or tactile (vibration) signals during the shell drilling. In this respect, 

however, the hollow vertical microchannels (tunnels bored by parasites?) due to small width 

cannot be considered as microtubules for extension of mantle epithelium (Araujo et al., 1994).  

 

10.6 Conclusion 

ALPs cannot be explained within the framework of any known biomineralogical process (e.g. 

shell thickening, shell repair or remote biomineralization), since they appear to have formed 

without secretion of any new shell material and without contact with the mantle or extrapallial 

fluid. Furthermore, they do not require empty space inside of the nacre. If the formation of ALPs 

is a highly regulated anti-predator mechanism it might be, therefore, confirmed in the future by 

laboratory experiments under exposure of C. grayanus with various shell-boring organisms. 

Finally, if the physicochemical transformation of nacre to prisms in the body of the old 

(previously secreted) shell matrix is possible in nature, such knowledge is essential for material 

engineers working with nacre, and may influence our basic understanding of biomineralization 

processes. 
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Chapter 11. Conclusions and Recommendations 
 

Foreword 

This thesis highlights key challenges with the application of bivalve mollusk shells for 

environmental studies that may be overcome using a combination of both traditional and new 

protocols in organism sampling, shell morphology studies, and by characterization of 

contaminants presented in both mollusk organism and on the external shell surface. More 

specifically, this thesis opens new era in use of shells as both monitors and indicators of water 

contamination with metals in dissolved form, as engineered nanoparticles, and for study of the 

spatial distribution of pathogenic microalgae Coccomyxa that may drastically change shell 

morphology of marine mytilidae. Undoubtedly, the basic and applied research described herein 

will guide future research and monitoring endeavors as the papers that form the basis for each 

chapter have been already cited by other authors. As each chapter contains discussion of results 

in many details, only the major conclusions are summarized below, with recommendations for 

future research directions. The main conclusions of this thesis are summarized in Table 8. Papers 

cited in this chapter were included in reference list for Chapter 1. 
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11.1 Do museum collections constitute an important source for study of bivalve shell 

alterations?     

This thesis investigates morphology of bivalve shells to identify differences between animals 

inhabiting the relatively pristine control sites and those where a high anthropogenic load has 

been confirmed. Such statistically confirmed morphological differences can be used as an 

indication of water pollution in other sites. I hypothesized that deformed shells could be 

deposited in non-monographic museum collections. Thus, parallel to laboratory and field studies, 

I have examined thousands of bivalve mollusk shells, without restriction to systematics, housed 

in museum collections in different countries (see 1.6.1 Museum collections’ study). However, I 

found only rare shells with deformities caused by predator attacks and thus concluded that 

researchers avoid donating shells with visible alterations or deformations (other than predatory 

attacked or broken by storm waves). Thus, research communities tend to forget that study of 

shells can give more valuable information than merely data on morphometry and systematics.      

  

11.2 Are published papers with metal concentration data in bivalve soft tissues and shells 

constitute important scientific baggage?     

As discussed in Chapters 2 - 5, shell metal concentration will differ between studied samples, 

species, and shell layers. The measured concentrations depend on the following: (1) metal 

speciation (dissolved, colloidal or particulate) in ambient water, (2) metal association with 

abiotic and biotic fractions in ambient environment, and (3) metals bioavailability. It is very 

important to distinguish in advance what kind of specimen will be analysed, e.g., particular shell 

layer, whole shells, surfaces or central shell parts. Preservation of the external shell surface 

(ESS) is also playing a critical role. To date, however, < 5 % of papers on regular chemical 
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monitoring include information on ESS preservation describing it as “bivalves with intact 

periostracum” or “bivalves with well preserved shells”; data on metals as they mentioned above 

(1-3) remain unpublished or unstudied. The latter are only presented in conceptual publications, 

including those where radioactive elements were studied with autoradiography.      

 Published papers on chemical monitoring of aquatic ecosystems usually consist of 

documenting elemental concentrations measured in (1) either filtered or unfiltered waters, (2) 

bottom sediments, (3) soft tissues, either whole body or for different organs, and (4) either whole 

shell, organic periostracum or mineral portion of shell. Values differ significantly between the 

various data sets, with higher and lower values arranged in different orders between sampling 

sites where the influence of local environmental and biological factors/conditions cannot be 

predicted in advance. Large interpretative errors may be made using high-resolution chemical 

analyses.  

Thus, the following general conclusions are possible: 

- Sampling and analytical protocols of bivalve shell studies used in environmental monitoring 

result in random detection of pollutants present in ambient water;   

- Published quantitative measurement of elements in both soft tissues and shells may only 

provide very tentative information to describe potential water pollution in studied sites;   

- Published data can be used as "point zero" when water pollution resulted after natural disasters 

or technogenic catastrophes, with their potential for future basic research being strictly limited. 

 

11.3 Contributions to “Retrospective environmental biomonitoring” initiative  

A newly proposed monitoring strategy called as "Retrospective Environmental Biomonitoring" 

(REB) by Schöne and Krause (2016), a subset of the famous Mussels Watch, will require the 
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research community to provide the research data.  Schöne and Krause (2016, p. 230) suggests 

that "Bivalve sclerochronology provides an enormous potential for adding a historical 

perspective to the Mussel Watch...". Briefly, as described here in Chapter 2.2, REB plans to use 

elemental measurement data obtained with LA-ICP-MS only from the inside of the outer shell 

layer of bivalves, specifically, the prismatic layer in mytilid mussels. The periostracum will be 

removed either chemically by etching or mechanically by scraping. Chapters 3, 5 and 6 

illustrated that the mineral shell remained uncontaminated after exposure of living freshwater 

and marine mussels in aquaria containing dissolved Ag, Th and Am, with high levels only 

associated with the shell periostracum. These examples clearly suggest that the central shell part 

is a poor sampling material for the studied elements, displaying to their minimal incorporation 

into the shell matrix.      

 

11.4 Use of external shell surface as a new monitor of water contamination by metals    

Chapters 3 and 5 illustrate that the highest amount the Am and Ag are associated with ESS in a 

series of laboratory experiments with living bivalves. There are different possible reasons for this 

observation, including the absence of biological control on the ESS; however, the role of biomate 

and antifouling properties on elemental adsorption are still unknown. Data from the laboratory 

biosorption experiments (Chapters 4 and Appendix A) suggest that Th concentrations on ESS is 

strongly regulated by the preservation related to the shell microtopography and microchemistry 

of the shell layers exposed to experimental media. 

Marine ecosystem. In M. edulis, the difference in Th concentrations between shells with intact 

smooth and rubber-like periostracum and shells with eroded periostracum was 3-fold, with the 
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eroded layers being more contaminated. The highest level of contamination was noted on the 

surface of the prismatic layer.  

Freshwater ecosystem. Higher concentrations of Th and Ag were found on ESS of freshwater 

dreissenid and unionid mussels with intact fleecy or brush-like periostracum (Chapters 4 and 5), 

a sticking difference from the observations for marine species. This observation suggests that the 

“fleece coated” ESS is able to capture and to store various inorganic and organic microparticles 

from bathing pollutant contaminated waters.  

 This PhD thesis has examined three of the most frequently used monitors of water 

pollution with metals in environmental studies, namely bivalve mollusks of the families 

Mytilidae, Dreissenidae, and Unionidae. The results documented in the thesis studies focused on 

mollusks sampling for analysis of shell elemental content leads to a recommendation that two 

sets of samples must be collected for each species, one with intact periostracum and one with an 

eroded ESS. I suggests that this simple protocol will allow to “amplifies” elemental signals 

preserved in shells to provide access to new valuable environmental information.    

 

11.5 New indicators of abiotic and biotic stressors  

Water pollution with metals       doughnut shape structures on nacre biocrystals. As 

demonstrated by the findings of Chapter 6, the surface of nacre biocrystals situated on the 

internal shell surface of blue mussels obtained after short term exposure in laboratory condition 

in water with low concentrations of silver, added separately in both dissolved and 

nanoparticulate forms, became covered with micrograins of CaCO3. These grains were observed 

to have a high areal density on the tops of nacre rhombs to form doughnut shape structures. The 

doughnut shape structures are characterized by the two types of surfaces, each specific to the 



214 

 

applied silver speciation form, namely (1) sharp and coarse for Ag+, and (2) smooth for AgNPs. 

These findings are consistent with published data (Faubel et al., 2008) for freshwater bivalve A. 

cygnea obtained after laboratory uptake experiment with dissolved cadmium (Cd2+). These 

observations indicate that water pollution with heavy metals results in a disturbance of 

biomineralization process such as an increase of the calcification rate among both marine and 

freshwater bivalves. Correspondingly, the presence of doughnut shape structures can be 

considered as indicator of water pollution with heavy metals, as confirmed by these Ag and Cd 

studies. Moreover, identification of the morphology of the surface of doughnut shape structures, 

i.e., sharp or smooth, may promote to preliminary discussion the metal speciation form, i.e., ionic 

or nanoparticular, in ambient water. This observation does, however, require future studies 

because Cd has been used in laboratory experiments only in ionic form.  

 The doughnut shape structures were clearly visible on the internal shell surface of 

mussels following a 2-week depuration period when animals were placed into clear running 

seawater. 

Infestation of blue mussels with algae Coccomyxa sp.      L-shaped shell deformity. Chapters 7 

and 8 highlighted that the infestation of marine blue mussels with unicellular green microalgae 

Coccomyxa sp. in the Gulf and the Estuary of St. Lawrence (Zuykov et al., 2014; Zuykov et al., 

2018b) resulted in the formation of an L-shaped shell deformity (LSSD) on the posterior shell 

edge. This LSSD represents a new case of the light enhanced calcification, being a new example 

of photosynthesis-calcification interactions. This deformation, known exclusively among 

Coccomyxa-infested bivalves, represents a unique indicator which can be used for study of the 

spatial distribution of this pathogen. 
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Water pollution with xenobiotics      Infestation of blue mussels with algae Coccomyxa sp. As 

demonstrated by the findings of chapter 9, transmission of Coccomyxa algae between individuals 

is only possible if mussels inhabit the sites contaminated with different xenobiotics, e.g., metals 

and PAHs at even very low concentrations. Mussel contamination results in histopathological 

alterations of the epithelium of digestive organs or gills due to combined effects of oxidative and 

genotoxic stress. This damage represents a “gate” for the entrance of infesting microbes into the 

mussel microenvironment. This aspect of Environmental Parasitology is well known in the 

literature (Sures et al., 2017). Hence, appearance and wide distribution of Coccomyxa-infected 

mussels in the particular sites at the Estuary and the Gulf of St. Lawrence could be explained by 

local water pollution that, however, still requires special research investigations.    

Nacre-prisms transformation – indicator of bivalve predation by shell-borers. There have been 

many reports of shell repair mechanism after attacks of shell boring organisms (see references in 

Chapters 2 and 10). Damaged shell fragments, on the internal shell surface, are known to be 

covered with patches of calcium carbonate with a different mineralogy and microstructure to 

those of the native existing surrounding layers. The data in Chapter 10 illustrate that in shells of 

mytilid mussels Crenomytilus grayanus from the Amur Gulf, Sea of Japan affected by shell 

borers, new anti-predator mechanism is presented in this thesis. This mechanism uses a strategy 

previously not postulated for bivalves, namely the transformation of nacreous layers to prisms 

without change of the original nacre mineralogy (aragonite). The appearance of some 

unrecognised microstructural elements inside of bivalve shells, including the above mentioned 

lenses of aragonitic prisms, was reported many decades ago (Kennedy et al., 1969). Therefore, 

the appearance of nacreous lenses can be considered as an indicator of attacks by shell boring 

organisms. 
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Table 8. Overview of new monitors and indicators proposed in the current PhD study 

New monitor Bivalvia Stressor Confirmed  

for: 

Chapter 

External shell surface with intact fleecy 

or brush-like periostracum  

Unionidae 

Dreissenidae 

Heavy metals Am, Th, Ag 3, 5 

Eroded external shell surface, i.e., shell 

without periostracum 

Mytilidae 

 

Heavy metals 

 

Th 4, App. A 

 

New indicator Bivalvia Stressor Confirmed 

for/where: 

Chapter 

Doughnut shape structures on nacreous 

biocrystals 

Mytilidae 

Unionidae 

Heavy metals Ag, Cd, Cu* 6 

L-shaped shell deformity on the 

posterior shell edge 

Mytilidae Pathogenic alga 

Coccomyxa sp. 

Estuary and Gulf 

of St. Lawrence, 

Gulf of Maine 

7, 8 

App. B-D 

Infestation of Mytilus spp. with 

Coccomyxa algae 

Mytilidae Xenobiotics St. Lawrence 

Estuary 

9 

Lenses of aragonitic prisms inside of 

nacreous layer 

Mytilidae Shell borers Sea of Japan 10 

*- data obtained but not included in the PhD thesis, because the MS in preparation. 

 

11.6 Recommendations for future research 

The following fundamental research recommendations are the principal outcomes of this Ph.D. 

thesis:  

1. Future studies should determine the concentration ranges of metals which result in formation 

of doughnut shape structures on the nacre surface in marine and freshwater mussels. Laboratory 

experiments, similar to those described in Chapter 6 are required for these studies to be 

successful. These experiments should use different metals added into aquaria in dissolved and 

nanoparticulate forms in concentrations which relevant to environmental concentrations detected 

in bivalves in a course of acute contaminations. The latter data are available in the literature.  
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2. Characterization of samples from the above experiments with both SEM and TEM, coupled 

with microchemistry analysis. These studies must to visualize engineered nanoparticles which 

will be adsorbed onto the surface of nacre biocrystals, if any.  

3. Future sampling of unionid bivalves in both pristine and mining impacted regions of northern 

Ontario and in Elliot Lake area is needed to fully understand the role of intact fleecy 

periostracum in the capture of incidental nanoparticles from lakes contaminated with both ionic 

metals and incidental or neoformed nanoparticles and radionuclides.     
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Appendix A. Practical advice on monitoring of U and Pu with 

marine bivalve mollusks near the Fukushima Daiichi Nuclear Power 

Plant 
 

Abstract  

Following the Fukushima Daiichi nuclear power plant accident in 2011, some marine 

radionuclide monitoring studies report a lack of evidence for contamination of Japanese coastal 

waters by U and Pu, or state that marine contamination by them was negligible. Nevertheless, 

Fukushima-derived U and Pu were reported as associated with Cs-rich microparticles (CsMPs) 

found in local soil, vegetation, and river/lake sediments. Over time, CsMPs can be transported to 

the sea via riverine runoff where actinides, as expected, will leach. We recommend establishing a 

long-term monitoring of U and Pu in the nearshore area of the Fukushima Prefecture using 

marine bivalve mollusks; shells, byssal threads and soft tissues should all be analyzed. Here, 

based on results from Th biosorption experiments, we propose that U and Pu could be present at 

concentrations several times higher in shells with a completely destroyed external shell layer 

(periostracum) than in shells with intact periostracum.  

 

 

 

 

 

______________________________________________________________________________ 

Appendix published as: 

Zuykov, M., Fowler, S.W., Archambault, P., Spiers, G., Schindler, M. 2020. Practical advice on 

monitoring of U and Pu with marine bivalve mollusks near the Fukushima Daiichi Nuclear 

Power Plant. Mar Pollut Bull 151, 110860 
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Introduction  

After the Fukushima Daiichi Nuclear Power Plant (FDNPP) accident in 2011, the largest nuclear 

incident since the 1986 Chernobyl disaster, several dozen published papers provide data on 

measured radionuclides, Cs (dominated), I and Sr, in seawater, marine sediment and different 

representatives of marine biota (mostly in fish) from the Pacific coast of eastern Japan. A 

discussion of less abundant, i.e., some "forgotten" radionuclides (Schneider et al., 2017), is the 

scope of this paper.  

To date, “there is no clear evidence”(Casacuberta et al., 2017; Yang et al., 2019) of 

marine ecosystem contamination with FDNPP - derived actinides, or their release “if any, was 

negligible” (Men et al., 2019; Wu et al., 2019) or it “was negligible” (Buesseler et al., 2017). At 

the same time, however, actinides, namely U and Pu, were recognized in particulates in both the 

surface environment (soil, litter and vegetation) and in river and lake sediment (Igarashi et al., 

2019; Jaegler et al., 2019). Therefore, contamination of riverine and marine sediment, water and 

hydrobionts with actinides depends on mobility and stability of radioactive microparticles which 

needs further in-depth study (Lind et al., 2020). If U is closely associated with the Cs-rich 

microparticles (CsMPs) (Igarashi et al., 2019), corresponding data for Pu are unavailable. In this 

context CsMPs “can dissolve in a matter similar to that of a silicate glass”, “can potentially 

remain in various environments beyond several decades” and they are “readily transportable in 

river water and the sedimentation in the ocean is expected to be slow due to their small size” 

(Suetake et al., 2019). Further, the intertidal bioturbation of mud patches will enhance the spatial 

re-distribution of actinides (Lindahl et al., 2011). Besides, the results of leaching tests of 

simulated nuclear fuel debris composed of U, Np, Pu and Am have demonstrated that seawater 

leaches more actinides from the debris than freshwater (Kirishima et al., 2018). Finally, Pu is 
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among radionuclides which contaminated thousands of tons of water (i.e., radioactive liquid 

waste) stored in large tanks near the FDNPP, and “future earthquakes and other unexpected 

events could cause leakage of this stored liquid waste and introduce new Pu contamination into 

the sea” (Buesseler et al., 2017). We agree with those authors (Buesseler et al., 2017; Chen et al., 

2019; Wada et al., 2013) who recommended continuous long-term monitoring of actinides in the 

Fukushima Prefecture, especially in the “very local coastal site near the FDNPP ” (Buesseler et 

al., 2017). Thus there is an urgent need for the selection and approval of monitoring method(s). 

With respect to monitoring biota, bivalves are filter-feeding animals and they will provide an 

opportunity for the detection of actinides (and other elements) in dissolved, colloidal and 

particulate forms. Consequently, we recommend preselecting them for the role of bioindicators 

of actinides in the marine ecosystem near the FDNPP. In this framework, the measurement of 

transuranic elements in marine bivalve mollusks of the family Mytilidae is a recognized practice 

for decades in coastal waters of many countries within various ‘Mussel Watch’ programs. 

Moreover, their effectiveness for monitoring of U, Pu and Am has been validated in the Irish Sea 

(west coast of UK) (Hamilton, 1980; Hamilton and Clifton, 1980). To date, however, there are 

no review papers summarizing data on actinide bioaccumulation (and methodologies for their 

measuring) in bivalve mollusks; actinide behavior in the environment, including bioavailability 

to bivalves, is affected by multiple factors (Choppin, 2006; Salbu and Lind, 2016). In this 

context, although many researchers in routine monitoring of various elements, as well as the 

Mussel Watch strategy, use only mussel soft tissues, nevertheless the concentration of actinides 

could reasonably be expected to be higher in byssal threads and whole shell rather than in soft 

tissues (Hamilton and Clifton, 1980; Koide et al., 1982; Fowler et al., 1975; Goldberg et al., 

1980). Importantly, as reported by Hamilton and Clifton (1980), shells (i.e., its intact organic  
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Figure A1. External shell surface (ESS) of various individuals of Mytilus edulis L. represented by 

1 – periostracum, 2 – prismatic layer, 3 – nacreous layer, under different magnifications. Mussels 

were collected from one site (Gulf of St. Lawrence, Canada), (A-F). Concentrations of thorium 

detected on ESS of five shells of M. edulis with LA-ICP-MS obtained after biosorption experiment 

with error bars representing standard deviations (n = 15 for each ESS type), (G). 
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periostracum that is bathed with water) do not adsorb radioactive particles. Furthermore, data 

from one of the few published laboratory actinide experiments (Jaeschke et al., 2015) suggests 

that more than half of radioactive particles (spent fuel particles; U) introduced with food to blue 

mussels, Mytilus edulis L., were ejected from the animal’s body. Finally, mytilidae are abundant 

in the coastal waters of Japan (Karube et al., 2015), and substantial assistance could be available 

from the Environmental Specimen Banking (ESB) scientific activity for the regular collection of 

selected environmental samples, namely bivalves, in Japanese coastal waters (Karube et al., 

2015). It is important to note that after the FDNPP accident, “a new [authors: ESB] sampling and 

monitoring program started at affected areas in collaboration with the reorganized 

environmental sample collection and archiving program”(Karube et al., 2015).  

Another recommendation is to collect two sets of mussels from each sampling site in 

accordance with the preservation of the external shell surface (ESS). ESS of intertidal mussels 

usually varies between individuals, even if they are collected within one site (Fig.A1). 

Unwittingly, this would present an opportunity to collect them near the FDNPP with 1) intact 

organic periostracum (Fig. A1:A, D), 2) periostracum and one/both underlying mineral layers 

(prismatic and nacre, Fig. A1:B, C, E, F), and 3) only mineral layers (Fig. A1:B). Based on data 

by Hamilton and Clifton (1980), one set of samples needs to consist of mussels with intact 

periostracum; based on data by Zuykov et al. (2012) the ESS of the second set needs to be 

represented by the underlying prismatic layer (Fig. A1:B, E). 

As reported by Zuykov et al. (2012), well-preserved periostracum of M. edulis showed a 

lesser ability for biosorption of Th from an aqueous solution than the shells of other tested 

species which did not exhibit it due to the poor preservation of the ESS. To add value to this 

observation, an experiment on biosorption of Th from aqueous solution by five shells of M. 
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edulis in which the ESS exhibited all three shell layers as in Fig. A1:C, was conducted by the 

first author (MZ) in a manner as described by Zuykov et al. (2012). Briefly, as actinides tend to 

form strong complexes with different ligands present in seawater (Choppin, 2006) that could 

interfere with the Th availability and the adsorption process, distilled water was used as an 

experimental medium, and EDTA was added to the solution at an equimolar concentration with 

thorium to prevent any precipitation. The pH of the solution was adjusted to 8.2 (a pH value 

typical of marine waters) using 1.0 M NaOH. Shells were placed individually into the thorium 

solution for 72h (the Th used was the standard for ICP-MS calibration) and each vial with shell 

was shaken every 8 h for 5 min. The radioactivity of Th in the experimental media, measured by 

gamma-spectrometry, was ~ 80 kBq L-1. After the exposure period, the highest Th 

concentrations, measured with laser ablation-inductively coupled plasma-mass spectrometry 

(LA-ICP-MS), in three line scans on the surface of each exhibited shell layer within one shell, 

were found on the ESS represented by the prismatic layer, whereas the lowest concentrations (by 

factors of 2 and 3) were detected on the surface of nacre and intact periostracum, respectively 

(Fig. A1:G). 

 We hope that these initial thoughts and recommendations can guide the development of a 

sampling protocol for mytilid mussels near the FDNPP; nevertheless, more details must be 

discussed in accordance with local conditions in the sampling area. The development of a long-

term monitoring program of actinides with mytilid mussels will have great practicality because 

the possibility for detection of U and Pu in dissolved, colloidal and particulate forms in near-

shore waters of Fukushima Prefecture will increase throughout time. 
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Appendix B. Mytilus trossulus and hybrid (M. edulis-M. trossulus) - 

new hosts organisms for pathogenic microalgae Coccomyxa sp. from 

the Estuary and the northwestern Gulf of St. Lawrence, Canada   
 

Abstract  

During summer 2014-2017, wild mytilid mussels, highly infested with the pathogenic 

Coccomyxa-like microalgae, were collected along the Estuary and northwestern part of Gulf of 

St. Lawrence (Québec, Canada). Molecular identification showed that algae can be assigned to a 

single taxon, Coccomyxa sp. (KJ372210), whereas hosts are represented by Mytilus edulis, M. 

trossulus and hybrid between these two species. This is the first record of M. trossulus and 

hybrid among hosts of this pathogenic alga. Our results are indicative of a possible widespread 

distribution of Coccomyxa sp. in the Lower St. Lawrence Estuary and along coastal waters of 

Canadian Maritime provinces. 
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Introduction 

Until now, infestation of wild marine bivalves with the pathogenic unicellular Coccomyxa-like 

green microalgae from the North-West Atlantic region along Canadian coasts was reported for 

Placopecten  magellanicus (Gmelin) in coastal waters of Newfoundland (Naidu, 1971) and for 

Mytilus edulis (L.) from the south shore of the Lower St. Lawrence Estuary (Zuykov et al., 

2014)(Fig. B1). Infestation was identified on highly infested animals, i.e., in ones with green 

coloration of soft tissues and deformed posterior shell edge (laminae or L-shaped shell 

deformity). As previously noted, low infested mussels lack visible alterations in their 

morphology (Zuykov et al., 2014). 

 

 

Figure B1. Occurrences of wild bivalves highly infested with Coccomyxa-like algae: 1 – 

Bonavista Bay, 2 – St. Mary’s Bay, 3 – Port au Port Bay, 4 – Black Point (47°57'19"N, 66°6'46" 

W), 5 – Métis-sur-Mer (48°40'46"N, 68°2'2" W), 6 – several sites near Rimouski city (Parc 

national du Bic 48°21'53"N, 68°45'30" W, Rocher Blanc 48°26'19"N, 68°35'11" W, Pointe-au-

Pére 48°30'52"N, 69°28'9" W), 7 – Anse des Riou (48°9'52"N, 69°8'8" W), 8 – Longue-Rive 

(48°34'19"N, 69°11'36" W), 9 – Les Escoumins, “Escoumins Cross” (48°21'04"N, 69°23'41" 

W). 
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This report shows results of an exploratory intertidal shoreline sampling of highly 

infested wild mytilid mussels Mytilus spp. (HIM) every 30-50 km along the Estuary and 

northwestern part of Gulf of St. Lawrence. Mussels were collected during summer 2014-2017 at 

low tide (50-200 m from seaside). In total, 35 sites were studied; ~ 200 mussels from each site 

were examined. HIM were found in six locations (Fig. B1). Although, the Gulf of St. Lawrence 

(e.g. Gaspe Peninsula) is characterized by numerous hybrid zones between M. edulis and M. 

trossulus Gould (Thomas et al., 2002; Moreau et al., 2005), mussels from the Lower St. 

Lawrence Estuary, without molecular identification, were typically referred to M. edulis. The 

wide variety of shell shapes does not give a possibility to make discrimination between  

 

Table B1. Identification of wild mytilid mussels highly infested with Coccomyxa sp. (KJ372210) 

using molecular approach from geographically removed sites (see Fig. B1).    

 

 
 

M. edulis, M. trossulus and their hybrids in the studied area morphologically; here, therefore, we 

used species-specific amplification of two genetic markers (ITS and GLu-5’) as shown by Toro 

et al. (2004).  DNA was extracted from a small piece of mantle tissue from 47 HIM using quick-

extract (Epicentre); PCR amplifications were done using the primers Me 15 and Me 16 (Inoue et 

al., 1995). Genetic analyses revealed that they are represented by M. edulis, M. trossulus and 

hybrid between these species (Table B1). Algal identification in HIM from three sites (as in 
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Table B1) was performed by sequencing a portion of the rRNA of 15 specimens (5 from each 

site; samples of mantle are from twelve M. edulis, one M. trossulus, and two hybrids) as 

described in Zuykov et al. (2014). Sequencing results revealed the presence of only one taxon, 

Coccomyxa sp. (KJ372210); sequences are deposited in genbank under the accessions.  

There was no evidence that the infestation could be spread in the studied area in other 

sites than those mapped. In this context, two limitations need to be mentioned: 1. Many planed 

sampling sites had no access to water line (covered by forest, rocky cliffs, or private areas) or 

due to local geomorphology of seabed where mussels cannot be adequately sampled without the 

use of diving equipment. 2. Mussels on initial stage of infestation cannot be visually 

distinguished from non-infected ones in field condition and it requires examination of 

hemolymph/extrapallial fluid with microscope and flow cytometric analysis. 
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Appendix C. First report of signs of infection by Coccomyxa-like 

algae in wild blue mussels, Mytilus spp., in the Gulf of Maine (USA, 

Maine) 
 

Abstract 

In August 2019, visual inspection of intertidal zones of the Gulf of Maine (ME, USA) revealed 

young and adult wild blue mussels, Mytilus spp., in Alley Bay (Jonesport area) with the 

distinctive L-shaped shell deformity (LSSD) and green spots (GS) in the mantle and adductor 

muscle. LSSD is a characteristic sign of current or previous mussel infection by photosynthetic 

unicellular alga from the group Coccomyxa, while GS are algal colonies. Based on these 

findings, this study represents the first report of infection signs by pathogenic Coccomyxa-like 

algae in mussels from the coastal waters of the Northeastern United States, providing a base for 

future large scale monitoring of the alga in the region. 
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Introduction 

Among microbes that can be found associated with bivalve mollusks only pathogenic unicellular 

algae Coccomyxa spp. cause the formation of L-shaped shell deformity (LSSD) on the posterior 

shell edge (Figs. C1, C2) in several species of mytilid mussels (Zuykov et al., 2018). Previous 

investigations of blue mussels, Mytilus edulis L., M. trossulus Gould and their hybrids, infected 

with Coccomyxa sp. (GenBank accession number KJ372210) from the Estuary and the Gulf of 

St. Lawrence, Canada (Zuykov et al., 2014; Zuykov et al., 2018; Zhao et al., 2019; Zuykov et al., 

2020) have demonstrated the following facts which are important to note for further discussion: 

(1) LSSD only occurs if the mussel is heavily infected with Coccomyxa algae. 

(2) LSSD degree (value of parameter “d” as defined on Figs. C1: C, C2: B,C) does not depend 

on mussel age.  

(3) The core of LSSD is built with extra shell material. 

(4) Significant proportion of mussels with LSSD will show green spots (GS) in the mantle and 

adductor muscle. 

(5) In studied mussel beds, the number of individuals with LSSD usually exceeded several dozen 

animals per square meter. 

With that said, an observation of LSSD is well suitable for reliable and rapid monitoring 

of Coccomyxa-infected mussels on large spatial areas. This field-friendly technique does not 

require the collection and transportation of a great number of animals.  

 To date, there are no monitoring programs targeting pathogenic Coccomyxa alga in 

bivalves. Circa fifteen papers reported that infected mussels are known from a few sites in 

coastal waters of Spain, Norway, Denmark, Russia, Falkland Islands, and Canada (Mortensen et 

al., 2005; Zuykov et al., 2018). Nevertheless, LSSD, green spots, and the presence of pearls in 
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Figure C1. (A) Map of study area showing positions of sites where mytilid mussels, Mytilus 

spp., were observed, 1 - Cape Arundel (43°20'44"N, 70°27'31"W), 2 - Seawall Acadia National 

park, Mt. Desert Island (44°14'30"N, 68°17'57"W), 3,4 - dock leg area of small-scale fishing 

boats: 3- in Jonesport (44°31'40"N, 67°36'54"W), and 4 - in the northern part of Great Wass 

Island (44°30'57"N, 67°35'25"W). (B, C) Site 4, where blue mussels with and without L-shaped 

shell deformity (LSSD) habit on bottom sediment; parameter “d” – thickening of the posterior 

shell edge. (D) Diagram showing the direction of growth (DOG) of shells in non-infected and 

Coccomyxa –infected mussels. (E, F) Shells in section near posterior shell edge (PSE), mussels 

are from site 4: E – without LSSD, F – with LSSD; pr – prismatic layer, na – nacreous layer; 

scale bars 5 mm.     
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Figure C2. Shells and soft tissues of mytilid mussels, Mytilus spp., from the Great Wass Island 

(site 4), Maine, USA. (A) Shell without L-shaped shell deformity, LSSD; (B, C) shells with 

LSSD in different degrees (see difference in parameter “d”). (D-F) Soft tissues with green spots 

(presumptive colonies of Coccomyxa algae): (D, E) “lightly” infected mussel, green spots are 

only along the mantle posterior edge; (F) “heavily” infected mussel. Sl – shell length, APD – 

maximal anterior-posterior dimension. Scale bars 10 mm. 

______________________________________________________________________________ 

 

infected tissues make infected mussels non-attractive for harvesting. In this framework, the 

contribution of cultured and wild-caught blue mussels into coastal economy differs between 

regions on the Atlantic coast of North America. If the majority of mussels harvested in Québec 

and Canada Maritime Provinces comes from aquaculture, “most of the landings in Maine are 

from wild mussel beds” (maine.gov, 2019). Therefore, the control of diseases, pathogens, and 

parasites of both natural and cultivated populations of mussels require equal attention (Coen & 

Bishop, 2015). 

The aim of this paper was to determine whether distribution of harmful Coccomyxa-like 

algae in wild mytilid mussels, Mytilus spp., is limited to Canadian waters or if the disease is 

present in more southern locations, i.e., along the Atlantic coast of the USA (state of Maine). 

 

Materials and methods 

Sampling sites and host organism. Field examination of hundreds of intertidal mytilid mussels, 

Mytilus spp., have been carried out in early August 2019 at low tide (from - 0.06 m to - 0.4 m) in 

four sampling sites representing two ecologically different environments in the Gulf of Maine 

(Fig. C1:A): a) not affected by commercial fishing or aquaculture activities, i.e., Cape Arundel 

(site no. 1) and Seawall Acadia National park, Mt. Desert Island (site no. 2); and b) dock leg area 

of small-scale fishing boats with numerous cage aquaculture facilities, i.e., Jonesport (site no. 3) 
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and northern part of Great Wass Island (site no. 4). Mussels, variously aged, were found attached 

to rocks and/or to be partly burrowed into the muddy or sandy bottom near the shoreline; the 

depth of water in sampling sites at high tide is up to 2 m. 

Identification of Coccomyxa-infected mussels in field conditions. The main attention was paid 

to the observation of shell morphology. The presence of LSSD, i.e., thickened PSE that forms 

parameter “d” (Figs. C1:C, C2: B,C), was easy to distinguish from the sharpened PSE which 

commonly occurs in mussels (Figs. C1:C,E, C2:A) even without animal handling. However, 

alternating growth increments and growth stops on the shell edge, which frequently occur in 

nearshore mussels, can be misidentified as LSSD. To overcome this problem, attention has to be 

paid to the direction of shell growth on the posterior shell edge (Fig. C1:D). Shells of uninfected 

mussels grow always from umbo, even if the posterior edge thickened due to microgrowth 

increments (Fig. C1:D-a/, //). The latter may appear under the influence of tides, storms, circatidal 

rhythm, temperature, seasons of growth, etc. (for ref Richardson, 1989). Shells of infected 

mussels, in the ventral or dorsal views, will have a heart-like shape, because the shell growths 

toward umbonal area (Fig. C1:D-b/). The presence of extra shell material on the PSE was studied 

on shells, obtained after necropsy of eight mussels (see below). Shell fragments were cut with 

the use of cordless Dremel® rotary tool with a diamond cutting wheel and embedded in the 

acrylic resin (Lang Dental Jet™ Denture Repair package); subsequently plastic tablets were 

polished (Buehler® grinding paper) and shown here on Fig. 1E,F. Nevertheless, the presence of 

LSSD may indicate both current or prior infection with Coccomyxa (because some individuals 

might fight off and eliminate the pathogen; Zuykov et al., 2020). Therefore, the presence of GS 

(the pathognomonic sign of the infection with the alga) need to be observed in individuals with 

LSSD from each sampling site. Further, the outer mantle surface is always characterized by a 
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slightly wider spatial distribution of GS than the inner surface (Fig. C2:D,E); after necropsy, 

outer mantle near the posterior shell edge needs to be carefully examined. Additionally, 

hemolymph and extrapallial fluid in mussels heavily infected with Coccomyxa is characterized 

by slightly greenish color due to the presence of a high number of algal cells. 

 

Results 

In the sites no. 1 and no. 2, sparse mussels with shells length up to 50-60 mm do not show LSSD. 

Mussels displaying LSSD were found in abundance in sites no. 3 and no. 4 (Fig. C1:B,C). 

Organic periostracum of many individuals (with and without LSSD) was eroded to show 

underlying mineral layers (Fig. C1:C). The maximal shell length or anterior-posterior dimension 

for animals with LSSD (Fig. C2:A,B) was 70 mm; parameter “d” differs between individuals, 

and in a couple of mussels, it reached 24 mm (this is among the largest known values that were 

earlier documented from the Canada Atlantic region). Visual assessments estimated that mussels 

with and without LSSD occurred in similar abundance in both sites. In total, six (three from each 

site) randomly selected mussels with LSSD were shucked, macroscopically examined and 

photographed. The same manipulations, for comparative study, were also made with two mussels 

that did not exhibit LSSD.  

Only in individuals with LSSD: (1) PSE exhibited the extra shell material (Fig. C1:F), (2) 

GS were visible in soft tissues of four mussels only along the mantle posterior edge (Figs. C2: 

D,E), and in two mussels GS covered nearly whole mantle surface, as well as occurred inside of 

posterior adductor muscle (Figs. C2:F), and (3) the color of hemolymph leaking from the 

adductor muscle after dissection was slightly greenish. 
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Discussion 

Herein, we conclude, for the first time, that wild mytilid mussels, Mytilus spp., from the 

intertidal zone of the Gulf of Maine (ME, USA) shown signs of infection with pathogenic 

Coccomyxa-like algae. This is remarkable because macroscopic examination rarely gives 

indicative information or pathognomonic signs which can promote the identification of 

pathogens/diseases in bivalve mollusks (Zannella et al., 2017). Further, data reported in 

Rodríguez et al. (2008) and Zuykov et al. (2014), enable us to propose that Coccomyxa algae 

responsible for mussel infection in the North and in the South Atlantic Ocean may belong to the 

same taxon. 

One of the major aims of follow-up studies should be the precise identification of both 

the pathogen and the host from the Gulf of Maine. Further, a more precise spatial distribution of 

infected mussels, i.e., the scale of infection in mussel populations, in the Gulf of Maine should 

be determined, which can be facilitated by the development of in situ observations of mussels 

with LSSD using submersible cameras deployed from small vessels. 

Acknowledgement. We would like to thank Alexander Zuykov for his volunteering during field 

work. Financial support to MZ was provided by the Percy Sladen Memorial Fund, UK.  

 

Reference 

Coen, L.D., Bishop, M.J., 2015. The ecology, evolution, impacts and management of host–

parasite interactions of marine molluscs. J Invertebr Pathol 131, 177-211. 

Mortensen, S., Harkestad, L.S., Stene, R-O., Renault, T., 2005. Picoeucaryot alga infecting blue 

mussel Mytilus edulis in southern Norway. Dis Aquat Org 63, 25-32.  



240 
 

 
 

Richardson, C.A., 1989. An analysis of the microgrowth bands in the shell of the common 

mussel Mytilus edulis. J Mar Biol Ass UK 69, 477-491. 

Rodríguez, F., Feist, S.W., Guillou, L., Harkestad, L.S., Bateman, K., Renault, T., Mortensen, S., 

2008. Phylogenetic and morphological characterisation of the green algae infesting blue mussel 

Mytilus edulis in the North and South Atlantic oceans. Dis Aquat Org 81, 231-240.  

Zannella, C., Mosca, F., Mariani, F., Franci, G., Folliero, V., Galdiero, M., Tiscar, P.G., 

Galdiero, M., 2017. Microbial diseases of bivalve mollusks: infections, immunology and 

antimicrobial defense. Mar Drugs, 15, 182. 

Zhao, L., Zuykov, M., Tanaka, K., Shirai, K., Anderson, J., McKindsey, C.W., Deng, Y., Spiers, 

G., Schindler, M., 2019) New insight into light-enhanced calcification in mytilid mussels, 

Mytilus sp., infected with photosynthetic algae Coccomyxa sp.: δ13C value and metabolic 

carbon record in shells. J Exp Mar Biol Ecol 520, 151211 

https://doi.org/10.1016/j.jembe.2019.151211 

Zuykov, M., Koluchkina, G., Archambault, P., Gosselin, M., Anderson, J., McKindsey, C.W., 

Schindler, M., 2020. Shell deformity as a marker for retrospective detection of mytilid mussels 

infected with pathogenic unicellular algae Coccomyxa sp.: a first case study and research 

agenda. J Invertebr Pathol 169, 107311  https://doi.org/10.1016/j.jip.2019.107311 

Zuykov, M., Anderson, J., Pelletier, E., 2018. Does photosynthesis provoke formation of    

shell deformity in wild mytilid mussels infested with green microalgae Coccomyxa? – a 

conceptual model and research agenda. J Exper Mar Biol Ecol 505, 9–11.  

Zuykov, M., Belzile, C., Lemaire, N., Gosselin, M., Dufresne, F., Pelletier, E., 2014. First record 

of the green microalgae Coccomyxa sp. in blue mussel Mytilus edulis (L.) from the Lower St. 

Lawrence Estuary (Québec, Canada). J Invertebr Pathol 120, 23-32. 

https://doi.org/10.1016/j.jembe.2019.151211


241 

 

 

 

Appendix D. New three-way symbiosis: an eukaryotic alga, a blue 

mussel, and an endolithic cyanobacteria 
Abstract 

In several parts of the world, mytilid mussels, Mytilus spp., are infected with pathogenic, single-

celled, photosynthetic algae belonging to the genus Coccomyxa. The posterior shell edge of 

heavily infected mussels becomes considerably thickened with an extra shell material. Also, the 

external shell surface is usually eroded as a result of the microboring activity of endolithic 

cyanobacteria. We compared the number of bioeroded shells, the bioerosion degree, and the 

number of badly eroded shells, in uninfected and Coccomyxa-infected Mytilus spp. from the 

Lower St. Lawrence Estuary, Québec, Canada. The thickness of prismatic and nacreous layers 

was measured. The epibionts (pink calcareous algae, crustose brown algae, and barnacles) which 

encrusted surface of studied shells, were counted. Epibionts did not occur frequently and their 

possible relationship with the partners of a three-way symbiosis, Coccomyxa sp. – Mytilus spp. – 

endolithic cyanobacteria, has been neglected. We suggest that the mussel provides the alga 

Coccomyxa a protected space and metabolic carbon for photosynthesis. The alga stimulates shell 

thickening, and this protects mussel against ocean acidification and predators. The endolithic 

cyanobacteria remove black colored periostracum providing the mussel and alga with an 

increased ability to survive during sunny days when exposed at low tide. The eroded shells 

become more translucent which encourages alga photosynthesis. However, shell degradation 

caused by endolithic cyanobacteria is a possible reason for the death of the Coccomyxa-infected 

mussels at the studied sites. 
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Introduction 

Symbiotic associations rarely occur with marine mytilid mussels. For example, it is known 

between barnacle (Balanus) and Mytilus (see in Laihonen and Furman, 1986), as well as the 

deep-sea Bathymodiolus harbours two types of chemosynthetic bacterial endosymbionts 

(Ponnudurai et al., 2020). These associations involved commensalism and mutualism, 

respectively. 

 Blue mussels, M. edulis L. and M. trossulus Gould, (and their hybrids) are colonized by 

an alga belonging to the genus Coccomyxa. This genus of single celled green algae is known to 

be the symbiont of a number of terrestrial lichens (Nash, 2008) and the alga produces the sugar 

alcohol ribitol, which moves to and supports the growth of the fungal symbiont (Richardson et 

al., 1968). The strain of Coccomyxa found in mussels, strain KJ372210, has been studied in the 

Estuary and the Gulf of St. Lawrence, Canada (Fig. D2:a–c) since 2012 (Zuykov et al., 2014, 

2018a). The algae colonize mussels‘ tissues (Fig. D1:d) and are also present in the hemolymph 

and extrapallial fluid (Zuykov et al., 2014). The posterior shell edge of colonized mussels are 

often thickened significantly with an extra shell material (Fig. D2:i) which forms a distinctive L-

shaped shell deformity (Fig. D1:g). This suggests, that the Coccomyxa alga can influence the 

calcification process in Mytilus. This phenomenon, light enhanced calcification is known in 

tridacnid bivalve mollusks which have a symbiotic association with single-celled photosynthetic 

algae of the genus Symbiodinium (“zooxanthella”) (Zuykov et al., 2018b; Zhao et al., 2019; 

Rossbach et al., 2019). Coccomyxa occurs in mytilid mussels, and some other bivalves, in 

several areas around the world (Zuykov et al., 2018b, 2020). There is no clear understanding of 

the relationships  
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Figure D1. Wild mytilid mussels (Mytilus spp.) from the Lower St. Lawrence Estuary. 

Individuals uninfected with Coccomyxa algae – a-c; infected with Coccomyxa algae – d-j. Soft 

tissues - a, d; shells - b, c, e—h, j. Bioerosion of the external shell surface induced by endolithic 

cyanobacteria – c, f, h, j. Surface with holes of shell-boring polychaetes – h. Epibionts: brown 

algae (Br. al) – c, e, h, i; pink algae (P. al) – f, barnacle (Bn) – e. APD – maximal anterior-

posterior dimension, MGA - maximum growth axis, LE - linear length of the eroded zone, “d” – 

shell parameter that is available only in Coccomyxa-infected mussels, Pe – periostracum, Prm – 

prismatic layer, N – nacreous layer. Scale bars 5 mm. Shells, collection number: b,c (NSMT-Mo 

79281), e (NSMT-Mo 79282), f,g (NSMT-Mo 79283), h (NSMT-Mo 79284).  
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between the alga and its host. We agree with the proposal by Sokolnikova et al. (2016) who 

called it a facultative parasitism after a detailed histopathological study of mytilid Modiolus 

kurilensis Bernard from the Sea of Japan. The present study focuses on a third partner joining the 

Coccomyxa-Mytilus association in the form of endolithic cyanobacteria. Endoliths excavate a 

space in the external shell surface to live and grow that leads to it erosion. This can become 

badly eroded so that the periostracum, (thin organic outermost shell layer) and nearly all 

prismatic layer can be lost completely (Fig. D1: c, f, h). Erosion leads to the thinning of shells in 

Coccomyxa-infected mussels to the point that the thickness cannot be correctly measured. This 

erosion, following shell colonisation by endolithic cyanobacteria was first reported by Zuykov et 

al. (2014) and investigated using scanning electron microscope (Fig. D1:j). The endolithic 

assemblage includes Leptolyngbya terebrans (Bornet & Flahault ex Gomont) Anagnostidis & 

Komárek, Pseudoscytonema endolithicum (Ercegovic) Anagnostidis, and Hyella caespitosa 

(Bornet & Flahault). In addition, many other epizoic organisms are also known 

to use mussel shell as a substratum on which to settle. These include pink calcareous algae, 

crustose brown algae, and barnacles that are very common in lower tide pools and the uppermost 

sublittoral zone in the North Atlantic (Leclerc, 1987). They encrust mussels shells and 

compete for space with a shell-degrading endoliths. The aim of the present study was to analyze 

the potential three-way symbiosis between the pathogenic single celled photosynthetic microalga 

Coccomyxa sp., the shoreline mussel Mytilus spp. and endolithic cyanobacteria. Attempts were 

made to answer four questions: (1) how often does the Mytilus - Coccomyxa association include 

a third partner, the endolith, (2) what is the degree of bioerosion and what proportion of valves 

have badly eroded surfaces, (3) how is bioerosion related to shell size and some environmental 

parameters, and (4) how often do epibiontic algae and barnacles occur on external shell surfaces? 
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Materials and methods 

Sampling sites and mytilid mussels. Sampling was conducted at low tide at circa 100 m from the 

shoreline in the site Métis-sur-Mer (48°40′46″N, 68°2′2″W) in September 2013, and in the site 

Longue-Rive (48°34′19″N, 69°11′36″W) in August 2018 (Fig. D2:a–c). As part of our survey, 

we compared shells obtained from both uninfected (set 1) and Coccomyxa-infected (set 2) 

mussels of two sizes (small and large) from two sites which had a different hydrodynamic 

regime and bottom sediment characteristics. The average salinity in May 2017 was 25 PSU and 

28 PSU for the Longue-Rive site and Métis-sur-Mer site, respectively, and the average pH of 

surface waters varied between 7.8 and 8 at both sampling sites (Dr. Y. Gélinas, Concordia 

University, Canada, personal communication). At the Métis-sur-Mer site, the muddy bottom 

sediment is softer than in the Longue-Rive site where there is a sandy beach. The Longue-Rive 

and Métis-sur-Mer are open and closed to storm wave action, respectively (Fig. D2:b, c). At both 

sampling sites, mussels occur in clusters but do not form dense beds. Their molecular analysis 

revealed the presence of M. edulis, M. trossulus and a hybrid; all are known as possible hosts of 

Coccomyxa (Zuykov et al., 2018a). At each site, from an area of approximately 20 m2, equal 

numbers (300) of mussels were collected: 150 uninfected (Fig. D:1a–c) and 150 Coccomyxa-

infected (Fig. D1:d–j). They were categorized by measuring the maximum shell anterior-

posterior dimension, APD (Fig. D1:f), as 100 small (18–39 mm) and 200 large (40–76 mm). The 

tissues were removed from shells and examined with a binocular microscope at low 

magnification (×5, ×10). The shells were washed carefully with filtered water and dried at room 

temperature. The infection with Coccomyxa was confirmed after observation of algal colonies 

(green spots) on the surface of the soft tissue (Fig.D1:d); some specimens were “heavily 

infected” because green spots covered half or more of the mantle surface. 
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Figure D2. Characteristics of shells of wild uninfected and Coccomyxa-infected mytilid mussels 

(Mytilus spp.) collected in Longue-Rive, LR (48°34′19″N, 69°11′36″W) and Métis-sur-Mer, 

MsM (48°40′46″N, 68°2′2″W) in the Lower St. Lawrence Estuary. Sampling sites – a-c; Number 

of shells with bioerosion – d; Mean (± SE) percent of surface bioerosion – e; Number of shells 

encrusted with different epibionts – f; Number of shells with/without bioerosion encrusted with 

epibionts – g; Shells (in section; maximum growth axis) of uninfected – h, and Coccomyxa-

infected mussels – i (b - cathet in the right triangle was considered as the thickness of prismatic 

layer in point 3), points where thickness of prismatic (P1, P2, P3) and nacreous (N1, N2) shell 

layers were measured; Mean (± SE) thickness of the prismatic and nacreous layers in different 

sets of shells – j.  Asterisk denotes a significant difference between uninfected and Coccomyxa-

infected mussels. Scale bars (for d, e) 5 mm.  Shells, collection number: d (NSMT-Mo 79285), e 

(NSMT-Mo 79286).  
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Green spots were also clearly visible on the surface of other organs of the soft body and inside of 

the posterior adductor muscle. Shells of infected mussels are characterized by various degrees of 

L-shaped shell deformity (Fig. D1:g) that is absent in uninfected mussels (Fig. D1:b). The six 

shells figured in present paper are deposited in the National Museum of Nature and Science, 

Tokyo (Japan), under registration numbers of molluscan collection NSMT-Mo79281 - NSMT-

Mo 79286. 

Endoliths and shells bioerosion. To confirm endolithic infestation, selected shell fragments 

were coated with gold-palladium and studied with a scanning electron microscope (SEM JEOL 

JSM-6460 LV; an acceleration voltage of 20 kV) at Laurentian University (Canada). In the study 

of bioerosion by endoliths 600 mussels (1200 valves) were examined for: (1) presence or 

absence of bioerosion; (2) number of badly eroded shells, i.e., where at least one valve has 

completely lost its periostracum and actually all prismatic layer; (3) linear length of the eroded 

zone (LE) was measured with a digital caliper (Fig. D1:c, f); (4) bioerosion degree (in percent) 

was calculated for both valves as the difference between APD and LE; if both valves (in one 

shell) were infested with endoliths, only the valve with a maximal LE value was taken into 

account for the calculations. 

Epibionts. Epibionts were identified by Drs. W. Adey (Smithsonian Institution, Washington DC, 

USA) and M.Cusson (Université du Québec à Chicoutimi, Chicoutimi, Québec, Canada) based 

on photos. Presence/absence of epibionts per shell was counted. 

 

Thickness measurement (non-eroded shells) 

Careful examination of 1200 valves revealed that only eight shells from uninfected mussels and 

eight from Coccomyxa-infected ones (each set consists of four small and four large individuals) 
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collected at Métis-sur-Mer site were characterised by unaltered shell (Fig. D1:e). The latter were 

therefore used for the measuring shell thickness. The central part of one valve (for each of 16 

shells) was embedded in epoxy resin to avoid crushing during cutting by a diamond saw. After 

curing of the resin, shells were sliced longitudinally as shown in Fig. D1:e; thin slices were glued 

with double-sided tape to a glass plate and were progressively polished with silicon carbide 

paper and diamond paste. Images of polished sections (Fig. D:2h, i) were acquired with a scanner 

(Epson GT-X980) and shell thickness was measured using the CorelDraw program. The shell 

periostracum was not considered here but we determined the thickness of two mineral layers, 

prismatic and nacreous, at three different points Fig.D:2h, i. Both layers were measured in 

umbonal area where the shell has a maximal thickness (point 1), and at the midpoint (point 2) 

along the shell cross-section. The prismatic layer (point 3) thickness was examined at a distance 

of 2 to 3 mm from the posterior edge. In order to carry out equal measurement in shells with L-

shaped shell deformity, the shell thickness at point 3 was determined using the length of the 

cathet “b” in the right triangle inscribed in the space of the thickened shell edge (Fig. D2:i). 

 

Statistical analysis 

The data shown in Fig. D2:e, j, were statistically analyzed using SPSS 19.0 software. Shapiro-

Wilk’s test and Levene’s F-test were respectively applied to test if the assumption of normality 

and heteroscedasticity are respected. One-way analysis of variance (ANOVA) was applied 

subsequently to examine whether the percent of surface bioerosion and thickness of the prismatic 

and nacreous layers differ significantly between uninfected and Coccomyxa-infected mussels. 

Statistically significant differences were set at p-values less than 0.05. 
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Results 

Shells: bioerosion and encrustation. The eroded surface was matt, and its rough tactile is 

indicated in the SEM image of Fig. D1:j. Bioerosion and/or epibionts were found on 60% 

(Métis-sur-Mer site) and 65% (Longue-Rive site) shells obtained from uninfected mussels, 

whereas for shells of Coccomyxa-infected mussels the figure is 100%. The number of mussels 

with bioeroded external shell surface, the number of mussels with badly eroded shell, and the 

bioerosion degree were also always higher among Coccomyxa-infected individuals (Fig.D2:d, e). 

While all three characteristics showed a similar trend between sampling sites, absolute values 

vary slightly and were always higher for mussels collected from the open coast (Longue-Rive 

site) rather than from a small bay (Métis-sur-Mer site). The studied mussels’ shells carried three 

epibionts. The proportion of encrusted mussels varied (from low to high; Fig. D2:f) and was as 

follows: pink calcareous algae (Clathromorphum circumscriptum (Strömfelt) Foslie) (Fig. D1:f), 

barnacles (Balanus sp.) (Fig. D1:e), and the crustose brown algae (Ralfsia fungiformis 

(Gunnerus) Setchell and N.L. Gardner) (Fig. D1:c, h, i). They do not all occur together on the 

surface of one shell, but often a combination of two of them are present. Epibionts favour 

encrusting shells with a bioeroded surface (Fig. D2:g). The epibiont load was generally low. The 

pink algae cover varied from small sized zones (5 × 5 mm) up to half of shell surface (Fig. D1:f); 

brown algae completely covered the surface in one or even in both valves in fourteen shells, but 

commonly they only cover up to half a valve. Usually, one to three barnacles of small sizes are 

found per shell, but a few shells have up to 10 barnacles. The surface of four large shells (two 

from Longue-Rive site and Métis-sur-Mer site) exhibited holes resulting from shell boring 

polychaetes (Fig. D1:h) but while the excavations were visible and significant, the internal shell 

surface was not penetrated. 
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Shell thickness 

The prismatic layer revealed insignificant differences in thickness in umbonal and central shell 

parts (points 1, 2) for all studied sets (p > 0.05) (Fig. D2:j). However, the thickness of both the 

prismatic layer on the posterior edge (point 3) and the nacreous layer (in the two studied points), 

was significantly higher for Coccomyxa-infected mussels (p < 0.05). In contrast, bio-eroded 

shells were usually two times thinner and lighter than non-eroded shells of the same size. Many 

shells were “badly eroded” (Fig. D2:d) and, therefore, they were very fragile and looked 

translucent. Fragile zones are built with eroded nacre, and, as they lack a periostracum and 

prismatic layer, have a greyish coloration (Fig. D1:c,f). Shell thickness in fragile zones has the 

appearance of an eggshell, and can be even thinner, so it is possible to break the bivalve shell by 

a gentle finger push. These, “soft shell” zones, are especially frequent above the area where the 

adductor muscle attaches to the shell. 

 

Discussion 

The possible three-way symbiosis considered in this paper has not been examined before but the 

possibility was suggested after reading a paper by Mortensen et al. (2005). They made 

observations on Coccomyxa-infected mussels from southern Norway. They concluded that 

“mussels with the most eroded shells had the most severe deformities and the highest infection 

rate.“. Our results clearly provide evidence of the close association of three organisms, alga 

Coccomyxa sp., blue mussel Mytilus spp., and endolithic cyanobacteria. The mussel provides 

protected space for the Coccomyxa alga and access to metabolic carbon for photosynthesis (Zhao 

et al., 2019). The alga stimulates shell thickening (light enhanced calcification) made mussels 

protected against abiotic and biotic stressors. This is very relevant nowadays, because of global 
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warming and ocean acidification can possibly impact negatively the bivalves’ ability to produce 

shell without reducing its strength (structural integrity) and thickness (Fitzer et al., 2015). 

Endolithic cyanobacteria (bioerosion) remove black-colored periostracum providing the mussels 

and algae with an increased ability to survive during hot periods (sunny days at low tide). This 

advantage was suggested by recent experimental work by Gehman and Harley (2019), who 

showed that the blue mussel–endolithic cyanobacteria relationship provided a tolerance for 

intertidal mussels to high environmental temperature. Furthermore, within this presumed host-

parasite pair, global warming is likely to promote a shift from a parasite to a mutualistic 

association. We agree with Mortensen et al. (2005), that the thin bioeroded shells that become 

more translucent to light will provide the ability for enhanced photosynthesis in the Coccomyxa 

cells growing within the mussel. It is well known that the activity of endolithic cyanobacteria can 

lead to mussel mortality, as the thinner shells become more susceptible to breakage. In some 

cases, such bioerosion can be responsible for the death of up to 50% of the large-sized mussels in 

a population (Kaehler and McQuaid, 1999). Usually, the shell surface of Coccomyxa-infected 

mussels display significant bioerosion (see ref. in Zuykov et al., 2018b). We hypothesise, that the 

bioerosion needs to be considered as the prime reason for the death of Coccomyxa-infected 

mussels at our studied sites. Therefore, the high level of infestation with endolithic cyanobacteria 

may be one factor that limits the spread of this pathogen worldwide. Free-living marine 

representatives of the genus Coccomyxa have not yet been described (Darienko et al., 2015). We 

propose that this alga migrates inside of already infected mussels that are temporarily associated 

with ships or fishing equipment. Transmission of Coccomyxa between mussels, upon arrival of 

infected individuals transported by boats or gear to a new site, seems to be promoted by the 

water pollution with various xenobiotics in estuarine and coastal waters (Zuykov et al., 2021). 
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 In contrast to endoliths, epibionts do not occur as frequently on studied shells, and, thus, 

we do not consider them to be part of this triple way symbiosis. The relationship between 

shell colonisation (bioerosion and encrustation), the host mussel shell and its colonizers (and 

between colonizers) is very complex. It depends on numerous abiotic and biotic factors 

and requires further research especially with respect to Coccomyxa-infected mussels. It cannot be 

excluded that the periostracum in mussels at the open coast (Longue-Rive site) relative to those 

at the more protected small bay (Métis-sur-Mer site) could be characterised by greater 

microdamage (abrasion). This may be, due to the more powerful hydrodynamic conditions and 

sandy sediment which is more abrasive, than muddy sediment and that this is favorable for 

settlement of epizoic organisms (Fig. D2:d, g) (Zardi et al., 2009). 

 

Conclusion 

In this study, we explored the existence of a three-way symbiosis (alga-mussel-endolith). This 

association seems to promote mussel and alga tolerance to the abiotic and biotic stresses. 

Understanding the potential consequences of this for the host and symbionts in terms of 

previously unrealized and therefore novel capabilities is a potentially rewarding research avenue. 

The evolutionarily significance of such symbiotic events merits further exploration. In particular, 

it would be interesting to examine the metabolic interactions between mussels and Coccomyxa 

and between the endosymbiotic cyanobacteria and the mussel host. This three-way symbiosis 

promotes rapid endolithic growth (shell colonization). There appears to be a competition 

between the kinetics of the two processes, (1) calcification rate (light enhanced calcification), 

and (2) shell destruction rate (by the endolith community) and the erosion usually dominates. 

Therefore, the three-way symbiosis may provide a mechanism that limits the dispersal and 
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distribution of the invasive Coccomyxa as a result of the earlier death of infected host mussels. 
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Appendix E. Supplementary table for Chapter 10 

 

 
 

Figure E1. SEM images of thin sections (A-C, E, F) and internal shell surface (D) of 

Crenomytilus grayanus infested by shell-boring organisms. (A) Regular prismatic (calcite) and 

nacreous layers; (B) Regular nacre and myostracum (muscle attachment area); (C) Myostracum 

in (B); (D) Internal shell surface in central part of shell with open microchannels; (E) Vertical 

microchannels in sections; (F) Regular nacre. Pr – prismatic layer, Nr – nacreous layer, M – 

myostracum.  
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Figure E2. SEM images of thin sections of Crenomytilus grayanus infested by shell-boring 

organisms. Bored tunnels and complex ALPs. External shell surface for all figures is at the top of 

the images. 

 

 



258 
 

 
 

 
 

Figure E3. SEM images of thin sections of Crenomytilus grayanus infested by shell-boring 

organisms. Ten thin ALPs below the tunnel. External shell surface for all figures is at the top of 

the images.  
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Figure E4. SEM images of thin sections of Crenomytilus grayanus infested by shell-boring 

organisms. Lateral borders of ALPs. External shell surface for all figures is at the top of the 

images. 

 


