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This study investigated the internal osmotic regulatory capabilities of the Manila clam (Ruditapes philipp-
inarum) following in vivo exposure to a range of salinities. A second objective was to measure the health
status of the Manila clam following exposure to different salinities using the neutral red retention (NRR)
assay, and to compare results using a range of physiological saline solutions (PSS). On exposure to
seawater of differing salinities, the Manila clam followed a pattern of an osmoconformer, although they
seemed to partially regulate their circulatory haemolytic fluids to be hyperosmotic to the surrounding
aqueous environment. Significant differences were found when different PSS were used, emphasizing
the importance of using a suitable PSS to reduce additional osmotic stress. Using PSS in the NRR assay
that do not exert additional damage to lysosomal membrane integrity will help to more accurately quan-
tify the effects of exposure to pollutants on the organism(s) under investigation.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

There is an ever increasing desire to use biochemical, cellular,
and physiological biomarkers, to investigate the detrimental ef-
fects pollutants are having on aquatic organisms (Depledge et al.,
1995). Biomarkers can measure biochemical, cellular, physiological
or behavioural changes in tissues, body fluid samples or at the level
of whole organisms, resulting from environmental and/or chemical
exposure (Depledge, 1993).

Disruption to metabolic and physiological processes leading to
adverse effects being expressed at the individual, population and
community levels of biological organization, have been linked to
molecular damage and cell injury resulting from pollution uptake,
biotransformation and radical generation (Slater, 1979; Bayne
et al., 1988; Maddox, 1998; Moore, 2002; Brown et al., 2004;
Duquesne et al., 2004). Molecular and cytological biomarkers have
a high sensitivity and specificity to stressors including pollutants,
and can act as ‘early warning stress biomarkers’ (McCarthy and
Shugart, 1990; Moore et al., 1996; Nicholson and Lam, 2005). A
well established sentinel cytological biomarker is the assessment
of lysosomal destabilization, which has been shown to correlate
closely to stress (Moore, 1985; Regoli, 1992; Nicholson, 1999a;
Lowe and Fossato, 2000; Moore et al., 2006a,b).
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A widely used biomarker, measuring lysosomal membrane
integrity that mirrors progressive lysosomal destabilization, is
the neutral red retention (NRR) assay as described by Lowe et al.
(1995). This assay involves the extraction of haemolymph into an
equal volume of physiological saline solution (PSS) as described
by Peek and Gabbott (1989), to which a neutral red dye is added
and the rate of leakage of the dye from the lysosomes is measured.
Since the development of the assay, it has been successfully
used as a cost-effective and sensitive ecotoxicological tool, investi-
gating the effects of various stressors on aquatic organisms mostly
in marine bivalves (Moore et al., 1996; Cheung et al., 1998;
Ringwood et al., 1998; Nicholson, 1999b; Fernley et al., 2000;
Livingstone et al., 2000; Wedderburn et al., 2000; Brown et al.,
2004; Galloway et al., 2004; Martins et al., 2005; Nigro et al., 2006).

Bivalves make ideal aquatic bioindicators because they have a
wide geographical distribution, sedentary behaviour, ease of sam-
pling, tolerance to a wide range of environmental conditions, and
readily sequester contaminants (Cajaraville et al., 2000; Lam and
Wu, 2003). However, when choosing a suitable bioindicator to
investigate pollutant exposure in bays and estuaries, it is impor-
tant to take into account the additional factor of changing salinities
commonly occurring in such ecosystems. The ebb and flood of the
tide, combined with fresh water inputs from rivers and tributaries
can dramatically alter the salinity of water. For this reason, it
would be beneficial to choose a species that is known to inhabit
aquatic environments of varying salinity and have appropriate
physiological adaptations.
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The euryhaline bivalve Manila clam (Ruditapes philippinarum)
makes an ideal candidate as biomonitor or ecotoxicological test
organism, as it is found world-wide and is currently being commer-
cially farmed in China, Japan, Canada, America, Italy, France, the UK
and Ireland (Gosling and Nolan, 1989; Iversen and Hale, 1992;
Elston et al., 2001; Hideo and Ryo, 2003; Jensen et al., 2004; Sou-
dant et al., 2004; Melia and Gatto, 2005; Zhang and Yan, 2006).
The Manila clam has been farmed in salinities ranging from 20‰

to full strength seawater, although the recommended optimum
range for farming is between 20‰ and 30‰. Recent studies of the
salinity range of the Manila clam report that they can maintain nor-
mal metabolic activities, following long term exposure to full
strength seawater, down to 15‰ (Kim et al., 2001; Elston et al.,
2003). However, below 15‰, histological analysis revealed clams
exhibiting physiological and morphological abnormalities with
ensuing mortalities. In addition, several studies have shown clams
to be sensitive bioindicators when exposed to chronic water/sedi-
ment pollution (Blasco and Puppo, 1999; Nasci et al., 1999; Byrne
and O’Halloran, 2000, 2001; Coughlan et al., 2002; Tay et al.,
2003; Werner et al., 2004; Martins et al., 2005; Hartl et al., 2006).

This study involved two investigations, using the Manila clam,
one aimed at examining whether the Manila clam is a true osmo-
conformer. The second objective was to specifically examine the
effects of using adapted PSS with different salinities when
performing the NRR assay.
2. Materials and methods

2.1. Clams

Manila clams, R. philippinarum, of known history (3+ age class)
were obtained from Cartron Point Shellfish Ltd., a commercial
hatchery on the west coast of Ireland. The animals were trans-
ported to the laboratory and acclimated in aerated seawater
(35‰) in a stock tank prior to exposure to different experimental
investigations. During this time, the clams were fed with Phytoplex
(a composite of laboratory cultured natural marine planktons sup-
plied by Fish Antics, Dublin, Ireland). The mean shell length and
weight of the clams at the start of this study were 40 ± 3 mm
and 18 ± 2 g, respectively.
2.2. Substratum

Horticultural sand (Glenview Horticultural Sand, Woodies,
Cork, Ireland), was used as a source of uncontaminated soft
substratum for the clams to bury. The sand used was repeatedly
pre-washed with seawater and passed through a 1 mm sieve to
remove any large debris.
2.3. Examination of euryhaline capabilities

2.3.1. Experimental and exposure regime
An in vivo experiment was conducted in a controlled environ-

ment (15 ± 1 �C; 12 h light/dark cycle). On arrival, the clams were
allowed 48 h to acclimatise at 35‰ in a stock tank, to reduce any
stress resulting from transportation and handling. The sand was di-
vided into 4.5 kg aliquots, each aliquot was then thoroughly
homogenised with 10 L of seawater (35‰), placed into six separate
15 L pre-cleaned glass aquariums and allowed to settle. Once the
sand had settled, 20 clams were randomly selected from the stock
population and gently placed into each aquarium for 24 h.

Initially, 10 clams were randomly chosen from the stock
population. Each clam was partially prised open, a sample of
haemolymph was extracted from the posterior adductor muscle
using a 21 gauge needle syringe, and the salinity of the haemo-
lymph was assessed using a handheld Automatic Temperature
Compensating Refractometer (Tropical Marine Centre Ltd., Hert-
fordshire, UK). This is a relatively crude method of assessing hae-
molymph osmolarity (its accuracy is about 0.5‰ (equivalent to
about 15 mOsm)), but quick and convenient. In addition, the salin-
ities of all six aquaria were reduced by 3‰ using de-chlorinated
water. Thereafter, the seawater in the aquaria was further reduced
by 3‰ on subsequent days, until salinities of 29‰, 26‰ and 20‰

had been achieved (allowing duplicates per treatment). Once each
of the desired seawater salinities in the aquaria had been reached,
it was maintained for 96 h to allow the clams to acclimatise to the
decreased salinity. After 96 h, 10 clams (five from each duplicate)
exposed to each salinity were removed, a sample of haemolymph
extracted from each individual and assessed using the refractome-
ter, as above.

The seawater in the aquaria was continuously aerated and
throughout the experiment the clams were fed with Phytoplex
every 2 days.

2.4. Examination of neutral red retention

2.4.1. Lysosomal stability
The lysosomal stability of the haemocytes was assessed using

the NRR assay as described by Lowe et al. (1995), using adapted
PSS. The clams were partially prised open, and haemolymph
extracted from the posterior adductor muscle using a 21 gauge
needle syringe into an equal volume of the respectively chosen
physiological saline solution, and transferred into a 1.7 ml presil-
iconised eppendorf tube. The haemolymph/physiological saline
mixture (40 ll) was pipetted onto a glass slide pre-coated with a
poly-L-lysine solution, and incubated for 15 min in a light proof
humidity chamber to allow the cells to adhere. The excess solution
was then gently tipped off, 40 ll of neutral red dye was added and
a coverslip applied, before being replaced in a light proof humidity
chamber for a further 15 min. The retention of the dye within the
lysosomes in the cells was recorded every 15 min for to the first
hour, and then at 30 min intervals until over 50% of the cells
demonstrated leakage of the neutral red dye from the lysosomes
and vacuole formation was recorded.

2.4.2. Physiological saline solutions
Three specific bivalve PSS were used in this study with salinities

of 38.5‰, 32.5‰ and 26.5‰ (Table 1), and each PSS was adjusted
to a pH of 7.36. These salinities were chosen to ensure that PSS
1, PSS 2 and PSS 3 salinities were approximately 0.5–1‰ above that
of the haemolymph, to avoid inflicting hypotonic stress that could
cause the cells to swell and rupture.
2.4.3. Experimental and exposure regime
The in vivo experiment was established as above. Initially, the

salinity in two aquaria was maintained at 35‰ whilst the remain-
ing four aquaria were reduced by 3‰ using de-chlorinated water.
Thereafter, the seawater in the four aquaria was further reduced
by 3‰ on subsequent days, until salinities of 29‰ and 23‰ had
been achieved (allowing duplicates per salinity). Once the desired
salinity of the seawater in the aquaria had been reached, it was
maintained for 96 h to allow the clams to acclimatise to the adjust-
ment in salinity. After 96 h, nine clams were randomly selected
from the aquarium, their haemolymph extracted and the NRR
assay was conducted.

The addition of each group of clams and duplicates, with corre-
sponding adjustment of salinity for each of the different seawater
salinities under investigation (35‰, 29‰ and 23‰), was staggered.
This was to ensure uniformity in the duration of exposure of the



Table 1
The chemical composition and salinities of physiological saline solutions utilised in the NRR assay, as described in this study and by Peek and Gabbott (1989), Dailianis et al.
(2003), Brown et al. (2004) and Marchi et al. (2004).

Papers/studies Salinity (‰) Chemical composition (molarity)

NaCl MgSO4 CaCl2 KCL HEPES EDTA 95% O2

5% CO2

Peek and Gabbott (1989) ? 0.436 0.053 0.01 0.01 0.02 0.005 Gassed for 10 min
Brown et al. (2004) 41 0.4 0.1 0.01 0.01 0.02 0 0
Dailianis et al. (2003) 46 0.436 0.11 0.01 0.01 0.02 0 0
Marchi et al. (2004) 38 0.436 0.053 0.01 0.01 0.02 0 0
Current study PSS 1 38.5 0.4 0.071 0.01 0.01 0.02 0 0

PSS 2 32.5 0.325 0.0577 0.01 0.01 0.02 0 0
PSS 3 26.5 0.25 0.0444 0.01 0.01 0.02 0 0

Table 2
Statistical analyses of neutral red retention times of haemolytic lysosomes isolated
from the Manila clam (R. philippinarum), following exposure to seawater of varying
salinities and using different physiological saline solutions when extracting the
haemolymph for the NRR assay.

Exposure time to seawater

Day 0 Day 4

35‰ 35‰ 29‰ 23‰

PSS 1 PSS 2 PSS 1 PSS 1 PSS 2 PSS 1 PSS 3

Day 0 35‰ PSS 1 ��� N/S ��� N/S ��� ���
PSS 2 ��� ��� ��� N/S ���

Day 4 35‰ PSS 1 ��� N/S ��� ���
29‰ PSS 1 ��� ��� �

PSS 2 ��� ���
23‰ PSS 1 ���

PSS 3

‰: Seawater salinity (parts per thousand); PSS: physiological saline solution; N/S:
no significant difference; (�): significant difference (P < 0.05); (���): significant
difference (P < 0.001).
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clams to the different seawater salinities (96 h), and allow suffi-
cient sample size to be available for the NRR assay.

During the initial 96 h of acclimatisation to the salinities in the
aquaria, two studies were conducted (both in duplicate). In the first
study, nine clams were randomly selected from the stock popula-
tion (35‰), and a NRR assay was performed using PSS 1 (control),
this was repeated the following day (duplicate). In the second
study, this method was repeated but PSS 2 was used.
2.5. Statistical analysis

The data obtained were tested for normality (Shapiro–Wilks),
but the data was found not to conform to normality. Therefore,
all data were analysed by non-parametric statistics.
3. Results

3.1. Haemolymph salinities

The salinity of the haemolymph was found to be consistently
2.5 ± 0.5‰ higher than the ambient salinity. This corresponds to
a hyperosmocity of around 75 ± 15 mOsm.
3.2. Lysosomal stability

No significant difference was found between duplicates, so
duplicate data were pooled and results of statistical analyses are
presented in Table 2.
4. Discussion

This study examined whether the Manila clam that inhabits
marine environments with differing salinity gradients, was a true
osmoconformer. To the authors knowledge there have been no
published studies showing whether the Manila clam has specific
abilities to regulate the passage of water through membranes, in
relation to any external salinity changes. We report that, although
the Manila clam did follow the pattern of an osmoconformer, they
also showed evidence of partially osmoregulating their haemo-
lymph to be approximately 2.5‰ (equivalent to about 75 mOsm)
above that of the aquarium seawater. Euryhaline marine osmocon-
formers show a slight degree of hyperosmocity to the environment
due to the Donnan Equilibrium (caused by the presence of imper-
meant anions within the animal), but not to the extent of
75 mOsm. This degree of hyperosmocity is compatible with the
recently-expressed view that some osmoconformers can regulate
their cellular osmotic pressure by using a variety of organic osmo-
lytes (Yancey, 2005).

Previously described as ‘compatible solutes’ (Brown and Simp-
son, 1972), organic osmolytes have been extensively reviewed
(Yancey et al., 1982; Yancey, 2001), and found in many species
(including clams Saxidomus giganteus and the Calyptogena spp.)
to have cytoprotective properties (Yancey, 2005). Yancey (2005)
suggests that by increasing or decreasing the levels of organic
osmolytes such as taurine, betaine and alpha-amino acids in
response to osmotic changes in the aquatic environment, it appears
that organic osmolytes have unique properties such as protecting
metabolic reactions and counteracting destabilizing forces on mac-
romolecules, which help prevent cellular damage from occurring.
The results from the present study suggest that the Manila clam
may also be using organic osmolytes, as reported recently in other
species of clams (Yancey, 2005).

Since the development of the NRR assay it has become widely
used in many studies and projects, such as the pan-European EU
funded research programme titled ‘‘Biological Effects of Environ-
mental Pollution in Marine Coastal Ecosystems” (BEEP) (ICES,
WGBEC, 2004). However, to the author’s knowledge all studies
have used the same or an adapted version of the PSS as that
described by Peek and Gabbott (1989), throughout the study
irrespective of investigating different sites and/or aquatic environ-
ments. Yet our study showed that the salinity of the euryhaline
Manila clam’s internal fluids varied in accordance with the sur-
rounding seawater. If the NRR assay utilising the same PSS was
to be used in situ or in vivo studies of different salinities, in theory
extra osmotic stress could be imposed upon the haemolymph cells.
Use of a hypersaline medium which has a total amount of solutes
in solution that is greater than that in the haemolymph cells, could
result in movement of water out of the haemolymph cells and
cause damage to internal cellular metabolic processes. In contrast,
a hyposaline medium would result in the influx of water into the



Fig. 1. The neutral red retention time of haemolymph cells isolated from the Manila
clam (R. philippinarum), following exposure to seawater of varying salinities and
using different physiological saline solutions when extracting the haemolymph for
the NRR assay; mean ± SD; n = 18; (�): significant difference (P < 0.05); (���):
significant difference (P < 0.001).
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haemolymph cells and cellular organelles, causing swelling and
rupture of cellular components and ultimately the cells. This would
cause additional lysosomal membrane destabilisation which
would further decrease the NRR times. Based on this premise, we
examined the effects of exposure to different salinities using the
NRR assay, and comparing the impact of using different PSS.

A significant difference (P < 0.001) was found when the effects
of using PSS 1 (38.5‰) and PSS 2 (32.5‰) were compared in clams
that had been exposed to seawater of 35‰ (Fig. 1). When PSS 2 was
used, few intact cells were found and a large amount of cell debris
was seen. This was likely to have been a result of hypotonic stress
exerted on the cells, which would ultimately lead to migration of
water into the cells causing them to swell and burst. This illus-
trated the negative impact of using a PSS which had a lower salin-
ity than that of the haemolymph. It is for this reason that the PSS
used in this study were approximately 0.5–1‰ above that of the
haemolymph. On further investigation following exposure to dif-
ferent salinities, significant differences (P < 0.001) were recorded
between use of PSS that were adapted to more closely ‘match’
the salinity of the haemolymph, and when PSS 1 was used through-
out the study (Fig. 1). This emphasizes the need to measure the
salinity of the aquatic environment the organisms are inhabiting
and their corresponding haemolytic salinity (as this may vary be-
tween species), and ascertain which PSS would be most appropri-
ate in reducing adding additional osmotic stress. However, at the
different salinities, a decline in the NRR times was also recorded
when the PSS that were proposed to ‘match’ the haemolymph
salinity were utilised, with a significant difference (P < 0.05) re-
corded between clams exposed to seawater salinity 23‰ and the
other salinities (Fig. 1). This suggests that the adapted PSS were
still inflicting some stress on the cells, and further work is needed
to establish a suite of PSS that can be used at different salinities
without causing additional hypo/hyper-osmotic stress.

Nicholson (2001) reported that hyposalinity can induce lyso-
somal membrane destabilisation as assessed by the NRR assay.
However, throughout their study, they used the same PSS when
measuring the effects of exposure to seawater of different salini-
ties. We speculate that this could have added additional osmotic
stress influencing the results they report. Dailianis et al. (2003)
reported reduced NRR times below 50 min in all sampling stations,
including the reference site. They suggested that the chemical
composition of the PSS they used in the NRR assay could have
had an impact on the low NRR times recorded. In a study by Marchi
et al. (2004) using neutral red staining, the concentration of MgSO4

in the PSS used was half than that used by Dailianis et al. (2003),
and had a salinity of 38‰ (Table 1). Many marine invertebrates
that are osmoconformers regulate the concentration of magnesium
in their body fluids and keep this ion at a very low concentration
(Schmidt-Nielsen, 1997). It is possible that the concentration of
MgSO4 in combination with a high concentration of NaCl used in
the study by Dailianis et al. (2003), was too high and could have
been the cause of extra adverse side effects being exerted on the
lysosomal membranes stability. It might be more beneficial to keep
the concentration of MgSO4 low in line with that used by Marchi
et al. (2004), but only change the concentration of NaCl to reach
the required salinity and hence establish a uniform NRR assay that
can be used at different salinities.

5. Conclusion

This study further validates the NRR assay as a powerful and
sensitive biomarker of stressors, including those found naturally
occurring in estuarine environments such as salinity fluctuations.
In addition, we showed the negative effects of using PSS which fea-
tured salinities that imposed additional osmotic stress upon the
haemolymph cells. Furthermore, we established the need to devel-
op a suite of PSS that would not inflict hypo/hyper-osmotic stress
on cells when haemolymph is collected. However, the adapted PSS
used in this study were not ideal, as reductions in the NRR times
were recorded at the reduced salinities, and further investigations
are required to optimise PSS to be used at different salinities. This
could improve and enhance the NRR assay by adding an extra
element of conformity, making comparisons between studies from
different salinities more accurate, and augment its capability as a
quick, reliable and sensitive biomarker for future studies.
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