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Abstract

Bivalves are worldwide sentinels of anthropogenic pollution. The inclusion of
biomarker responses in chemical monitoring is a recommended practise that has to
overcome some difficulties. One of them is the time frame between sample collection
and sample processing in order to ensure the preservation of enzymatic activities. In the
present study, three bivalve species of commercial interest (mussel, Mytilus
galloprovincialis, razor shell, Solen marginatus, and cockle, Cerastoderma edule) were
processed within less than 2h after being retrieved from their natural habitat, and 24h
after being transported in air under cold conditions (6-8°C) to laboratory facilities. The
enzymatic activities were compared in the three species submitted to both conditions
revealing no differences in terms of carboxylesterase dependent activities (CES) using
different substrates: p-nitrophenyl acetate (pNPA), p-nitrophenyl butyrate (pNPB), 1-
naphthyl acetate (1-NA), 1-naphthyl butyrate (1-NB) and 2-naphthyl acetate (2-NA). In
mussels, three tissues were selected (haemolymph, gills and digestive gland). For
comparative purposes, in razor shell and cockle only digestive gland was considered as
it is the main metabolic organ. Baseline enzymatic activities for CEs were characterised
in the digestive gland of the three bivalves using four out of the five selected CE
substrates as well as the kinetic parameters (Vmax and Km) and catalytic efficiency.
The in vitro sensitivity to the organophosphorus metabolite chlorpyrifos oxon was also
calculated. 1C50 values (pM-nM range) were lower than those obtained for vertebrate
groups which suggest that bivalves have high protection efficiency against this pesticide

as well as species dependent particularities.
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1. Introduction

Marine coastal habitats (e.g lagoons, estuaries, deltas, tidal rivers) are areas with
high productivity that tend to be devoted to aquaculture activities. In addition, they
experience important physical fluctuations in water parameters and low rates of water
renewal. Being often near urban/agricultural sites, these areas are also subjected to the
input of anthropogenic discharges that can alter their ecological balance with
detrimental effects on inhabiting wildlife. Therefore, it is of major relevance to assess
the impacts of natural changes (e.g. temperature and salinity shifts resulting from
extreme weather events) but also the effects caused by human actions (e.g. use of
pesticides in agriculture) on inhabiting marine fauna, including shellfish populations.

In marine coastal systems, bivalves are considered good sentinel and
bioindicator species of pollution due to their sedentary lifestyle and bioaccumulation
ability, as well as their capacity to provide information on environmental health and
changes, by identifiable biochemical, physiological, and/or behavioural responses to
anthropogenic chemical insults (Beyer et al., 2017; Gonzalez-Fernandez et al., 2015;
Ivanina and Sokolova, 2015; Manachini et al., 2013). Among the marine bivalves of
economic interest, such as mussels, oysters, clams, cockles and razor shells, there is
evidence of differences in terms of bioaccumulation capacity and tolerance to pollutants
(Burgos-Aceves et al., 2017; Faggio et al., 2016; Fernandez et al., 2013; Pagano et al.,
2017; Zuykov et al., 2013). Mussels are by far the most selected bivalve species in
pollution monitoring studies (Burgos-Aceves et al., 2018), but clams such as Ruditapes
decussatus and Ruditapes philippinarum have also been largely selected as bioindicator
and sentinel species (Chiesa et al., 2018; Savorelli et al., 2017; Sehonova et al., 2018;

Velez et al., 2015a; Velez et al., 2015b). Meanwhile, cockles (Jebali et al., 2011; Nilin



et al., 2012; Velez et al., 2016) and razor shells (Ferrante et al., 2014; Nunes and
Resende, 2017; Pearce and Mann, 2006) have only been marginally used.

Several biomarkers have been used to evaluate the impacts of pollutants in
bivalves, including measurements at a cellular level (Cajaraville et al., 2000). Among
the biochemical responses, carboxylesterases (CEs) are hydrolytic enzymes involved in
the detoxification of pesticides (e.g. pyrethroids and carbamates) and the metabolic
transformation of some pharmaceutical drugs (Acefia et al., 2017). Furthermore, CEs
also have a role in hydrolysing endogenous esters (Hatfield et al., 2016). Due to their
high affinity to organophosphorus pesticides (OP) by stoichiometric binding, CEs can
exhort a protective role of the enzyme acetylcholinesterase (AChE) involved in neural
transmission in the cholinergic synapses. For this reason, CEs have been
comprehensively recommended in terms of monitoring pollution by neurotoxic
chemicals (Wheelock et al., 2008). In fact, in many bivalve species, CEs are reported to
be more abundant and/or sensitive to OPs and other anthropogenic chemicals than
AChE (Escartin and Porte, 1997; Galloway et al., 2002; Sole et al., 2010a). Thus, CEs
are a good alternative to the neurotoxic marker AChE for pesticide monitoring when
using bivalves as bioindicators. Several substrates with different lipophilicity can be
used to quantify CE activities, suggestive of different CE isozymes. Recently, the
quantification of the most abundant of these isoforms for a given species and tissue has
been proposed as an adequate tool to reveal the impact of the chemical of concern
(Bianco et al., 2014; Kristoff et al., 2012; Otero and Kristoff, 2016; Sanchez-Hernandez
and Wheelock, 2009). For the specific case of the mussel Mytilus galloprovincialis,
Sole and Sanchez-Hernandez (2018) revealed that in digestive glands and gills, pNPB
and 1-NB were the most suitable reporters of CE inhibition by OP and other drugs

impacting the environment.



The rationale of this work comes from the fact that one of the main constraints
of monitoring pollution using biomarkers that rely on enzymatic activities is the time
lapse between sample collection and processing. From a practical methodological
perspective, sampling sites and laboratories, where to process the samples, can be
geographically distant and, moreover, laboratory processing cannot always be readily
organized due to sampling limitations resulting for example from unfavourable weather
conditions. Thus, it is of great importance to know the stability of the targeted
biomarkers, namely enzymes, in order to validate sampling protocols and define
alternatives in sample processing. Additionally, for monitoring purposes in the
particular case of OP and other anthropogenic drugs in a defined area of concern, it is
essential to identify the most appropriate species, tissue and substrate for the
characterization of enzyme activities. All these factors can determine differential results
in terms of bioaccumulation patterns and chemical susceptibilities.

Therefore, the goal of the present study was to confirm the suitability of ice-cold
preservation under air exposure of bivalves used as bioindicators of pesticide exposure.
To this end, CE activities using different substrates were measured in three tissues of
mussel (haemolymph, gills and digestive glands) and for comparative purposes also in
digestive gland of razor shells and cockles soon after being collected from their habitat
(2h max since they were withdrawn from the water) and 24h after sampling.
Characterization of CE enzymatic activities with different substrates, calculation of their
respective Vmax and Ky and in vitro sensitivity to a metabolite of the pesticide
chlorpyrifos (chlorpyrifos oxon) was carried out in the digestive gland of the three
bivalve species. The suitability of both sampling procedures on CE measurements and

the identification of the most adequate substrate for each species will be valuable in



pesticide monitoring as an alternative to other cholinesterases (e.g. AChE) which are

less represented/sensitive in some bivalves.

2. Material and methods

2.1. Animal collection

Three species of economic interest were considered in this study: mussels (Mytilus
galloprovincialis), razor shells (Solen marginatus) and cockles (Cerastoderma edule).
Twenty mussels (4.97 + 0.23 cm, total shell length), twenty razor shell specimens
(10.65 = 1.40 cm) and forty cockles (2.39 + 0.36 cm) were collected in April 2017
(mussels) and May 2017 (razor shells and cockles) from Alfacs Bay (Ebro Delta, NW
Spain), an area of high ecological importance in which agriculture, aquaculture,
fisheries and tourism coexist (Manosa et al., 2001). The interest of this site relies
additionally on the fact that the Ebro Delta is the main Mediterranean shellfish
production area of Spain. Mussels were collected from suspended cords at 40° 37.24°N,
0° 39.216’E, whereas sand buried razor shells and cockles were obtained by traditional
fishing techniques from coordinates 40°36'10"N, 0°40'11"E and 40°37'35"N, 0° 39' 40"

E, respectively, all being neighbouring sites.

2.2. Sample processing

The effect that the time lapse between animal collection and dissection may have
on CEs activities was tested on the three selected bivalve species. To do this, ten
individuals of each species were collected and dissected within a maximum period of 2h
while the same number of individuals was maintained in ice cold boxes for 24h. From
mussels, haemolymph was collected from the adduct muscle using a 1 mL syringe with
a 0.21 gauge needle. Haemolymph was frozen at -80 °C and further centrifuged (5,0009

x 5 min at 4 °C) to obtain a cell-free supernatant just before further analysis. Gills and
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digestive glands were dissected avoiding contamination by other tissues and frozen
immediately in liquid nitrogen and stored at -80 °C until analysis. In the case of razor
shells and cockles, only digestive glands were considered given they are the main
detoxification organ, and these were preserved following the same procedure as for the

mussels digestive glands.

2.3. Tissue preparation

About 0.2 g of tissue was used from each animal for the analyses described
further below, except for cockles where samples consisted in two pooled individuals
due to the small size of their tissue. Tissues were homogenised (1:5, w/v) in ice-cold
homogenisation buffer using a Polytron® blender. In the case of gills, homogenization
was carried out in a phosphate buffer (50 mM, pH 7.4) containing 1 mM
ethylenediaminetetraacetic acid (EDTA), while for digestive glands a phosphate buffer
(100 mM, pH 7.4) containing 150 mM KCI, 1 mM EDTA, and 1mM dithiothreitol
(DTT) was used. The resulting homogenates were centrifuged at 10,000g for 30 min at
4 °C, and the post-mitochondrial supernatants were used for the enzymatic
determinations. Assay conditions were kept similar and only the sample volume was
changed in order to maintain linearity in the enzymatic measurements during the
recording. All assays were carried out in triplicate at 25 °C in 96-wellplates using a

TECAN Infinite M200 microplate reader.

2.4. Carboxylesterase (CE) and acetylcholinesterase (AChE) activity measures
The activity of CE (EC 3.1.1.1) was measured using the commercial
colorimetric substrates p-nitrophenyl acetate (pNPA), p-nitrophenyl butyrate (pNPB), 1-

naphthyl acetate (1-NA), 1-napthyl butyrate (1-NB), 2-naphthyl acetate (2-NA) and S-



phenyl thioacetate (PTA). The selection of these substrates was based on a former
characterization of CEs in mussel M. galloprovincialis (Sole and Sanchez-Hernandez,
2018). Multiple substrates were used for enzymatic determinations due to the
occurrence of multiple isozymes generally co-existing in a single tissue homogenate,
which display different substrate preference and sensitivity to potential inhibitors
(Wheelock et al., 2005). The hydrolysis rate of pNPA and pNPB was determined by a
spectrophotometric continuous enzyme assay according to Hosokawa and Satoh (2005).
The kinetic assay was performed in a 50 mM phosphate buffer (pH=7.4), containing the
substrate (1 mM, final concentration) and 25 pL of sample. The formation of 4-
nitrophenolate was monitored at 405 nm and 25 °C for 5 min. An extinction coefficient
of 18 mM™ cm™ was used to express the hydrolysis of these nitrophenyl esters. The
hydrolysis rate of 1-NA, 2-NA and 1-NB was measured following the ultraviolet
spectrophotometric method by Mastropaolo and Yourno (1981). The reaction medium
consisted of 50 mM phosphate buffer (pH=7.4), the substrate (0.25 mM, final
concentration) and 25 uL of sample. The formation of 1-naphthol was monitored for 5
min at 25 °C. An extinction coefficient of 23.4 mM™ cm™ was used for enzyme activity
calculations. For CE measurements using PTA as substrate and AChE activity
determinations, samples (25 ulL) were pre-incubated with 180 uM
dithiobisnitrobenzoate (DTNB) for 2 min. After this time, either the substrate (1 mM
PTA) or 1mM acetylthiocholine (ATC) were added for measuring CE and AChE
activities, respectively, and absorbance was recorded for 5 min at 412 nm (e=13.6
mM~cm™) following Ellman’s protocol (1961). All esterase activities were measured
in triplicate and results were expressed as nmol/min/mg protein. AChE was only
measured in haemolymph as it is the dominant esterase activity in this tissue while all

CEs were measured in digestive glands. In gills, 2-NA was not included in the analysis



as it is not relevant in this tissue and PTA-CE activity is mostly reported in the digestive

glands.

2.5. Kinetic determinations

Kinetic parameters Km and Vmax were determined to ensure that the enzyme
activity assay was at saturating substrate concentrations, allowing for a more accurate
detection of species-specific differences in CE activity. Six serial concentrations of the
substrates pNPA, pNPB, 1-NA, 2-NA and 1-NB (0.03-1 mM) were assayed in digestive
glands of the three bivalve species to estimate Vmax and Km values using the Michaelis-
Menten equation, and the linearity transformation of Lineweaver-Burk plot. CE activity

was measured in triplicate as described in 2.4.

2.6. Inhibition kinetic assays

An initial broader chlorpyrifos oxon (CPX) range concentration (10°35-10° M)
was screened but, due lack of changes at the highest and lowest concentrations, a
narrower range (103-10"" M) displaying a sigmoidal curve was selected to calculate
ICso values for each CE-dependent activity in the three bivalve’s digestive glands. Stock
solutions of CPX were prepared in bi-distilled water and further serial 10-fold dilutions
were made with the buffer used in the enzymatic assay. Inhibition kinetic assays were
performed in 96-well bottom flat microplates. Homogenates (90 uL) were incubated
individually in the presence of 10 pL of each CPX concentration for 30 min at 25 °C.
During incubation, inhibition was terminated by the addition of the selected substrates,
and the residual CE activity was measured as described above in order to explore a

dose-response relationship and, accordingly, obtain the associated ICso value.



Total protein content of the samples was determined by the Bradford method
(1976) adapted to microplate, using Bradford Bio-Rad Protein Assay reagent and
bovine serum albumin (BSA) as standard (0.05-1 mg/mL). Absorbance was read at 595

nm.

2.8. Statistical analysis
The comparison between the biomarker activities measured 2h and 24h after
sampling as well as the comparison between tissues (gills and digestive glands) in
mussels was made using Student’s t-test. Species statistical differences in digestive
gland biomarkers were evaluated using one-way ANOVA after log transformation when
data did not meet parametric requirements. Correlations among CE activities were
performed using Spearman’s correlation coefficients with the level of significance set at
p<0.05. Statistical analyses were carried out using IBM SPSS package software v24.
For CE inhibition data, the non-parametric U-Mann Whitney test was used to
compare residual CE activity values with and without incubations with CPX. Inhibitor
concentration causing 50% decrease of controls (ICso value) was obtained from the
logistic curve using the GraphPad Prism software (ver. 7.00, GraphPad Software, La
Jolla California USA) as described in more detailed by Sole and Sanchez-Hernandez

(2018).

3. Results and discussion
3.1. Effect of time lapse between sampling and processing, tissue and species in CE

activities
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The main goal of this study was to confirm whether a 24h preservation of the
bivalves under air exposure in cold conditions had no impact on CE activity
measurements, here proposed as potential biomarkers of pesticide exposure.

Sample processing time did not influence CE-related activities in none of the
three species (mussels, razor shells and cockles) or tissues (hemolymph, digestive gland
and gills) considered in mussels (Table 1). Thus, in future studies aiming to use CE as
biomarkers and using these bivalves as bioindicators, either sampling protocol could be
adopted. In hemolymph, only AChE activity was considered as it was formerly revealed
that it is the most significant B-esterase activity found in this fluid in mussels (Galloway
et al.,, 2002; Sole and Sanchez-Hernandez, 2018). AChE results also confirmed no
influence of the sampling protocol (37.19 + 2.23 (2h) and 31.54 = 3.26 (24h) in
nmol/min/ mg prot; p > 0.05).

Table 1 further shows differences in mussel’s tissues, being digestive gland CE
activities significantly higher than in gills (p < 0.05) as well as their total protein content
(p < 0.05). As far as species-specific differences concerns, only digestive gland
activities were compared, being the organ where CEs are mainly expressed. In general,
despite the substrate used, the hydrolytic activity followed the order: razor
shells>mussels>cockles, coinciding with the total protein content in their respective
digestive glands and after expressing the activity per mg protein.

The present results also demonstrated that, in general, activities recorded using pNPB
and 1-NB were higher than with the reciprocal acetate forms (pNPA and 1-NA) and 2-
NA had the lowest activity as formerly revealed in mussels (Sole and Sanchez-
Hernandez, 2018). Nonetheless, in razor shell digestive glands 1-NA was the substrate
that expressed the highest hydrolytic activity (Fig.1). In the digestive glands of other

invertebrates such as the gastropods Biomaphalaria glabrata and Planobarius corneus,
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1-NA and 2-NA were the preferred substrates followed by pNPA and pNPB (Kristoff et
al., 2012; Otero and Kristoff, 2016). As compared to pNPB, CE activity measured using
1-NA and 2-NA as substrates was also about 20-fold higher in the worm Lumbriculus
variegatus and 30-fold higher in the gastropod B. glabrata using whole body tissues
(Kristoff et al., 2010). Other studies with the earthworm Lumbricus terrestris further
support the interest of using multiple CE substrates and reported the most adequate
substrate according to the tissue analyzed, which varied even within the digestive
system (Gonzalez Vejares et al., 2010). All these observations demonstrate the need to
test several substrates even within a given organ in order to find out the most adequate

combination for pesticide monitoring.

3.2. Correlation among CE activities using different substrates

In mussel digestive glands, CE-related activities measured with all the six
substrates pNPA, pNPB, 1-NA, 1-NB, 2-NA and PTA, were significantly correlated
using Spearman’s correlation coefficients (p = 0.614-0.889; p < 0.05; n = 20). In razor
shell digestive glands these correlations were: p = 0.351-0.889; p < 0.05; n = 20 except
between pNPB and PTA (p = 0.335; p > 0.05; n = 20). In the case of cockles
correlations ranged between p = 0.800 and p = 0.967 and they were all significant.

Former studies considering aquatic species had used PTA as substrate (Bonacci
et al., 2004; Galloway et al., 2002; Sole et al., 2009; Sole et al., 2010b; Vioque-
Fernandez et al., 2007). Nonetheless, Wheelock et al. (2008) proposed the use of a
battery of substrates as better alternatives to PTA as this substrate can also be
hydrolyzed by paraoxonases and arylesterases. Despite the good correlation among the
results obtained using different substrates in bivalves, which is mostly due to the

overlapping substrate preference of the CE isoforms or their promiscuous nature, their
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combined use should be considered when studying responses to chemical insults as they

could differentially affect particular isoenzyme responses.

3.3. Kinetic parameters and response to CPX

To ensure that enzymatic assays were carried out at saturating substrate
conditions, Vmax and Kn as well as its catalytic efficiency (Vmax/ Km) were calculated for
the five substrates assayed in the digestive glands of the 3 bivalve species (Table 2).
The highest Ki obtained was 1 mM for pNPA and pNPB in mussels, supporting the
suitability of using this concentration. 1 mM concentration of pNPA was also
appropriate for measuring CE activity in other aquatic marine organisms, including
several fish species and the shrimp Aristeus antennatus (Sole and Sanchez-Hernandez,
2015). For the naphthyl-substrates, 250 uM is here considered as adequate except for
the CE measurements with 2-NA as a substrate, for which this concentration may be
slightly limiting (Km 390 uM). Nonetheless, as this substrate displayed the lowest Vmax
and its activity correlates well with the other naphthyl substrates, it could be discarded
for further determinations in these bivalve species. For the three species used, the
highest catalytic efficiency (Vmax/Km) was obtained using the 1-NB as substrate and the
lowest with pNPA (Table 2).

We are not aware of any studies reporting the kinetic parameters for these CE-
related activities in bivalves. The closest comparisons that could be made correspond to
freshwater gastropods (Table 2). Vmax and Km values registered for M. galloprovincialis,
S. marginatus and C. edule are within the range of those obtained in the digestive gland
of the snails B. glabrata and P. corneus, although the Vmax obtained using 1-NA and 2-

NA was significantly higher in the case of the aforementioned gastropods (Kristoff et
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al., 2012; Otero and Kristoff, 2016). Overall catalytic efficiency was also higher using
the naphthyl substrates in the snails over the bivalves considered in this study.

In general, former measurements of bivalve CE activity involved the substrates
PTA (Bonacci et al., 2004; Galloway et al., 2002; Ochoa et al., 2013), 1-NA or pNPA
(Escartin and Porte, 1997; Franco et al., 2016). However, other studies with the
freshwater gastropod P. corneus (Otero and Kristoff, 2016), earthworms (Gonzalez
Vejares et al., 2010) and mussels (Sole and Sanchez-Hernandez 2018) have
demonstrated that, compared to the substrates pNPA and 1-NA, the hydrolysis rate of
longer-chain carbon esters (e.g., pPNPB and/or 1-NB) is more sensitive to OP inhibition.
On four CEs measured in mussel digestive glands, the use of the oxon metabolite of the
pesticide chlorpyrifos (CPX) showed two- to three-fold higher affinity (measured as
IC50 values, present study) than formerly registered with dichlorvos (Sole and Sanchez-
Hernandez, 2018), being pNPB and 1-NB associated CEs the most sensitive ones (Table
3). Similarly, in the terrestrial snail Xeropicta derbentina, 1Cso values for CE using
several substrates (1-NA, pNPA and p-nitrophenyl valerate-pPNV-) was between 10%-
10° times more sensitive to CPX than to dichlorvos (Laguerre et al., 2009). As for the
other bivalves, 1-NB was the most sensitive substrate for razor shell CEs and for
cockles 1-NA and 1-NB CEs were more equally sensitive to CPX (Table 3 and Fig. 2).
The low ICso (low pM-nM) values obtained for CPX in these bivalves are lower than
those observed in several fish species (Koenig et al., 2013 and references therein), rats
and humans (Pope et al., 2005) but are more in line with values recorded in selected
tissues of the earthworm L. terrestris (Sanchez-Hernandez and Wheelock, 2009).
Comparative in vivo studies with the parent pesticide chlorpyrifos and its oxon
metabolite also confirmed that CPX was clearly a more potent CE inhibitor (ICsos in the

nM range) in earthworms (Sanchez-Hernandez et al., 2015).
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4. Conclusions

The present study demonstrates that bivalves (mussel, razor shell and cockles)
maintain their CE activities for at least 24h after sampling as long as animals are
maintained in cold (6-8°C) conditions. These results highlight the potential of using
these species as bioindicators of agrochemical pollution, especially when sample
collection is difficult in terms of long distances from the laboratory, allowing a
significant reduction in sampling costs.

Baseline activities of pollution biomarkers are provided for the first time for S.
marginatus and confirm that bivalve CEs have high affinity for pesticides such as CPX.
This study also provides an array of CE-dependent measures obtained from hydrolysis
rates and pesticide affinity (IC50 values) which support that CE values (with butyrate-
derived forms as substrate) of mussel or razor shell digestive glands may be an optimal
biomarker for pesticide pollution. Nonetheless, this should be further validated under
field conditions and under pesticide exposures to demonstrate the usefulness of this

approach in coastal marine pollution programs investigating agricultural impacts.
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Figure 1. Percentage of contribution to the total carboxylesterases (CEs) of each CE-
related activity using different substrates in the digestive gland of three bivalve species:
mussel Mytilus galloprovincialis, razor shell Solen margiatus and cockle Cerastoderma

edule.

Figure 2. Curve inhibition of remaining carboxylesterase (CE) activity (in % of control)
using different substrates after in vitro incubation with different concentrations of
chlorpyrifos oxon (CPX) in the digestive gland of three bivalve species: mussel Mytilus

galloprovincialis, razor shell Solen margiatus and cockle Cerastoderma edule.

24



Table 1. Basal enzyme activities in gills and digestive gland of mussels and digestive
gland of razor shell and cockle (expressed in nmol/min/mg prot) and protein content
(mg/ml). Statistical comparisons in Carboxylesterase (CE-dependent) activities between
sampling times and mussel tissues were carried out using Student’s t-test. Comparisons
between CE-dependent activities in digestive glands of the three bivalves were done
using one-way ANOVAs. Significantly different groups are identified by different
letters (p<0.05): capital and lower case letters indicate tissue and species comparisons,
respectively. n.c. not calculated. Numbers in brackets indicate the number of animals

tested.

Time Total S-
Species/tiss  after ~ Protein  pNPA- pNPB- 2NA-  PT
ue collecti CE ce INACE INB-CE " A-
on CE
Mussel 2h (10) 438+ 2492+ 6093+  39.97+ 72.89+
M. 24 h 0.17 1.40 4.28 2.61 4.97 n.c n.c
galloprovin (10) 419+ 2490+ 6233+ 4147+ @ T77.44+
cialis 0.34 1.96 3.32 3.09 5.74
Gills mean 429+ 2491+ 6163+ 4072+ 7516+
0.19A 1.17 2.64 1.98 3.73
Mussel 2h (10) 11.32 1151+ 31.04  87.
M. 24 h 0.59 7.12 +1.31 65
galloprovin (10) 10.14 £ 1145+ 2982+
cialis 0.47 7.06 1.41 3.0
Digestive 3
gland 81.
64.05+ 13241 102.7% 41
3.37 +8.62 4.81 +
6161+ 12953 1038z 3.9
2.62 +8.95 3.86 6
mean  10.73 % 1148+ 3043+ 84.
0.39Bb 4.88a 094b 53
+
62.83+ 130.97 103.26+ 2.5
2.09a +6.06b  3.01b 3b
Razor shell  2h (10) 15.01+0 119.1#1 43.37£1 176
S. 24 h .35 0.86 .75 1+
marginatus (10)  15.60+0 133.3+7. 47551 7.9
Digestive .32 838 46 0
gland 99.04+4 95.07x 195.6%1 177
.86 6.48 0.95 T+
100.5¢5 111.2+ 203.6%7. 8.2
.08 7.58 96 5
mean 1531+ 1262+ 4546+ 176
0.24c 6.72a 1.21c 9+
99.76+ 1031+ 199.3% 55
3.42b 5.19a 6.64c 6c
Cockle 2h (10) 7.17+ 5292+ 91.82+8 65.82+3. 102.246. 21.79+1 59.
C. edule 24 h 0.30 2.35 .00 74 02 .07 36
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Digestive (10) 745+ 57.70+4 100.5+1
gland 0.28 07 0.1
mean 731+
0.20a
55.31+ 96.15+
2.35a 6.33a

76.61+5.

16

7121+
3.34a

122.2+9.

66

112.2 +
2.60a

25.56+2
13

23.68 =
1.24a
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Table 2. Kinetic parameters Vmax (in nmol/min/mg prot), Km (in mM) and catalytic
efficiency (Vmax/Km) corresponding to the digestive gland of the three bivalves selected
in this study and digestive gland of another mollusc group: freshwater gastropods with
comparable data. For the later, Vmax/Km values were estimated from the means obtained
from the literature when this value was not explicitly provided. n.a. data not available.

Bivalves pNPA- pNPB- 1NA- INB- 2NA-
CE CE CE CE CE
Mytilus Vmax 1646 1864 289.1 3930 925% This
galloprovincilis +174 84 +379 £769 100 study
Km 1.00£ 033+ 018+ 0.13+x 0.39%
0.08 0.01 0.03 0.03 0.06
Vmax/Km 1642 5580 1,631 3,125 2444
+96 +208 +135 +208 +16.4
Solen Vmax 2111 1549 2985 185+ 67.44 This
marginatus +409 +£26.1 +200 148 +5.7 study
Km 072+ 041+ 018+ 008+ 0.2+
0.29 0.06 0.03 0.02 0.01
Vmax/Km 3746 3781 1,795 2,250 555.8
+985 +£410 +£284 +144 +36.6
Cerastoderma  Vmax 50.2+ 912+ 9279 129.03 35.93 This
edule 6.42 15.0 + +190 £43 study
11.24
Km 009+ 007+ 006+ 004 0.03%
0.01 0.013 0.01 0.01 0.01
Vmax/Km 557.7 1,270 1,883 3,750 1,089
+101 +916 +545 +£416 +122
Gastropods
Biomphalaria Vmax 143+ 42+2 2,809 n.a 2,798  Kristoff
glabrata 7 + 275 + 305 et al
2012
Km 038+ 021+ 013+ n.a 0.14 +
0.10 0.06 0.04 0.05
Vmax/Km  376.3 200 21,608 19,986
Biomphalaria Vmax 621+ 394+ n.a n.a n.a Bianco
straminea 134 135 et al
2014
Km 091+ 020+ n.a n.a n.a
0.31 0.09
Vmax/Km 6824 1,970 n.a n.a n.a
Planobarius Vmax 217+ 299+ 1817 n.a 1,690  Kiristoff
corneus 40 58 *+ 96 + 259 and
Otero
2016
Km 0.284 0.052 0.052 n.a 0.076
+ + t +
0.068 0.010 0.030 0.008

27



Vmax/Km 764.1 5750 3,494 n.a 22,237
Chilina gibbosa Vmax 56+7 86 n.a n.a Bianco
11 etal
2013
Km 047+ 021+ n.a n.a
0.06 0.01
Vmax/Km 119 409.5 n.a n.a

Table 3. IC50 (nM) values for carboxylesterases in digestive gland of the 3 bivalves
studied using four substrates and after in vitro exposure to chlorpyrifos oxon (CPX).
Mean values (and 95% confidence intervals indicated in brackets) after 4 independent

measures.
pNPA-CE pNPB-CE 1NA-CE 1NB-CE
Mussel 0.0325 0.0039 0.0625 0.0025
(0.0071-0.147) (0.0026-0.0057) (0.0114-0.341)  (0.00121-0.00531
Razor shell 0.0395 0.0142 0.0142 0.0048
(0.0295-0.0528) (0.0085-0.0238)  (0.0074-0.0271) (0.0023-0.0099)
Cockle 0.0917 0.0850 0.0654 0.0642

(0.0684-0.1229)

(0.0637-0.1132)

(0.0356-0.1203)

(0.0289-0.1428)
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