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Abstract The input of anthropogenic contaminants to
the aquatic environment is a major concern for scien-
tists, regulators and the public. This is especially rele-
vant in areas such as the Tamar valley in SW England,
which has a legacy of contamination from industrial
activity in the nineteenth and twentieth centuries. Fol-
lowing on from previous laboratory validation studies,
this study aimed to assess the relationship between
genotoxic and cytotoxic responses and heavy metal
concentrations in two bivalve species sampled from
locations along the Tamar estuary. Adult cockles, Cera-
stoderma edule, and blue mussels, Mytilus edulis, were
sampled from five locations in the Tamar and one ref-
erence location on the south Devon coast. Bivalve hae-
mocytes were processed for comet and neutral red
retention (NRR) assays to determine potential genotoxic
and cytotoxic effects, respectively. Sediment and soft
tissue samples were analysed for metal content by in-
ductively coupled plasma mass spectrometry. Sediment
concentrations were consistent with the physico-
chemical nature of the Tamar estuary. A significant

correlation (P00.05) was found between total metal
concentration in sediment and C. edule soft tissues, but
no such correlation was found for M. edulis samples.
DNA damage was elevated at the site with highest Cr
concentrations for M. edulis and at the site with
highest Ni and Pb concentrations for C. edule. Analysis
of NRR revealed a slight increase in retention time at
one site, in contrast to comet data. We conclude that
the comet assay is a reliable indicator of genotoxic
damage in the field for both M. edulis and C. edule
and discuss reasons for the apparent discrepancy with
NRR.

Keywords Bivalve molluscs . Tamar estuary .Metals .

Biomarkers . Comet assay . Neutral red retention

Introduction

Anthropogenic inputs to the environment represent a
growing concern for governments, policy makers and
the public, particularly in light of increasing global
industrialisation and human population growth
(Moore et al. 2004; Jha 2004). The marine environ-
ment (including estuaries) is often the ultimate recip-
ient of discharged contaminants, and thus identifying
and quantifying the potential risks to exposed aquatic
biota and human health has become a key challenge
for ecotoxicologists, environmental managers and reg-
ulatory agencies (Moore et al. 2004). In addition to
quantifying levels of contamination with chemical and
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water monitoring programmes, sub-lethal biological
responses or biomarker studies on key ‘sentinel’ or
‘bioindicator’ species are also essential for environmen-
tal risk assessment and protection (Moore et al. 2004;
Lyons et al. 2010). In recent years, emphasis on the
ecological impact of contaminants has increased. For
example, the European Union water framework direc-
tive (Directive 2000/60/EC) emphasises the need for
ecological quality of the hydrosphere, in particular, fo-
cusing on those contaminants which are carcinogenic,
mutagenic or show reproductive toxicity (Borja et al.
2004; Fuerhacker 2009). In order to assess these effects,
it is important to assess the sub-lethal effects in native
biota inhabiting potentially different contaminated sites.

It is generally realised that applications of sub-
lethal biological responses in native organisms have
been implemented in only a few selected organisms
(Jha 2008). It is often seen that, at contaminated sites,
these species are either absent or, if present, their
responses might not be indicative of other species in
the community (Cheung et al. 2006; Jha 2008). Ma-
rine bivalves, such as the blue mussel (Mytilus edulis),
are commonly used as bioindicator species in ecotox-
icological investigations. Their sessile, filter-feeding
mode of life and ease of maintenance in the laboratory
make bivalves ideal test species. It is, however, im-
portant to bear in mind that sediment is the ultimate
depository of contaminants, and as intertidal species,
they might not represent the actual biological impact
of contaminants on the biota. Many factors have an
impact on the biological response to contaminants,
including trophic position, feeding methods and hab-
itat; therefore it is imperative to extend the choice of
available sentinel species. The fact that bivalves are
generally abundant, geographically widespread and
display a variety of biological responses when stressed
makes them appropriate model organisms in a range of
exposure scenarios. In this context, the common cock-
le, Cerastoderma edule, a sediment-dwelling bivalve
that is widely distributed from north-east Norway to
West Africa is a potentially useful sentinel species. In
contrast to M. edulis, it is mobile and does not attach
to the substrata with byssus threads. Despite its char-
acteristics, there have been a limited number of
attempts to explore the usefulness of this species for
environmental monitoring purposes (Cheung et al.
2006; Lobo et al. 2010; Jung et al. 2006).

The Tamar estuary is a tidal estuary in the south-
west of the UK, extending approximately 22 km

landwards from Plymouth Sound, where it meets the
sea (Environment Agency 1996). Five rivers (the
Tamar, Tavy, Lynher, Plym and Tiddy) run into the
Tamar estuary, which then empties into Plymouth
Sound (Environment Agency 1996). The Tamar valley
is highly mineralised and has been mined (e.g. for Sn,
Cu, Pb, Ag and Zn) for the last millennium. In the
nineteenth century, mining activities were particularly
intensive, and the area was the world’s largest source
of arsenic and copper (Shaw and Moore 2011). In
addition to mining, industrial influences on the Tamar
estuary include various marinas, the city of Plymouth
(with ~250,000 inhabitants) and the Devonport Royal
Dockyard, where submarine refits are undertaken for
the Royal Navy and radioactive waste is discharged.
Nutrient enrichment occurs within the upper Tamar
estuary mainly from agricultural run-off and sewage
discharge (Langston et al. 2003). Chemical data from
the Tamar estuary area indicate that, compared with
many other estuaries around the British coast, the area
contains elevated levels of heavy metals and radio-
nuclides in sediments (Lindsay and Bell 1997) and
polycyclic aromatic hydrocarbons both in seawater
(Law et al. 1997) and in sediments (Woodhead et al.
1999). In addition, as a result of the PREDICT work-
shop (Shaw and Moore 2011), ecotoxicological effects
of contamination on bivalves in the Tamar estuary
have been investigated (Bignell et al. 2011; Money
et al. 2011; Shaw et al. 2011). The Tamar estuary is
designated as ‘An Area of Outstanding Natural Beau-
ty’, and two Tamar Valley estuaries have been desig-
nated as Sites of Special Scientific Interest (Langston
et al. 2003). Despite the ecological significance of this
area and the historical and present input of anthropo-
genic contaminants, there is currently limited pub-
lished work on biological responses in native biota.
In particular, there is little work that compares sub-
lethal toxic responses in different marine species
inhabiting the Tamar estuary.

Genotoxic and cytotoxic biomarkers are sensitive
sub-lethal indicators of potential environmental
toxicity at genetic and cellular levels. In particular,
single-cell gel electrophoresis or the Comet assay is
a reliable and widely used method for the detection of
single- and double-strand DNA breaks at the level of
the individual cell. The assay has been implemented in
several laboratory and field studies (Jha 2008; Canty
et al. 2009). In bivalve molluscs, this assay has been
applied to different cell types, including haemocytes
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(Jha 2008; Canty et al. 2009). Furthermore, it is also
well established that the genotoxic potency of contam-
inants or chemicals is closely related to their toxicity at
cellular level (i.e. cytotoxicity) for many endpoints
(Jha et al. 2000). Cytotoxicity in the haemocytes of
bivalve molluscs has also been extensively studied
using neutral red retention (NRR) assay developed
by Lowe et al. (1995). This assay has been recom-
mended by the International Council for the Explora-
tion of Sea (Moore and Lowe 2004) and has been used
in different international monitoring programmes
(Moore et al. 2004). Previously, we have compared
the relative sensitivity of M. edulis and C. edule hae-
mocytes for induction of DNA damage using the
Comet assay under laboratory conditions and found
that haemocytes from C. edule are more sensitive
(Cheung et al. 2006). In addition, we have also imple-
mented NRR assay in mussels collected from contam-
inated sites (Cheung et al. 1998). Given our
experience with these assays, the goal of this study
was to implement them in the field to assess the impact
of contaminants on different biota and to evaluate their
relative sensitivity.

Against the backdrop of above information, the
present study aimed to (1) use the Comet and NRR
assays to investigate relative genotoxic and cytotoxic
responses in M. edulis and C. edule collected from
various sites along the Tamar estuary and (2) deter-
mine if any correlation existed between the biomarker
responses and levels of metallic contamination present
in the organisms, their environment and the ecological
niche they inhabit.

Materials and method

Sampling sites

The field sampling for the current investigation was
carried out between September and October 2001. Six
sampling stations were selected from the Tamar estu-
ary as illustrated in Fig. 1. Site selection was based
upon ease of collection for biological and sediment
samples in addition to relative location along the es-
tuary. Site 1 was situated at Bantham (Ordnance
Survey grid reference: SX 665 438) on the Avon
estuary. Relatively little contamination occurs within
the vicinity of this site, and an oyster farm is located a
few kilometres away—where bivalve molluscs are

cultured and farmed for human consumption. This
location was therefore considered to be relatively
clean and was used as a reference site. Site 2 was
located on the shore close to the Torpoint vehicle
and passenger ferry terminal (west side of the estuary;
SX 442 551). With the exception of the reference site
(Bantham), this site was the furthest south and the
closest to the sea. Site 3 was located approximately
2 km north-west of Torpoint close to a jetty at Cove
Head, Wilcove (SX 434 567). This site was located
approximately opposite to the Devonport Royal Dock-
yard. It was observed that a few small craft were
moored at this location. Site 4 was situated at Jupiter
Point, at a jetty located on the southern bank of the
river Lynher (SX 416 568). It was noted that there
were a number of dinghies moored at site 4, which are
used for training by the Royal Navy. Site 5 was situ-
ated under the Tamar Bridge, close to the marina at
Saltash (SX 433 586). Site 6 was situated at Neale
Point close to Wearde Quay, where the river Tavy
meets the river Tamar (SX 436 612).

Organism sampling

The presence of the species of interest at each potential
sampling station was established in advance of the
sample collection. In addition, the ease of access to
the stations and the distance from the laboratory was
taken into account when selecting the sampling sta-
tions, to minimise the transportation time and thus the
amount of stress placed upon the animals before tissue
sampling. Adult M. edulis (4.2–6.2 cm long) were
collected from sub-littoral, rocky outcrops at each
sampling site at low tide (n012; 6 for biomarker
studies and 6 for metal analyses). The organisms were
carefully removed from their substrate by cutting the
byssus threads and were then transported back to the
laboratory in a cool box to minimise thermal stress. In
addition to the sampling of M. edulis, adult C. edule
(3.5–4.0 cm from umbo to valve edge; n012; 6 for
biomarker studies and 6 for metal analyses) were
collected from the sub-littoral, silty sediments at each
sampling site at low tide. The animals were then trans-
ported back to the laboratory in a cool box containing
damp tissue paper to maintain humidity. On return to
the laboratory, the external shells of the mussel and
cockle samples were cleaned of epibionts and sedi-
ments. Haemolymph samples were extracted from the
sampled animals immediately after they had been
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cleaned. The whole animals were then placed into
labelled plastic sample bags and stored at −80°C until
analysis.

Sediment sampling

Sediment samples were collected at low tide at the
same time and close to where the biological samples
were collected. Approximately 5 kg of the sediment
(wet weight) was collected from each sampling site

using a small plastic trowel, transported back to the
laboratory in labelled plastic sample bags and then
stored at −80°C until analysis.

Water sampling

On the same day that the biological and sediment
samples were collected, hydrological parameters (pH,
temperature, salinity and dissolved oxygen) were mea-
sured in situ at high tide (YSI 550 DO multi-
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Fig. 1 a Location of
Plymouth within the UK and
b location of the sampling
stations along the Tamar
estuary
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incorporated meter; YSI Ltd, Fleet, Hampshire,
UK). In addition, approximately 10 L of water
was collected from each site for determination of
suspended particulate matter (SPM). Sampling of
SPM occurred at high tide, avoiding collection of
the water surface microlayer. On return to the lab-
oratory, 1 L from each seawater sample was filtered
through a pre-weighed 0.45-μm filter assembled in
a Buchner funnel filter unit. Filters were then dried
in an oven at 40°C for 24 h and re-weighed. The
amount of suspended particulate matter was calcu-
lated as milligrams per litre of seawater.

Determination of metal content by inductively coupled
plasma mass spectrometry

Sediment preparation

Preparation of sediments for metal analysis was
carried out as per the methods described by Jha et
al. (2000). In brief, the sediment samples were
placed in an oven at 60°C and allowed to dry for
7 days. The dried samples were then ground with a
mortar and pestle and sieved through a 180-μm
nylon mesh. A blank containing only 5 mL of nitric
acid and a certified reference material (LGC 6137,
Estuarine Sediment; Laboratory of the Government
Chemist, Teddington, UK) were prepared simulta-
neously in an identical manner.

Preparation of bivalve and reference samples

Bivalve samples were prepared for inductively
coupled plasma mass spectrometry (ICP-MS) anal-
ysis as per the following methods. Whole samples
were freeze-dried for 24 h; the soft tissues were
then extracted from the shell (and the shells dis-
carded), pooled for each site (n06) and then pulv-
erised using a pestle and mortar. Blanks were
prepared, containing only 5 mL nitric acid and a
certified reference material (TORT-2, Lobster he-
patopancreas; National Research Council, Canada).
Blanks were prepared simultaneously and in an
identical manner to samples.

Analysis of sediment and bivalve samples

From each sample, approximately 0.25 g of the sieved
sediment was placed into acid-washed beakers and

5 mL of concentrated nitric acid (Fisher Scientific,
Loughborough, UK) added. The samples were cov-
ered with a sheet of paper to prevent the ingress of
extraneous material and left overnight to pre-digest in
a fume cupboard. After pre-digestion, the beakers
were placed onto a hotplate and boiled until all the
biological material had dissolved. The samples were
then allowed to cool, after which they were transferred
quantitatively into pre-cleaned 25-mL-capacity volu-
metric flasks. Each sample was spiked with a 0.25-mL
aliquot of 10 μg mL−1 indium solution and diluted to
volume with Milli-Q water.

Although the nitric acid extraction is insufficient to
dissolve the aluminosilicate material, it is capable of
extracting 90 % or more of heavy metals, e.g. copper,
cadmium, lead, etc. Other analytes would be less
efficiently extracted, such as arsenic and chromium,
although efficiency is often greater than 50 %. All the
dissolved sediment and biological samples were ana-
lysed for Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Cd, Hg
and Pb using the semi-quantitative analysis software
of an ICP-MS instrument (PlasmaQuad PQ2+ Turbo,
VG Elemental, Winsford, Cheshire, UK). The results
of the certified materials (run in parallel) were used to
validate the analyses of the biological and sediment
samples. Similar calculations were made for most of
the elements detected with the exceptions of Al, Ca,
Fe, Mg and Na in the sediment samples, since for
these analytes, the concentration was so high that the
linear calibration range of the ICP-MS instrument did
not extend that far.

Determination of biomarker responses

All chemicals were supplied by Sigma-Aldrich Ltd,
Gillingham, Dorset, UK, unless otherwise specified.

Sampling of haemolymph

From each individual of both species, 0.20 mL of
haemolymph was extracted from the posterior adduc-
tor muscle via a 21-gauge hypodermic needle into a
0.50-mL syringe pre-filled with 0.20 mL physiological
saline (20 mM HEPES, 435 mM NaCl, 100 mM
MgSO4, 10 mM KCl, 10 mM CaCl2, pH07.36). Each
sample was transferred into siliconised microcentri-
fuge tubes (2 mL) and held on ice to minimise cellular
stress.
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Single cell gel electrophoresis or the Comet assay

Following cell viability assessment using Eosin Y (sam-
ples showed viability >90 %; data not included), the
Comet assay was carried out according to the methods
of Cheung et al. (2006). Briefly, 100 μL of haemolymph
was transferred to a siliconised Eppendorf tube and
centrifuged for 2 min at 200×g. The supernatant was
discarded and replaced with 200 μL of 0.5 % low-
melting-point agarose (LMPA) held at 40 °C. After
gentle mixing, an 85-μL aliquot was applied to a micro-
scope slide pre-coated with 1.5 % normal melting point
agarose and was immediately topped with a coverglass.
This was repeated with a further 85-μL aliquot to create
a replicate microgel on the same slide. Slides were then
placed on ice for approximately 10 min, to allow the
LMPA to set. The coverglasses were gently removed
and the slides placed in lysis solution (2.5 M NaCl,
100 mM EDTA, 10 mM Tris base, 1 % sodium sarco-
nisate, 1 % Triton X-100, 10 % DMSO; adjusted to
pH 10 by dropwise addition of 10 M NaOH) for 1 h at
4 °C. After lysis, slides were rinsed with distilled water
and transferred to the electrophoresis chamber contain-
ing electrophoresis buffer (1 N NaOH) at room temper-
ature for 20 min to allow DNA to unwind. After the
unwinding period, electrophoresis was carried out for
30 min (15 V, 320 mA). Slides were then rinsed with
distilled water and immersed in neutralisation buffer
(0.4 M Tris, adjusted to pH 7 with HCl) for 5 min.
Following staining with ethidium bromide (40 μL of
20 μg/mL per microgel), 100 cells per sample (50 per
replicate microgel) were scored using an epifluores-
cence microscope (Leica Microsystems Ltd, Milton
Keynes, Buckinghamshire, UK) and Komet 5.0 image-
analysis system (Kinetic Imaging, Liverpool, UK). The
comet parameters, tail length and tail moment (tail
length×% tail DNA/100) were used for data analyses,
as these were found to be most sensitive in an earlier
study (Cheung et al. 2006).

Neutral red retention (NRR) assay

The NRR assay was used to determine cytotoxicity in the
haemocyte samples as described elsewhere in detail
(Lowe 1988; Lowe et al. 1995; Moore and Lowe 2004;
Cheung et al. 1998; Wedderburn et al. 1998). Briefly, a
stock solution of neutral red was prepared by dissolving
20 mg of dye in 1 mL DMSO. The working solution was
made by adding 5 μL of stock to 995 μL of physiological

saline (Lowe et al. 1995). Of the haemolymph samples
collected from each individual, a 40-μL aliquot was used
for the NRR assay. Haemolymph was added to a micro-
scope slide pre-coated with 10 % poly-L-lysine (to aid
cellular adhesion). Slides were incubated in the dark at
20 °C for 30 min to allow cells to attach. After removal
of the excess cell suspension, 40 μL of neutral red working
solution was added, and the slide was left to incubate for a
further 15min (Lowe 1988). Slides were examined under a
light microscope (Leica DMR) every 15 min for the first
hour and thereafter every 30 min (Lowe and Pipe 1994).
The time at which ≥50%of the cells showed leakage of the
dye from the lysosomal compartment into the cytoplasm
was recorded, and observation of that slide was terminated
at that point (Lowe 1988; Lowe et al. 1995; Moore and
Lowe 2004; Cheung et al. 1998; Wedderburn et al. 1998).

Statistical analyses

Statistical analyses were carried out using the statisti-
cal packages Statgraphics Plus Version 4.0, Minitab
15.1 and Microsoft Excel 2007. All data were tested
for normality and the appropriate parametric or non-
parametric tests used. Pearson’s correlation co-
efficient (R) was calculated for the relationship be-
tween total metal content in sediment and in bivalve
soft tissue. For the comet assay, all data were non-
parametric, and consequently, the Kruskal–Wallis test
was applied. However, data for comet tail length in C.
edule could be normalised by log-transformation, and
a one-way ANOVA was performed on transformed
data. For the NRR assay, data for M. edulis were
normally distributed, whereas data for C. edule were
non-normal. C. edule data were normalised by log-
transformation, and subsequently, all NRR data were
analysed with one-way ANOVAs. Significance was
set at P<0.05 for all tests.

Results and discussion

Hydrological parameters

Table 1 presents the hydrological data from each sam-
pling site. The pH of the water was slightly lower at
the sites that were located further upstream. This may
have been due to a combination of the relatively high
levels of contamination and lower amounts of circula-
tion and dilution at these sites. There was minimal
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temperature variation between the sites, with the small
difference (maximum difference of 1.2 °C) probably
attributable to differences in shading from foliage.
Salinity ranged from 33.3 to 35.1 and increased to-
wards the open sea, as expected. There was no clear
trend in either dissolved oxygen or SPM levels; how-
ever, it was noted that the highest level of SPM
(35.2 mg L−1) was measured in water collected from
site 2 (Torpoint), which also had the lowest dissolved
oxygen levels, suggesting that the aerobic breakdown
of organic matter present in the SPM was depressing
local oxygen levels.

Heavy metal analyses

Analysis of certified reference materials indicated that
the analytical techniques used were accurate to within
10 % of certified values.

Sediments

Individual concentrations for each heavy metal mea-
sured are presented in Table 2. Figure 2a presents the
total concentration of heavy metals measured in the
sediments collected from the six sampling sites. It
should be noted that measurements of the certified
sediment material indicated that there was a significant
underestimation of the measurements for Fe and Hg.
The data collected for these two elements are therefore
deemed to be inaccurate and have not been included in
total heavy metal calculations. Sediment from site 1
had the lowest total metal concentration and was
found to have the lowest concentrations of all the
metals measured, except Fe. Total metal concentration
was highest at site 5 (Fig. 2a); however, site 6 had the
most number of metals at their highest concentrations

Table 1 Hydrological measurements at sites along the Tamar
estuary

Site pH Temperature
(°C)

Salinity Dissolved
oxygen (mg L−1)

SPM
(mg L−1)

1 8.02 16.4 35.1 6.93 31.3

2 7.88 17 34.8 5.37 35.2

3 7.83 16.2 33.5 6.46 29.8

4 7.81 17 33.3 6.4 14.9

5 7.8 17.9 34.1 7.83 23.8

6 7.76 17.4 33.4 6.2 21.5
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(Co, Cu, As and Pb; Table 2). Site 4 had the highest
concentrations of Cr, Mn and Ni, whereas site 5 had
the highest concentrations of Zn and Cd. The results
for sites 4, 5 and 6 are consistent with these sites being
furthest away from the sea, where water exchange
would be the lowest due to the physico-chemical na-
ture of the Tamar estuary.

Biological material

The individual metal concentrations for M. edulis and
C. edule are presented in Tables 3 and 4, respectively.
Figure 2a illustrates total metal concentrations for both
organisms. For consistency with sediment data, soft
tissue total metal concentrations do not include Fe or

Hg. Both species had the lowest total metal concen-
tration and the lowest concentrations of Mn, Fe, Co,
Ni, Zn, Se and Pb at the reference site (Fig. 2a;
Tables 3 and 4). Cockle samples, however, had the
highest concentration of Cd at site 1 (Table 4). Of all
the metals measured, Fe concentrations were the high-
est for both species, with the mean soft tissue concen-
tration across all sites 417±182 μg g−1 for mussels
and 1,211±210 μg g−1 for cockles. Hg concentrations
were the lowest with 0.11±0.09 and 0.11±0.15 μg g−1

for mussels and cockles, respectively. Highest total
metal concentrations in soft tissues were at site 3 for
mussels and site 4 for cockles (Fig. 2a). In terms of the
number of metals at their highest concentration, site 5
was most contaminated for both species. Mussels from
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Fig. 2 a Total metal con-
centration (excluding Fe
and Hg) at each site for
sediment (dotted bar) and
soft tissue of M. edulis
(black bar) and C. edule
(grey bar). b Correlation
between total metal concen-
tration in sediment and that
in soft tissues of M. edulis
(filled diamonds, solid line)
and C. edule (open circles,
dashed line)
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site 5 showed the highest levels of Fe, Ni, Zn, Se and
Pb. Consistent with the mussel results, cockles from
site 5 also had the highest levels of Fe and Se but also
had the highest levels of Co and Cu. Mussel soft
tissues also showed contamination from numerous
heavy metals at site 3, where they exhibited the high-
est concentrations of Cr, Mn, Co and Cd. As in mussel
samples, site 3 also yielded cockle samples with the
highest concentrations of several metals, although this
was for different elements (Zn, As and Hg). This is
inconsistent with the results from sediment analysis,
where this site had the highest concentration of Se
only. In addition, cockles from this site also contained
the highest levels of Cu, As and Pb. This preferential
accumulation of metals suggests different rates of
uptake, accumulation, metabolism and excretion in
these two bivalve species under natural conditions
(Phillips 1977).

When comparing trends in sediment and soft tissue,
only two samples were consistent. Both sediment and
C. edule samples from site 4 had the highest Mn
concentrations across sampling sites. Similarly, both
sediment and M. edulis samples at site 5 showed the
highest levels of Zn. A statistically significant corre-
lation was found between total metal concentration in
sediments and total metal concentration in C. edule
soft tissues (P00.05). Despite a similar trend for M.
edulis soft tissue samples, the correlation was not
significant (Fig. 2b).

Biological responses or biomarkers

Comet assay

Due to the constraints imposed by the quantity of
animals that could be collected from each site and
the number of samples which could be processed per
experimental session, the Comet assay was carried out
on six animals per site for each species. There were
insufficient M. edulis adults within the acceptable size
range at Torpoint (site 2) for the Comet assay to be
carried out.

Data for DNA damage in haemocytes of M. edulis
are presented in Fig. 3a and b. The results for tail
length (geometric length of the tail) and tail moment
(measured in arbitrary units) showed some inconsis-
tencies, hence they both were included for relative
comparison (Fig. 3a and b). Normally, data for differ-
ent Comet assay parameters generated through

commercially available software show the same trends
(Kumaravel and Jha 2006), but the way measurements
of these parameters are made, optical, and program-
ming variables might also influence and potentially
alter the observed pattern (Kumaravel et al. 2009).
For tail length, it appears that M. edulis sampled from
site 3 had significantly less DNA damage than those
from the reference site (P<0.005). For tail moment,
there was a statistically significant increase in DNA
damage at the same site (P<0.005). Both parameters
however indicate a significantly increased incidence of
DNA damage at site 6 (P<0.0001). Although tail
length has been validated as an appropriate measure
of DNA damage in M. edulis in previous studies, it is
generally not regarded as a robust parameter for Com-
et assay analysis (Collins 2004; Kumaravel and Jha
2006). In particular, it increases most dramatically at
low levels of damage (Collins 2004), so the very small
decrease shown here may be statistically significant
but not biologically so. As tail moment incorporates a
measure of the fraction of DNA that has migrated from
the comet head, it is closer to % tail DNA, the recom-
mended measure of DNA damage from the Comet
assay (Collins 2004; Kumaravel and Jha 2006). The
remainder of our analysis will therefore focus on alter-
ations in tail moment.

Total metal concentration in the soft tissues of M.
edulis was highest at site 3, which also showed geno-
toxicity; however, the overall pattern is inconsistent as
no increase in DNA damage was observed at site 5.
Despite this, an examination of the individual metal
concentrations at sites 3 and 6 reveals some possible
links between metals and genotoxic effects. Although
the highest body burden for a single metal inM. edulis
at site 3 was Fe (as at all sites; Table 3), Fe concen-
tration was highest at site 5, where there was no
significant DNA damage, indicating that perhaps other
metals are responsible for this effect. The two metals
that were at their highest concentrations in M. edulis
soft tissues at site 3 were Cr and Mn. Cr has previously
been found to cause DNA damage in M. edulis at
tissue concentrations of ≥2.70 μg g−1 wet weight after
laboratory exposure (Emmanouil et al. 2007). Addi-
tionally, Rank et al. (2005) found a significant corre-
lation between chromium concentration and DNA
damage (tail moment) in field-sampled M. edulis off
the Danish coast. As Mn is an essential metal for most
species, including M. edulis (Pipe et al. 1993), and
there are currently no reports of Mn causing DNA
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damage in mussels, it is more likely that the damage
seen here is caused by Cr, although interactive effects
of these two and other metals along with other con-
taminants could not be ruled out. At site 6, the poten-
tial cause of the elevated DNA damage is not as clear.
The concentration of As was the highest of all the sites
(13.21 μg g−1) but was still similar to that at site 5
(13.02 μg g−1) where there was no significant DNA
damage. Similarly, Pb, Ni, Zn, Se and Pb were all
found at considerably higher body burdens at this site
than at the reference site, but all were higher at site 5,
where no significant damage occurred.

The data for tail moment in C. edule haemocytes is
presented in Fig. 3c. An increase in the mean tail

length of the samples collected from C. edule from
site 4 compared with the reference site was statistically
significant (P00.0002) in the log-transformed data.
However, when the Kruskal–Wallis test was applied
to the non-transformed (non-parametric) data, there
was not a statistically significant increase when com-
paring the various sites with the reference site (data
not shown). When considering the data for the tail
moment, it was found that the level of DNA damage
was significantly higher in samples collected from
sites 4 and 6 when compared with the reference site
(P<0.005).

When the Comet assay data are compared with the
concentrations of heavy metals in the sediments and
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Fig. 3 The level of DNA
damage, as measured by the
Comet assay, in haemocytes
of bivalve molluscs sampled
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the soft tissue of C. edule collected from the same
sites, there is again no consistent link between total
metal concentration in soft tissues and the Comet
assay data. Although the highest total metal body
burden was found at site 4, which is consistent with
increased DNA damage at this site, sites 3 and 5 had
higher total metal concentrations than site 6 but did
not show correspondingly elevated incidence of gen-
otoxicity. Analysis of individual metal data suggests
possible reasons for the genotoxic damage at sites 4
and 6 in particular. Both Ni and Pb were present at
their highest concentrations in tissues from cockles
sampled at sites 4 and 6, respectively. Nickel is a
known mammalian carcinogen (Beyersmann and
Hartwig 2008) and has been shown to cause DNA
damage in another bivalve, Mytilus sp. (Millward et
al. 2012). Although Pb has yet to be shown to be
genotoxic in C. edule, it has been found to produce
elevated levels of DNA damage (as measured by the
Comet assay) in human lymphocytes (Anderson et al.
1997). Furthermore, Pb has been correlated with a reduc-
tion in delta-aminolevulinic acid dehydratase activity in
field-sampled C. edule (Company et al. 2011), indicating
it has the potential to cause toxic effects in this species. A
number of previous reports have reported elevated levels
of DNA damage (as measured by the Comet or DNA
alkaline unwinding assays) after field exposures of indig-
enous or deployed marine organisms in areas with high
levels of organic and metal contaminants (Nacci and
Jackim 1989; Nacci et al. 2002; Everaarts 1995; Sasaki
et al. 1997; Steinert et al. 1998; Frenzilli et al. 1999,
2001). This is consistent with the results presented here,
as the DNA damage responses detected with the Comet
assay appear to correlate with the relative heavy metal
concentrations in sediments.

Neutral red retention (NRR) assay

The NRR assay was carried out on six animals from
each site, with duplicate slides being prepared from
each animal. As with the Comet assay, there were
insufficient M. edulis adults within the acceptable size
range at Torpoint (site 2) for the NRR assay to be
carried out. The data showing the mean retention time
of neutral red dye in M. edulis haemocytes are pre-
sented in Fig. 4a. There was no statistically significant
difference between the means of the samples from
each of the sites (P00.7606). Although mussel hae-
mocytes from site 5 appeared to have a lower retention

time than the other sites (which would be consistent
with the total metal concentration of sediments), this
was not found to be statistically significant. With
respect to C. edule, there was a statistically significant
difference between the mean neutral red retention time
of the samples collected from the reference site and
those collected from site 5 in the log-transformed data
(P00.0113; Fig. 4b). However, this difference was
actually an increase in relation to the reference site,
indicating that the animals were less stressed at site 5
than at the reference site. This results contrasts with
the total metal concentration in sediment, the weak
trend for M. edulis and with the body burden data for
C. edule. The pattern of NRR across sites was different
for both species (Fig. 4a and b), and in general, M.
edulis haemocytes retained the neutral red for less time
than those of C. edule. This contradicts the idea that
M. edulis has higher immunological vigour than C.
edule (Wootton et al. 2003).

The NRR assay has been used in a number of field
studies to assess cell injury (Lowe 1988; Cheung et al.
1998; Wedderburn et al. 1998). Although the acidic
nature of the internal environment of the lysosomal
compartment would not be expected to be suitable for
metal accumulation, data demonstrate that lysosomes
are nonetheless important sites of metal compartmen-
talisation in the cell (Viarengo 1985). Both Cu and Cd
have been found to cause detrimental effects on the
stability of the lysosomal membrane (Moore et al.
1984). However, not all heavy metal ions cause damag-
ing effects on the lysosomal compartment. Some studies
have indicated that Zn is able to stabilise the lysosomal
membranes (Sternlieb and Goldfischer 1976), and stim-
ulatory effects on the lysosomal enzymes have been
observed (Webb 1979). This could potentially explain
the surprising increase in retention time for site 5, where
body burden data show Zn present at higher levels than
the reference site, although still at lower levels than at
site 3, where it was highest.

In addition to heavy metals, polycyclic aromatic
hydrocarbons (PAHs) have been reported to induce
destabilisation of the lysosomal compartment, and
the NRR assay has been used to identify cytotoxic
effects of such pollutants. In a study of mussels locat-
ed close to the location of the spillage of oil from the
Sea Empress tanker, the stability of the lysosomal
compartment was found to be inversely correlated
with PAH concentration in the mussel tissues (Fernley
et al. 2000). It is therefore likely that, in addition to
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metallic contaminants, other contaminants including
PAHs or pesticides present in the environment might
influence the biological responses. Metal speciation in
natural waters is of high importance and relevance
since toxicity, bioavailability, environmental mobility
and biogeochemical behaviour are all strongly depen-
dent on the chemical species of metals (Fytianos 2001;
Money et al. 2011). Furthermore, the kinetics of the
rate of adsorption has a direct effect upon the quanti-
ties of contaminants taken up by filter feeders (Liu et
al. 1998). In addition, biotic factors, such as the feed-
ing rate, size, sex, maturity and disease state of the test
organisms can have pronounced effects on the toxicity
of a given substance. For example, Hagger et al.
(2010) showed that NRR, feeding rate and cardiac
output of M. edulis all varied significantly with sea-
son. The occurrence of sampling for the current study
in September to October, a period when Hagger et al.
(2010) report a sharp drop in retention time for the

NRR assay, may have masked any toxic effects caused
by differential metal concentrations.

The data presented here do indicate potential rela-
tionships between metal pollution in the Tamar estuary
and genotoxic effects (particularly with respect to Cr
for M. edulis, and Ni and Pb for C. edule). Despite
this, there are several factors that require further dis-
cussion and examination. For example, in addition to
seasonal variation for the sampling period (i.e. Sep-
tember–October) influencing biological responses
(Hagger et al. 2010), identification of individuals and
species with high levels of resistance to contaminant
effects would assist in answering questions related to
either physiological acclimatisation or evolutionary
adaptation (Nevo et al. 1986). The Tamar valley lies
in a region previously identified as containing both M.
edulis and the closely related species Mytilus gallo-
provincialis, in addition to large numbers of hybrids
(Hilbish et al. 2002). Although individual mussels
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collected in the present study were preliminarily iden-
tified as M. edulis, the morphological distinction be-
tween these species is unclear. Robust genetic markers
to classify species would have provided a useful cross-
reference, to ensure that all sampled mussels were
correctly identified, or to correlate any discrepancies
in the data with species. It is also crucial to note that
both the Comet and NRR assays were carried out on
bivalve haemocytes, but metal analysis was on soft
tissues. This discrepancy may account for the apparent
inconsistencies between total metal concentration in
the soft tissues and genotoxic/cytotoxic responses.

Conclusion

There have been suggestions that ecotoxicological
studies are problematic in natural environments due
to many inherent limitations and genetic variability
within natural populations as well as individuals. This
inherent variability makes the selection of suitable
“control” or “reference” populations very difficult
(Hasspieler et al. 1995). Human and fish cell lines
have been suggested as alternatives to the use of
aquatic organisms in vivo for the screening and testing
of water quality (Papis et al. 2011; Baron et al. 2012).
Such studies however do not take into consideration
the biotic (e.g. adaptation, inter/intra-species effects)
or abiotic (e.g. temperature, salinity) factors that can
affect indigenous populations in conjunction with
chemical contamination. Additionally, aquatic inverte-
brates cell-lines are less readily available than the
vertebrate equivalents (Dixon et al. 2002), and the
use of tissues from vertebrates might overlook effects
on this ecologically important group. Furthermore,
whilst there have been some studies to determine
relative sensitivity of ecologically relevant inverte-
brates following exposure to contaminants under lab-
oratory conditions (e.g. Canty et al. 2009), there has
been limited, concurrent studies pertaining to relative
sensitivity of species for sub-lethal toxic effects under
natural conditions. In this context, the current study
has demonstrated that biomarker responses previously
identified and implemented in laboratory studies can
be applied to indigenous populations of M. edulis and
C. edule collected from the field. In particular, the
results of the Comet assay appeared to correlate with
high concentrations of heavy metals within the soft
tissues. Measures should however be taken to further

reduce confounding physical and biotic factors in or-
der to fully understand the causes of the biological
responses observed.
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