Canadian Journal of Zoology

Canadian Joaurnal of
Zoology

Fevue ca_nadienne de
zoologie

Ionic regulation and shell mineralization in the bivalve
Anodonta cygnea following heavy metal exposure

Journal: / Journal :

Canadian Journal of Zoology

Manuscript ID: / ID du
manuscrit :

2011-0213.R1

Manuscript Type:

Article

Date Submitted by the
Author: / Date de
soumission de I'auteur :

25-Oct-2011

Complete List of Authors: /
Compléter la liste des
auteurs :

Lopes-Lima, Manuel; Biomedical Sciences Institute Abel Salazar,
University of Porto, Aquatic Production; Interdisciplinary Centre For
Marine and Enviromental Research, Ecophysiology Laboratory
Freitas, Susana; Biomedical Sciences Institute Abel Salazar,
University of Porto, Aquatic Production; Interdisciplinary Centre For
Marine and Enviromental Research, Ecophysiology Laboratory
Pereira, Liliana; Biomedical Sciences Institute Abel Salazar,
University of Porto, Aquatic Production; Interdisciplinary Centre For
Marine and Enviromental Research, Ecophysiology Laboratory
Gouveia, Eugenia; Instituto Politécnico de Bragancga, Escola Superior
Agraria

Hinzmann, Mariana; Biomedical Sciences Institute Abel Salazar,
University of Porto, Aquatic Production; Interdisciplinary Centre For
Marine and Enviromental Research, Ecophysiology Laboratory
Checa, Antonio; Universidad de Granada, Departamento de
Estratigrafia y Paleontologia

Machado, Jorge; ICBAS

Keyword:

Freshwater mussels, calcium metabolism, HEAVY METALS <
Discipline, Anodonta cygnea, Osmolarity

SCHOLARONE™
Manuscripts

http://mc.manuscriptcentral.com/cjz-pubs




Page 1 of 53

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

25

Canadian Journal of Zoology

lonic regulation and shell mineralization in the bivalve

Anodonta cygnea following heavy metal exposure

Abstract

Freshwater mussels are one of the most imperiled faunistic groups in the world
and environmental exposure to toxic heavy metals, which result in deregulation
of calcium absorption and deposition in the laboratory, may be a contributing
factor in their decline. To address potential effects of heavy metal exposure on
calcium transport and metabolism in freshwater bivalves, adult Anodonta
cygnea L., 1758 were exposed to a sub-lethal concentration (1.0 x 10° M) of
essential (Zn?* and Cu®*) or non-essential (Pb?* and Cr**) metal for 30 days in
the laboratory. Inorganic composition of extrapallial, haemolymph, heart and
pericardium fluids and kidney tissue, as well as shell morphology by SEM were
compared in treated and untreated mussels. Calcium levels in fluids varied after
exposure to any of the metals investigated, although the magnitude and
threshold of effect were metal- and compartment-specific. Ca®* levels increased
robustly in all fluids following exposure to Zn?*, Cu®* or Cr**, while levels
decreased significantly in heart fluid alone following Pb** exposure (p<0.05).
Contrarily to the other metals exposure, Cu?* revealed an interesting reverse
accumulation pattern decreasing in the fluids but not in the kidney, where it
clearly accumulates for excretion. In addition, while essential Cu?* and Zn** are
closely regulated, the non-essential metals, Pb®* and Cr**, increase to very high
levels. Drastic alterations in shell morphology, specifically the structure of
border and inner pallial regions of the nacreous layer, were observed after Cu®*

or Cr¥ exposure. Collectively, data suggest that prolonged exposure to a sub-
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lethal concentration of these heavy metals can adversely affect compartmental

calcium availability and shell composition in A. cygnea.

Keywords: Freshwater mussels; calcium metabolism; heavy metals; Anodonta

cygnea; osmolarity

Introduction

Freshwater mussels, also known as unionids or naiads, have significant
ecologic and economic value, playing essential roles in aquatic ecosystems
(Naimo 1995), such as calcium cycling (Green 1980) and mixing of superficial
sediment (McCall et al. 1979). They are also a natural food source (Van der
Schalie and Van der Schalie 1950) and a resource for the mother-of-pearl
industry (Helfrich et al. 1997). However, as sedentary filter feeders that strain
suspended particles from the water column, mussels are at high risk of
exposure to a wide range of persistent, soluble, and often toxic environmental

pollutants.

Heavy metals are one such group of environmental toxicants, entering aquatic
ecosystems via effluent discharge, surface runoff, or by direct deposition of
solid residues (Calabrese et al. 1977). Evidence of heavy metal toxicity is
observable even at very low concentrations (Nriagu and Pacyna 1988; Saeki et
al. 1993), with the threshold of effect and physiological response dependent on
both the type of heavy metal and the population in question. For example, the
risk of heavy metal exposure is higher for benthic than for pelagic fauna (Brown

et al. 1996), as suspended particulate matter may bind heavy metals before
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depositing as sediment (Linde et al. 1996), thus serving as a vehicle for long-

term exposure and toxicity.

Effects of heavy metal exposure have already been investigated in the
freshwater mussel Anodonta cygnea L., 1758 (Bivalvia Unionidae), and shell
calcification has been identified as a susceptible physiological process. In
particular, exposure to any of the metallic ions investigated (Cd, Zn, Cu, Al, Ni
and Co) at final concentration of 0.1 mM leads to an increase in shell
calcification, due to a variation in the ionic current of the outer mantle epithelium
(OME) (Moura et al. 2000, 2001; Antunes et al. 2002). Additional exposure
effects include metabolic acidification and subsequent dissolution of internal
calcareous concretions resulting in an increase in free Ca®* in hemolymph
(Moura 2000, Antunes et al. 2002, Faubel et al. 2008); such an increase in Ca**
is in turn responsible for an electrochemical gradient raising Ca?* diffusion into
the shell compartment and eventually calcium deposition(Lopes-lima et al.
2008). It is worth noting, however, that OME cellular activity and resultant shell
calcification are seasonal (Coimbra et al. 1988; Moura et al. 2000, 2001, 2003;
Lopes-Lima et al. 2005), and therefore any effects observed after heavy metal

exposure may also be influenced by seasonality.

Bivalves environmentally exposed to high concentrations of heavy metals still
have a high survival rate (Couillard et al. 1993), despite documented
physiological effects and a progressive increase in tissue burden (Hemelraad et
al. 1986; Jenner et al. 1991). Metal tolerance in such accumulator organisms by

necessity involves sequestration of metals in non-toxic forms. In bivalves, a
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variety of sequestration sites are available and include high-affinity metal-
binding proteins such as metallothioneins, lysosomes, granules, calcareous

microspherules, and even the shell (Mason and Jenkins 1995).

The aim of the present study was to examine (i) potential effects of heavy metal
exposure on the levels of main ions (Ca?*, Mg?*, K*, Na* and CI), the respective
osmolarity and metal burden in fluids collected from extrapallial, hemolymph,
heart and pericardium and kidney tissue in A. cygnea; (ii) its influence on
calcium transport and absorption and (iii) deposition of calcium carbonate on

the morphology of inner shell layers by means of SEM evaluation.

Methods

Animals and treatment

Adult freshwater mussels, A. cygnea (Unionidae), were collected from Mira
Lagoon in Northern Portugal and acclimated for 24 hours in aerated tanks
containing dechlorinated water prior to treatment. A total of 25 healthy animals
were distributed into 5 experimental groups and housed individually (five
animals per group, one animal per tank). Each tank contained 10 L of
reconstituted water (Coimbra and Machado 1988) at a final concentration of 1.0
x 10° M CaCl,. Animals were considered healthy when they showed active
ventilation, powerful valve closing or water ejection upon disturbance, and a

smooth and shiny nacreous shell layer.

Each experimental group was treated with one of the following heavy metals for

30 days at a final sub-lethal concentration of 1.0 x 10® M: Cu?®* (CuSOj3), Pb**
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(PbCly), Zn?* (ZnSO3+7H,0), Cr** (CrClz*6H,0). The control group remained
untreated.

Every other day animals were fed a microalgae suspension of cultured Chlorella
spp. and Ankistodesmus spp. (10.0 x 10’ cells/mL) (Faubel et al. 2008) for 2
hours in a separate tank. After this procedure, the water in each treatment tank

was replaced.

Sample collection

At the end of the 30-day experimental period, animals were sacrificed by
immersion in 4 mL/L 2-phenoxyethanol solution (Sigma-Aldrich, Munich,
Germany) for 20-30 minutes (Ngo et al. 2010a). Fluid from the extrapallial
(between the shell and mantle), mantle (between both mantle epithelia), heart,
and pericardial compartments were immediately collected using a 21-gauge
needle (0.80 x 40 mm; Braun Sterican) attached to a sterile syringe, as
described by Morton (1983). Fluid samples were immediately processed; the
total volume of fluid extracted from each anatomical compartment
(approximately 5 mL) was placed into a 14-mL acid-washed centrifuge tube and
stored on ice until centrifuged at 4500 rpm for 7 min. The supernatant was then
transferred to a second acid-washed tube and stored at -20°C until analysed.
Kidney tissue samples were also collected and weighed immediately prior to
processing; tissue was then placed in an Eppendorf tube containing 50 uL of
Ultra Pure water, centrifuged to remove debris, and transferred to another
Eppendorf tube prior to storage at -20°C until analysis. Shell samples from each

bivalve shell (a total of 10 samples per group) were collected using a diamond
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saw at the same anterior-posterior distance (3 cm), radially in the direction of

the umbo.

lon quantification

Fluid samples were thawed and resuspended in a 0.6 M HNO3 solution to a final
volume of 4 mL. Kidney tissue samples were thawed, then dried for 2 hours at
60°C prior to digestion with 0.6 M HNO3; at high pressure using a Parr
microwave acid digestion bomb, (Model 4782; Moline, IL, USA). Na* and K*
levels were determined by atomic emission spectrometry. Ca?*, Mg®* and Zn®**
levels were determined by atomic absorption spectrometry with an atomization
flame detector. Cu®*, Pb?" and Cr** levels were determined by electrothermal
(graphite chamber) atomic absorption spectrometry using a Varian (Palo Alto,
CA, USA) SpectrAA 220 FS Atomic Absorption Spectrometer. Procedures used
for the quantification of inorganic elements in experimental samples were first
validated with concentration standards (Fluka, Pro analysis) and SRM 2976
(“Mussel Tissue”) as reference material. CI" concentration was determined by
coulometric titration using a Jenway Model PCLM3 automatic chloride meter
(Felsted, England). Fluid osmolarity was determined by the freezing depression
method using a Loser Messtechnik Type 15 automatic micro-osmometer

(Berlin, Germany).

Statistical analysis
For each parameter studied, data was tested for normality, and square-root
transformed if necessary. Means were then analyzed by one-way analysis of

variance (ANOVA) using SPSS v12.0 for Windows, followed by a posthoc
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Dunnett’s test for multiple comparisons when applicable. Statistical significance

was set at p<0.05.

Scanning electron microscopy

Individual shell fragments were mounted on scanning electron microscopy
(SEM) specimen stubs with conductive silver paint and then coated with gold.
The inner surface of the nacreous layer was then examined through a JEOL

JSM-35C scanning electron microscope operated at 25K.

Results

Heavy metal exposure alters fluid ion levels in the body

Concentrations of individual electrolytes Ca?*, Mg?*, Na*, CI', K* in A. cygnea
were quantified in extrapallial, haemolymph, heart, and pericardium fluids, as
well as kidney tissue in untreated controls and after prolonged exposure to

Cu?*, Pb?*, Zn* and Cr®* (Tables 1-4).

Effects of heavy metal exposure on fluid Ca®* and Mg?* levels were
dependent on both the heavy metal investigated and the anatomical location of
sample collection (Figs.1 and 2). Mussels exposed to both essential (Cu?*, Zn**)
and non-essential (Cr**) ions, usually showed increased Ca?* and Mg** levels,
as compared to untreated controls in all fluid compartments examined, mainly
under Cu®* and Cr** treatments where calcium and magnesium contents were
significantly changed (p<0.05), respectively. While Mg?* had a slight increase in
all fluids after exposure to Pb?*, Ca®** levels significantly decreased (p<0.05)

mainly in the heart.
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Exposure to Cu?*, Pb?", Zn?** and Cr®* heavy metals generally reduced
K* levels in fluid samples, when compared to the control (Fig. 3), mainly under
Pb?* treatment, in which case K* concentration significantly decreased in all
fluid compartments (p<0.05). Similarly, a reduction in Na* (Fig. 4) and CI" (Fig.
5) concentrations in fluid samples were observed to varying extents after heavy
metals exposure, relative to untreated controls. Mainly, exposure to Cu®* elicited
a very clear significant decrease in both Na* and CI levels in major fluid

samples examined (p<0.05).

Heavy metal exposure alters hemolymph osmolarity

Osmolarity, which reflects the sum of Na*, ClI" and Ca** levels, was reduced to
varying extents in fluid samples collected from all anatomical locations following
heavy metal exposure, as compared to untreated controls. The only exception
was the extrapallial fluid following Zn®* exposure, which remained unchanged
(Fig. 8). Although Cr** exposure resulted in significant reductions in osmolarity
in all fluid samples examined (p<0.05), for the other heavy metals investigated
significance was limited to the pericardium, in response to either Cu®* or Pb**

exposure (p<0.05).

Heavy metal burden in treated mussels

The content of heavy metals within compartment fluid and kidney tissue
samples of experimental treatment groups was also assessed (Table 5).
Though not significantly, Cu?* content (Fig. 7) was reduced in every

compartment except in the kidney, where it slightly increased after Cu®
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exposure. In contrast, Zn** levels increased in all fluids after exposure, with the
exception of a small decrease in the kidney (Fig. 8). The most relevant effects
were observed in Pb%* (Fig. 9) and Cr** (Fig. 10) contents, which rose
considerably (p<0.05) in all compartments in each exposure group, when
compared to untreated controls.

Curiously, when compared to the other metal (Zn?*, Pb** and Cr®)
exposure experiments, Cu®* induced a reverse accumulation pattern in the

extrapallial, hemolymph, heart and pericardium fluids.

Heavy metal exposure alters shell morphology
SEM images of the inner layer of A. cygnea bivalve shells revealed differences
in morphology and calcium carbonate crystal formation following heavy metal

exposure.

Untreated mussels

Micrographs of shells from untreated controls (Fig. 11) presented the normal
morphologic features and structural characteristics of the A. cygnea bivalve
shell. As can be seen in Fig. 11.1, the prismatic layer has a regular polygonal
arrangement with joined calcium carbonate crystals (magnified in Fig. 11.2).
Towards the interior, a transition zone comprised of an emerging nacreous layer
and 3-4 layers of unconnected rounded crystals undergoing simultaneous
formation was observable (Fig 11.3), although these crystals started to lose
their rounded shape and tended to become rhombohedral (Fig. 11.5). More
polyhedric crystals, a co-existence of hexagonal and rhombohedral shapes,

were observed closer to the pallial line (Fig. 11.6). Adjacent to the sinuous
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pallial line made up of crystals of undefined structure (Fig. 11.7), the nacre
revealed increased crystal production with high organic matrix content, which

yielded a less defined crystal shape (Fig. 11.8 and 11.9).

Mussels exposed to heavy metals

Micrographs of shells from mussels exposed to heavy metals illustrate
morphologic and structural changes in A. cygnea (Fig. 12 and 13). Whereas
bivalve shells from animals treated with Pb?* (Fig. 12.1-12.4) or Zn** (Fig. 13.1-
13.4) were morphological indistinguishable from controls, micrographs of shells
from mussels exposed to Cu?* revealed substantial morphological changes (Fig.
14.1-14.4). As shown in Fig. 14.1, the prismatic layer presented a normal
arrangement, except for an accelerated precipitation of small crystals. Further
magnification revealed the presence of shattered crystals at the origin of the
nacreous layer, resulting in an irregular exterior shape that is not present
among untreated controls (Fig. 14.2). Inward of the sinuous pallial line (Fig. 14.3
and 14.4) several unconnected layers, up to ten crystal-layers thick, formed
deeper grooves in shells from Cu?* exposed animals.

SEM images of shells from animals exposed to Cr** exhibited a similar though
more pronounced pattern than those exposed to Cu?* (Fig. 15); in particular,
newly formed prismatic crystals were greater in number (Fig. 15.1) and had a
granulous shape. This pattern was also evident in the nacreous layer (Fig.
15.2), where very rapid precipitation was observed, especially on the edges of
rhombohedral crystals. Interior to the pallial line (Fig. 15.3 and 15.4), the
grooves were deeper in shells from Cr®* exposed animals, thus revealing the

formation of multiple unconnected layers.

10

http://mc.manuscriptcentral.com/cjz-pubs

Page 10 of 53



Page 11 of 53

250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273

274

Canadian Journal of Zoology

Discussion

Surprisingly little is known of the mechanisms ruling calcium absorption in
mollusks, despite its established importance in cellular signaling, exoskeleton
formation, and larval development (Moura et.al. 1999, 2004). However,
research on the freshwater mussel A. cygnea has suggested that ionic
pathways such as those involved in shell calcification are susceptible to heavy
metal interference (Moura et.al. 2000, 2001), which calls for further research on
ion equilibrium in the face of metal exposure. After studying the potential effects
of prolonged exposure to essential and non-essential heavy metals in A.
cygnea, the findings described in this paper, include significant variations in
individual ion levels and osmolarity, as well as heavy metal-specific effects,
such as heavy metal burden in an exhaustive fluid panel and kidney tissue
samples. Clear changes in shell morphology at the prismatic and nacreous

layers are also observable after exposure to Cu?* or Cr*, but not Pb?* or Zn?*.

Calcium requirements of freshwater mussels are satisfied by both dietary intake
(Van Der Borght and Van Puymbroeck 1966) and active transport from their
hypocalcemic environment (Schoffenkls 1951; Jodrey 1953; Kado 1960; Van
Der Borght 1962, 1963). Though little is known about the mechanism of calcium
absorption in either marine or freshwater mollusks, calcium ions can be stored
in transient calcareous deposits (microspherules) in the mantle and gills
(Machado et al. 1988). Heavy metals, which have been shown to impact
calcium metabolism and transport, mainly by competing for binding sites

(Antunes et al. 2002), also accumulate in the mantle and gills (Manly and

11
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275  George 1977). It must be pointed out that heavy metal accumulation has been
276  reported in other organs and appears to be metal-specific, which may be a
277  result of differential metal transport in each compartment.

278

279  Physiological ion levels following metal exposure

280 In the course of our study, exposure to the essential heavy metals Cu®* or Zn**,
281  at sub-lethal concentrations, significantly or slightly raised fluid Ca®* contents in
282 examined samples of extrapallial, hemolymph, heart and pericardium fluids,
283  respectively. In addition, Mg®* levels rose in all fluid samples in Cu?*-exposed
284  but not in Zn?*-exposed mussels, thus suggesting that Cu®* exposure elicits a
285  greater toxic effect than Zn?*. Cu®** mediated acidosis is the ultimate source of
286 fluctuations in physiological Ca®* and Mg®* levels and toxicity - a combined
287  result of altered respiratory function reducing oxygen levels (Rtal et al. 1996),
288 alteration in homeostatic regulation (Nonnotte et al. 1993), energy demanding
289  metal detoxification (Mason and Simkiss 1982; Moura et al. 1999, Ngo et al
290 2010b), and inhibition of carbonic anhydrase (Ngo, Gertsmann, and Frank
291  2010c). Collectively, these alterations promote overall internal acidosis, which is
292  more severe after Cu®* than Zn?* exposure. Internal acidosis, in turn, results in
293  dissolution of calcium microspherules in the gills and mantle (Machado et al.
294  1988; Moura et al. 1999, Moura 2000, Antunes et al. 2002, Faubel et al. 2008)
295 and the eventual release of Ca?* and Mg?* into the hemolymph. Indeed, the
296 data provided in this paper show proportional increases in Ca?* and Mg?
297  relative to the toxicity of the metal, in accordance with the literature. However,
298  with the exception of Cr** exposed mussels, this trend was not observed in the

299  kidney tissue.
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Conversely, exposure to non-essential heavy metals (Cr®*, Pb?*), at sub-
lethal concentrations, elicited metal-specific effects on physiological Ca?* and
Mg?* levels in extrapalial, hemolymph, heart and pericardium fluids. Although
Cr®* treatment elicited effects similar to Cu®* (clearly raising Ca** and Mg?*
levels, most likely through metabolic acidosis (Machado et al. 1988; Jeffree et
al. 1993, Moura et al. 1999.)) effects associated with Pb*" treatment were
mainly limited to a decline in Ca®** levels in the fluid collected from the heart.
Simons (1986) and Yiicebilgic et al. (2003) have shown that Pb?* exposure
disturbs Ca®* transport, and a similar mechanism may be at work in A. cygnea.
This very specific effect on the heart, in combination with others using vitamin D
as a calcium movement promoter and SEA0400 as inhibitors of calcium
transport (Faubel et al. 2008), may indicate an active calcium uptake from the
gastrointestinal tract and resorption from the pericardium to the heart (Fig. 16).
Therefore, any calcium content excess in heart fluid, e.g. after Cd** exposure
(Faubel et al. 2008), might be transported towards the pericardium and kidney

excretion pathway by diffusion in the heart epithelium (Fig. 17).

Osmolarity, K Na* and CI ion levels following heavy metal exposure

It is worth pointing out that heavy metal exposure, including the essential metals
Zn*, Cu?* and Cr*" reduced Na*, CI" and K* levels, when compared to
untreated controls from samples of extrapallial, hemolymph, heart pericardium
fluids. This decrease may work as a compensatory mechanism in order to
maintain internal osmolarity, thus making up for increases in Mg®* and Ca*
ionic concentrations. The significant reduction in osmolarity in all fluids after Cr®*

exposure, despite a rise in physiological Ca®* and Mg?* levels, is indicative of

13
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the high toxicity of this metal, as well as of the compensatory effect of reduced
Na* and CI levels. In contrast, osmolarity was unaffected by Pb?* exposure,
suggesting that Pb?* is less toxic than Cr®. In view of the small changes in
physiological Ca®* and Mg®* levels following Pb*" exposure, and in spite of the
dramatic changes in Na*, K*, and CI" ions in all fluids, ionic regulation may
depend on elements other than those investigated in the present study, such as

bicarbonate, phosphate or sulfate ions.

Heavy metal burden

Whereas levels of essential trace metals, such as Zn®* and Cu?*, are to
some extent regulated (Simkiss and Mason 1983), concentrations of non-
essential metals, such as Pb?" and Cr**, are dependent solely on environmental
concentrations and bioavailability, although some degree of regulation is
possible (Dalinger and Weiser 1984).

In the course of our study, we determined that exposure to sub-lethal
concentrations of the essential metals Zn?** and Cu?* for 30 days did not
significantly alter their concentration in the extrapallial, hemolymph, heart and
pericardium fluids and kidney tissue. However, inverse pattern trends were
observed in the same compartments following Zn®* or Cu®" exposure. While
Zn?* increased in samples collected from all compartments, with the exception
of kidney, Cu®* decreased in samples collected from all compartments, with the
exception of kidney, where it increased. The data suggest that Zn?** forms a
gradient from the heart through the mantle towards the extrapallial
compartment, mirroring the flow of hemolymph within the open circulatory

system (illustrated in Fig. 17). Our hypothesis is supported by the observations

14
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of Moura et al. (1999), who reported that Zn?* exposure in A. cygnea elicited an
increase in Zn?* deposits within the shell’s nacreous layer, and of Meites (1964)
and Pietrzak et al. (1976), who concluded that Zn®* first precipitates in the
mineral structures (shell and/or microspherules) due to a lower solubility than
that of the calcium carbonate. The inverse gradient observed following Cu®*
exposure suggests that the metal is excreted by the kidney. Higher Cu?* content
in the kidney, as compared to pericardial fluid, is likely a result of Cu®
accumulation prior to excretion. Notably, Cu?* exposure in bivalves induces

expression of metallothioneins in kidney (Choi et al. 2003).

Exposure to the non-essential heavy metals Pb®* or Cr®* resulted in significant
increases in Pb® or Cr** contents in all sampled compartments, when
compared to untreated controls, which had very low or undetectable levels.
Though Pb?* exposure resulted in a high accumulation of Pb?* in fluid from
heart, mantle and extrapallial compartments favoring an excretory pathway to
the extrapallial compartment and shell, Cr** levels were higher in fluid from the
pericardium and kidney tissue, which favors an alternative excretory pathway.
These data suggest that the Pb?* gradient, which initiates in the heart and
progresses through the mantle towards the extrapallial compartment in
accordance with the flow of the circulatory system (Fig 16), is predictive of
precipitation within the shell. Moura et al. (2001) reported that the shell was the
main Pb?" detoxification target. Moreover, even with strong accumulation on all
compartments, there was no detectable metabolic acidosis effect (unchanged
calcium and magnesium levels). In fact Black et al. (1996) had already found

that Pb?* tissue concentration was poorly correlated with adverse effects on
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Anodonta grandis. Conversely, as in Cu?* exposure, the observed Cr** gradient,
which peaks in the kidney, is indicative of posterior excretion via the kidney. Our
hypothesis is supported by the findings of Walsh and O’Halloran (1998) and
Boening (1999), which suggested this organ as the main detoxification pathway

for Cre*.

Shell morphology following heavy metal exposure

In accordance with the toxicity data in soft tissue presented here, structural
changes in the shell, border, pallial and inner zones were observed following
exposure to Cu?* but not Zn?*, possibly due to the metabolism of organic
compounds involved in the biomineralization phenomena. Interestingly, the
deep grooves observed on the inner shell layer were similar to alterations
induced by Diflubenzuron, a benzamide insecticide. This similarity might be
related to changes in chitin polymerization (Machado et al. 1991), which would
in turn compromise the framework matrix. The interruption of this organic
framework by Cu?" action, most likely due to a disruption of chitin
polymerization, induced several unconnected calcareous lamina that formed

grooves in the nacreous layer.

Exposure to the non-essential heavy metals Pb?* or Cr** produced differential
effects on the formation of the nacreous layer. When compared to untreated
controls, Pb®** exposure failed to elicit structural changes, whereas Cr®*
exposure generated visible effects, including deep groove formations in the
shell structure. This suggests a strong disturbance of cellular metabolism,

similar to that obtained with Cu?*, although the extent of the Cr** effect was

16

http://mc.manuscriptcentral.com/cjz-pubs

Page 16 of 53



Page 17 of 53

400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423

424

Canadian Journal of Zoology

greater. As mentioned above, such features indicate an alteration in the chitin
polymerization mechanism and a subsequent change in the properties of the
organic matrix framework, which interfere with normal CaCOj; crystal
mineralization (Machado et al. 1991). Although Pb*" burden was significantly
higher than Cr** in anatomical compartments, and the Pb?" excretion pathway is
most likely through the shell, no shell structural alterations were evident in Pb?*
exposed mussels. Conversely, Cr** exposure produced clear changes in the
nacreous layers, despite a low Cr** burden and the fact that the main
detoxification pathway is via the kidney. Collectively, our data suggest that Cr**

is capable of interfering extensively with shell calcification mechanisms.

To conclude, in extrapallial, hemolymph, heart and pericardium fluids of
A. cygnea it was observed that: (i) Mg®* and, mainly, Ca®* availability generally
revealed a rising trend following exposure to Cu?" Cr** and Zn?**, as a
consequence of the calcium microspherules dissolution in the gills and mantle,
whereas Na*, Cl" and K" contents decreased as a compensatory process in the
internal osmolarity regulation; (i) Pb?* exposure seems to affect calcium
absorption from the external medium in the epithelium separating the gut from
the heart; (i) Cr** and Cu?* affected nacreous layer formation in the shell,
whereas Pb?* and Zn?* appeared to have no influence on the shell structural
formation -; (iv) Zn** and, mainly, Cr* and Pb®* accumulated in all
compartments sampled (extrapallial, hemolymph, heart and pericardium fluids
and kidney tissue), but Cu?®* exposure promoted a Cu®* decrease in all
compartments except in the kidney, where it presumably accumulated for

excretion.
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Finally, these results suggest that the essential metals Cu®*" and Zn?* are
strongly regulated to remain at levels near the control, whereas the non-
essential metals Pb? and Cr** reach higher concentrations in all body

compartments, with apparent low or strong toxicity, respectively.
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Captions
Figure 1.
Calcium contents of fluid collected from anatomical compartments of Anodonta
cygnea L., 1758 and kidney tissue, after treatment with different heavy metals
(Cu, Zn, Pb, and Cr). Bars with superscripts differed significantly from untreated

controls (* p<0.05).

Figure 2.

Magnesium contents of fluid collected from anatomical compartments of
Anodonta cygnea L., 1758 and kidney tissue, after treatment with different
heavy metals (Cu, Zn, Pb and Cr). Bars with superscripts differed significantly

from untreated controls (* p<0.05).

Figure 3.

Potassium contents of fluid collected from anatomical compartments of
Anodonta cygnea L., 1758 and kidney tissue, after treatment with different
heavy metals (Cu, Zn, Pb and Cr). Bars with superscripts differed significantly

from untreated controls (* p<0.05).

Figure 4.

Sodium contents of fluid collected from anatomical compartments of Anodonta
cygnea L., 1758 and kidney tissue, after treatment with different heavy metals
(Cu, Zn, Pb and Cr). Bars with superscripts differed significantly from untreated

controls (* p<0.05).
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Figure 5.

Chloride contents of fluid collected from anatomical compartments of Anodonta
cygnea L., 1758 and kidney tissue, after treatment with different heavy metals
(Cu, Zn, Pb and Cr). Bars with superscripts differed significantly from untreated

controls (* p<0.05).

Figure 6.

Osmolarity of fluid collected from anatomical compartments of Anodonta cygnea
L., 1758 and kidney tissue, after treatment with different heavy metals (Cu, Zn,
Pb and Cr). Bars with superscripts differed significantly from untreated controls

(* p<0.05).

Figure 7.
Copper ion content of fluid collected from anatomical compartments of

Anodonta cygnea L., 1758, after Cu treatment.

Figure 8.
Zinc ion content of fluid collected from anatomical compartments of Anodonta

cygnea L., 1758, after Zn treatment.

Figure 9.
Lead ion content of fluid collected from anatomical compartments of Anodonta
cygnea L., 1758, after Pb treatment. Bars with superscripts differed significantly

from controls (* p<0.05).
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Figure 10.
Chromium ion content fluid collected from anatomical compartments of
Anodonta cygnea L., 1758, after Cr treatment. Bars with superscripts differed

significantly from controls (* p<0.05).

Figure 11 (11.1-11.9).

SEM images of the inner layer of a shell from a control Anodonta cygnea L.,
1758. The images are ordered from the exterior shell border to the interior.
(11.1) Shell border showing prismatic and nacreous layers. (11.2) Enhanced
image of the prismatic layer from the border. (11.3) Interface between the
prismatic and nacreous layers. (11.4) Beginning of the nacreous layer. (11.5)
Image of the interior nacreous layer from an intermediate location between the
border and the pallial line. (11.6) Nacreous layer just above the pallial line.
(11.7) The pallial line. (11.8) Beginning of the nacreous layer just below the

pallial line. (11.9) Nacreous layer interior of the pallial line.

Figure 12 (12.1-12.4).

SEM images of the inner layer of Anodonta cygnea L., 1758 shell from the Pb?*
treatment group. The images are ordered from the exterior shell border to the
interior. (12.1) Shell border showing prismatic and nacreous layers. (12.2)
Beginning of the nacreous layer. (12.3) Nacreous layer just above the pallial

line. (12.4) Nacreous layer just below the pallial line.

Figure 13 (13.1-13.4).

SEM images of the inner layer of Anodonta cygnea L., 1758 shell from the Zn®*

treatment group. The images are ordered from the exterior shell border to the
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interior. (13.1) Shell border showing the prismatic and nacreous layer. (13.2)
Beginning of the nacreous layer. (13.3) Magnified nacreous layer. (13.4)

Nacreous layer just below the pallial line.

Figure 14 (14.1-14.4).

SEM images of the inner layer of Anodonta cygnea L., 1758 shell from the Cu®*
treatment group. The images are ordered from the exterior shell border to the
interior. (14.1) Shell border showing the prismatic layer. (14.2) Beginning of the
nacreous layer. (14.3) Nacreous layer below the pallial line. (14.4) Magnification

of the same pallial region.

Figure 15 (15.1-15.4).

SEM images of the inner layer of Anodonta cygnea L., 1758 shell from the Cr®*
treatment group. The images are ordered from the exterior shell border to the
interior. (15.1) Shell border showing the prismatic layer. (15.2) Beginning of the
nacreous layer. (15.3) Nacreous layer below the pallial line. (15.4) General view

of the nacreous layer below the pallial line.

Figure 16 - Diagram of ionic balance in Anodonta cygnea L., 1758, showing a
Ca®* ion absorption and resorption from the gastrointestinal tract and
pericardium towards the ventricle compartment, respectively. Changes on the
osmolarity due to increased Ca®* and Mg?* under acidosis induced by Cu?* or
Zn** and Cr** exposure. Whereas vitamin D is a stimulator of transepithelial

calcium movements, SEA0400 and Pb?* are specific inhibitors of
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sodium/calcium ion exchange and calcium uptake in ventricle and

gastrointestinal tract epithelia, respectively.

Figure 17. - Circulatory and excretion system of bivalves diagram, showing a
circulatory pathway from the heart to the mantle and an excretion pathway from
the pericardium to the kidney through the reno-pericardial canal. Adapted from

(Rupert et al 2003).
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(C - control; E — experimental). 1 significant increase (p<0,05), | significant decrease (p<0,05).
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Extrapallial Hemolymph Heart Pericardium Kidney (mg/g)
C E C E Cc E C E C E
Ca** (mmol/L) 11,49 £ 2,02 23,58 £6,81 1 9,91 £ 0,88 26,83 +£2,90 1 13,38 £ 1,10 23,73 +£3,68 1 11,45 +2,43 31,08+5,791 | 4,25+0,38 3,88 £1,29
Mg2+ (umol/L) 31,13 £3,88 45,38 + 17,17 23,50 +£1,80 44,63 + 12,69 1 28,33 £5,32 55,98 £ 6,45 1 34,75 £ 1,55 58,98 £9,98 1 | 0,45 + 0,003 0,36 + 0,08
K* (umol/L) 262,50 + 55,20 | 200,25 +47,00 | 217,75 £ 25,57 | 216,00 + 24,00 257,00 + 61,10 | 220,25 + 65,31 | 293,00 £ 25,10 | 223,00 + 49,90 | 0,81 £0,16 0,554 £ 0,10
Na* (mmol/L) 8,97 £ 0,64 2,54 +0,51 | 8,77 2,17 3,07 +£0,71 | 8,94 + 0,66 2,56 +0,36 | 8,67 £ 0,84 259+0,73 | 2,04 +0,14 0,46 +0,16 |
CI' (mmol/L) 15,00 + 1,80 7,75 +£0,50 | 15,00 = 3,70 8,75+1,26 | 16,25 + 1,71 8,75+0,50 | 15,25+ 1,50 11,25 +0,50 |
Osmolality (mosm/L) 37,25 £2,99 2475+7,09 ] | 41,75 £17,21 27,25 +2,99 40,00 +£0,80 | 34,00+3,60 | 39,50+1,90 | 34,50+2,90 |
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Table 2 - Main ions concentration in samples of A. cygnea under Zn** exposure (1.0 x 10 M) for 30 days in the laboratory.

C - control; E — experimental; 1 significant increase (p<0,05), | significant decrease (p<0,05).

http://mc.manuscriptcentral.com/cjz-pubs

Extrapallial Hemolymph Heart Pericardium Kidney (mg/g)

C E C E C E C E C E
Ca® (mmol/L) 11,49 +£2,02 15,43 + 0,47 T 9,91 +£0,88 13,70 + 2,40 T 13,38 £1,10 | 15,70 +1,10 T 11,45 +2,43 15,23 +1,32 T 425+0,38 | 2,87 +0,72
Mgz" (umol/L) 31,13 £3,88 38,00 +£7,80 23,50 +£1,80 33,03 £ 9,46 28,33 £5,32 34,00 £ 9,50 34,75 +£1,55 40,55 + 5,28 0,45+0,003 | 0,26 +0,12
K* (umol/L) 262,50 £ 55,20 | 236,75+ 37,58 | 217,75 £25,57 | 211,75 £ 39,96 | 257,00 £ 61,10 | 200,75 + 30,84 | 293,00 £ 25,10 | 228,25 + 25,60 l 0,81 +£0,16 0,54 £ 0,22
Na* (mmol/L) 8,97 + 0,64 8,51 £ 0,47 8,77 2,17 7,59 + 0,69 8,94 + 0,66 8,27 £ 0,54 8,67 £ 0,84 7,88 £ 0,67 2,04 +0,14 1,33 £0,88

CI' (mmol/L) 15,00 + 1,80 13,75+ 0,50 15,00 + 3,70 13,25 £ 0,50 16,25 + 1,71 12,25 + 0,50 l 15,25 + 1,50 12,75 + 0,50 l
Osmolality (mosm/L) 37,25 £2,99 38,75 £ 3,40 41,75 £ 17,21 33,25 +£7,37 40,00 0,80 35,25 + 2,63 l 39,50 +1,90 37,25 +1,26
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Table 3 - Main ions concentration in samples of A. cygnea under Cr** exposure (1.0 x 10° M) for 30 days in the laboratory.

C - control; E — experimental; 1 significant increase (p<0,05), | significant decrease (p<0,05).

Extrapallial Hemolymph Heart Pericardium Kidney (mg/g)
c E c E c E c E c E

Ca* (mmol/L) 11,49 +2,02 17,30+3,30 T | 991+088 | 1490+390 | 1338+1,10 | 1570+340 | 11,45+243 | 19,50+4,90 1 425+038 | 4.99+153

Mg (umol/L) 31,13 +£3,88 46,03+4,871 | 2350+1,80 |4748+9997 | 2833+532 |4603+4871 | 3475+155 | 59,20+10,80 1 | 045+0,003 | 053+0,.23

K* (umol/L) 262,50 + 55,20 | 168,00 +33,90 | | 217,75 + 2557 | 180,25 + 39,78 | 257,00 + 61,10 | 168,00 + 33,90 | 293,00 + 25,10 | 205,50+ 18,40 | | 0,81 +0,16 | 0,86 +0,43

Na* (mmol/L) 8,97 + 0,64 5,60 +0,70 | 8,77 + 2,17 6,31 1,08 8,94+066 | 560+070 | | 867+084 5,93+0,64 | 2,04+014 | 1,83+0,97
CI' (mmol/L) 15,00 + 1,80 9,00 +0,80 | 15,00+3,70 | 875+050 ] | 1625+1,71 | 900+080 ] | 1525+150 | 7,50+0,60 |
Osmolality (mosm/L) | 37,25 +2,99 16,7515 | 41,75 +1721 [ 1950210 | | 40,00+080 | 2500+280 | | 3950+1,90 | 2525+1,89
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Table 4 - Main ions concentration in samples of A. cygnea under Pb®* exposure (1.0 x 10°® M) for 30 days in the laboratory.

C - control; E — experimental; 1 significant increase (p<0,05), | significant decrease (p<0,05).

Extrapallial Hemolymph Heart Pericardium Kidney (mg/g)
c E C E C E c E c E

Ca’* (mmol/L) 11,49 2,02 12,34 £ 2,23 9,91 +0,88 8,57 +1,45 13,38 + 1,10 9,71+1,20 | 11,45 + 2,43 11,56 + 2,21 4,25 0,38 3,57 +0,22

Mg** (umol/L) 31,13 +3,88 35,68 + 5,51 23,50 +1,80 | 2868+241 7 28,33 + 5,32 29,73 + 5,08 3475+1,55 | 4143+3197 | 04540003 | 0,392 +0,05

K* (umoliL) 262,50 + 55,20 | 80,55+33,45 | | 217,75 +2557 | 46,58 +32,34 | | 257,00 +61,10 | 53,60+29,70 | | 293,00 + 25,10 [ 103,03+31,60 | | 0,81 +0,16 0,50 +0,08

Na® (mmol/L) 8,97 0,64 585+0,35 | 8,77 £2,17 5,87 +0,30 | 8,94 + 0,66 597+037 | 8,67 0,84 549 +0,29 | 204+0,14 | 0,99 +0,06
CI' (mmol/L) 15,00 £1,80 | 10,25+0,50 | 15,00 + 3,70 10,50 + 1,30 16,25 + 1,71 10,00 £0,80 | 15,25 + 1,50 10,50 £1,3 |
Osmolality (mosm/L) | 37,25 +2,99 37,50 +1540 | 41,75 +17,21 27,25 +7,37 40,00 + 0,80 41,75 £5,12 39,50 + 1,90 33,25 +4,19
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Table 5 - Metal ion concentration in the samples under the respective metal exposure at a sub-lethal concentration (1.0 x 10 M) for 30 days in the laboratory.

(C - control; E — experimental) 1 significant increase (p<0,05), | significant decrease (p<0,05), n.d. (not detected).

Extrapallial Hemolymph Heart Pericardium Kidney (mg/g)
C E C E C E C E C E
cu* (umol/L) 0,85+0,18 0,67 £0,22 0,82 +0,20 0,47 £ 0,29 0,98 + 0,22 0,73 £ 0,27 0,89 +0,29 0,63 + 0,36 55,20 + 20,00 83,73 £ 25,36
Zn** (umol/L) 1,90 £ 0,40 2,91 +1,96 2,55 +0,67 3,99 + 3,37 2,36 +£0,70 4,60 +1,18 2,90 +0,80 3,36 £ 1,59 0,13 £ 0,03 0,12 £ 0,006
Cr* (nmol/L) n.d. 61,45+15,05 T n.d. 54,73 +12,32 1 n.d. 61,45+ 15,05 1 n.d. 214,00 42,10 T | 0.90£0,44 | 29.84+13,921
Pb?* (nmol/L) 24,30 +5,30 | 739,00 + 430,80 T 24,63 £5,01 | 858,00 + 458,00 T 25,68 + 3,63 | 859,50 + 501,70 T 26,03 +13,40 | 331,75+ 192,65 4,12 £0,96 34,12 + 12,67 T
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Calcium contents of fluid collected from anatomical compartments of Anodonta cygnea L., 1758 and
kidney tissue, after treatment with different heavy metals (Cu, Zn, Pb, and Cr). Bars with
superscripts differed significantly from untreated controls (* p<0.05).
242x165mm (150 x 150 DPI)

http://mc.manuscriptcentral.com/cjz-pubs



Page 38 of 53

Canadian Journal of Zoology

-

(3/3w) 3N

Kidney

7

Pericardium

Heart

Vi

Hemolymph

Extrapalial

T T T T T T
(=3 (=3 = (=3 (=3 (=3 <
©o w -+ o« o~ -

(1/1owrl) uonesyuadsuod 3N

]DControl SCu®Pb B2n IICr|

superscripts differed significantly from untreated controls (* p<0.05).

Magnesium contents of fluid collected from anatomical compartments of Anodonta cygnea L., 1758
and kidney tissue, after treatment with different heavy metals (Cu, Zn, Pb and Cr). Bars with

242x147mm (150 x 150 DPI)
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Potassium contents of fluid collected from anatomical compartments of Anodonta cygnea L., 1758
and kidney tissue, after treatment with different heavy metals (Cu, Zn, Pb and Cr). Bars with
superscripts differed significantly from untreated controls (* p<0.05).
242x149mm (150 x 150 DPI)
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Sodium contents of fluid collected from anatomical compartments of Anodonta cygnea L., 1758 and
kidney tissue, after treatment with different heavy metals (Cu, Zn, Pb and Cr). Bars with
superscripts differed significantly from untreated controls (* p<0.05).
246x157mm (150 x 150 DPI)
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Chloride contents of fluid collected from anatomical compartments of Anodonta cygnea L., 1758 and
kidney tissue, after treatment with different heavy metals (Cu, Zn, Pb and Cr). Bars with
superscripts differed significantly from untreated controls (* p<0.05).
245x151mm (150 x 150 DPI)
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Osmolarity of fluid collected from anatomical compartments of Anodonta cygnea L., 1758 and
kidney tissue, after treatment with different heavy metals (Cu, Zn, Pb and Cr). Bars with
superscripts differed significantly from untreated controls (* p<0.05).
249x153mm (150 x 150 DPI)
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Copper ion content of fluid collected from anatomical compartments of Anodonta cygnea L., 1758,

after Cu treatment.
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Zinc ion content of fluid collected from anatomical compartments of Anodonta cygnea L., 1758, after
Zn treatment.
257x156mm (150 x 150 DPI)
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Lead ion content of fluid collected from anatomical compartments of Anodonta cygnea L., 1758,
after Pb treatment. Bars with superscripts differed significantly from controls (* p<0.05).
247x151mm (150 x 150 DPI)
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Chromium ion content fluid collected from anatomical compartments of Anodonta cygnea L., 1758,
after Cr treatment. Bars with superscripts differed significantly from controls (* p<0.05).
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60pm

SEM images of the inner layer of a shell from a control Anodonta cygnea L., 1758. The images are
ordered from the exterior shell border to the interior. (11.1) Shell border showing prismatic and
nacreous layers. (11.2) Enhanced image of the prismatic layer from the border. (11.3) Interface

between the prismatic and nacreous layers. (11.4) Beginning of the nacreous layer. (11.5) Image of
the interior nacreous layer from an intermediate location between the border and the pallial line.
(11.6) Nacreous layer just above the pallial line. (11.7) The pallial line. (11.8) Beginning of the
nacreous layer just below the pallial line. (11.9) Nacreous layer interior of the pallial line.
884x989mm (96 x 96 DPI)
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SEM images of the inner layer of Anodonta cygnea L., 1758 shell from the Pb2+ treatment group.
The images are ordered from the exterior shell border to the interior. (12.1) Shell border showing
prismatic and nacreous layers. (12.2) Beginning of the nacreous layer. (12.3) Nacreous layer just
above the pallial line. (12.4) Nacreous layer just below the pallial line.
1039x1126mm (96 x 96 DPI)
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SEM images of the inner layer of Anodonta cygnea L., 1758 shell from the Zn2+ treatment group.
The images are ordered from the exterior shell border to the interior. (13.1) Shell border showing
the prismatic and nacreous layer. (13.2) Beginning of the nacreous layer. (13.3) Magnified nacreous
layer. (13.4) Nacreous layer just below the pallial line.
1034x1127mm (96 x 96 DPI)
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SEM images of the inner layer of Anodonta cygnea L., 1758 shell from the Cu2+ treatment group.
The images are ordered from the exterior shell border to the interior. (14.1) Shell border showing
the prismatic layer. (14.2) Beginning of the nacreous layer. (14.3) Nacreous layer below the pallial
line. (14.4) Magnification of the same pallial region.
1036x1126mm (96 x 96 DPI)
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SEM images of the inner layer of Anodonta cygnea L., 1758 shell from the Cr3+ treatment group.
The images are ordered from the exterior shell border to the interior. (15.1) Shell border showing
the prismatic layer. (15.2) Beginning of the nacreous layer. (15.3) Nacreous layer below the pallial
line. (15.4) General view of the nacreous layer below the pallial line.
1036x1126mm (96 x 96 DPI)
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Diagram of ionic balance in Anodonta cygnea L., 1758, showing a Ca2+ ion absorption and
resorption from the gastrointestinal tract and pericardium towards the ventricle compartment,
respectively. Changes on the osmolarity due to increased Ca2+ and Mg2+ under acidosis induced
by Cu2+ or Zn2+ and Cr3+ exposure. Whereas vitamin D is a stimulator of transepithelial calcium
movements, SEA0400 and Pb2+ are specific inhibitors of sodium/calcium ion exchange and calcium
uptake in ventricle and gastrointestinal tract epithelia, respectively.
273x145mm (144 x 144 DPI)
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Circulatory and excretion system of bivalves diagram, showing a circulatory pathway from the heart
to the mantle and an excretion pathway from the pericardium to the kidney through the reno-
pericardial canal. Adapted from (Rupert et al 2003).
352x206mm (72 x 72 DPI)
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