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1. Introduction

Numerous organisms have been proposed as biotests in standardised laboratory procedures
to evaluate contamination caused by pesticides. In this context, protozoa are regarded as a
valuable assay to be exploited in laboratory investigations because of their fundamental
features. Due to their nature as eukaryotic cells/organisms, protozoa exhibit a relatively
simple organisation and a high degree of specialisation. As eukaryotic organisms, protozoa
behave like animals, responding directly to environmental stimuli, but, as single-cells, they
are more sensitive to environmental changes than the cells of higher organisms. Like micro-
organisms generally, protozoa multiply through short cell-cycles and this makes it possible
to detect the effects of pesticides on large and genetically homogeneous cell populations and
on their progeny as well. These peculiarities of protozoa are more interesting if we consider
how the test on protozoa can assuage public opinion, more and more sensible to bioethical
matters and meet the requests of both the ICCVAM and the ECVAM for compliance with
the 3Rs strategy. Furthermore, it is important to highlight that the identification of
molecules functionally related to neurotrasmission in protozoa (such as the GABAergic
system in Paramecium and Dictyostelium, the nitrergic system in Paramecium and the
cholinergic system in Paramecium, Dictyostelium and Euplotes, through which they can react
to environmental stress, like the molecules of macroinvertebrate and vertebrate models)
provides a new method for using protozoa in neurotoxicity tests and as ecological indicators
in biomonitoring. This paper will focus on the inhibition of Dictyostelium ChE activity as a
biomarker of exposure to neurotoxic pesticides and how this biomarker can be used in the
field for the pre-chemical screening of estuarial zones. The area investigated was the
western coast of Liguria, an area stretching from Genoa to the French border, whose
economy is based on greenhouse market gardening, olive oil production and summer
tourism. In this area, it is important to convince people of the need for continuous
biomonitoring to maintain the balance between intensive farming and tourism on the one
hand and environmental and public health on the other for sustainable development.

2. Protozoa, a micro-organism model for modern environmental
biomonitoring

To assuage ever-increasing public concern over bioethical matters such as laboratory-animal
suffering, the scientific community has tried to find alternative research models
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(Schechtman, 2002). This has been a centuries-long process, beginning in Great Britain in the
early nineteenth century with the first bioethical law, “The Cruelty to Animals Act”, as
reported by Orlans (1993), which had the objective of controlling animal experimentation
(Flecknell, 2002). However, it was only with the publication of the article of Russel & Burch
(1959), entitled “The Principles of Humane Experimental Technique”, that it was clearly
stated that in experimentation every effort must be made to ensure that animals do not
suffer.

In this article the authors proposed the use of the 3Rs strategy:

Replace = the use of animals must be replaced with alternative techniques or avoided
altogether;

Reduce = the number of animals involved must be reduced to an absolute minimum;

Refine = the experimental parameters must be refined to make sure animals suffer as little as
possible (Russell & Burch, 1959).

Unfortunately, this ethical method has received scarce attention from the scientific
community in the past and only recently has it obtained the interest of the Interagency
Coordinating Commitee on the Validation of Alternative Methods (ICCVAM) and the
European Centre for the Validation of Alternative Methods (ECVAM), due to proposals for
new laws to regulate animal experimentation (Balls et al., 1995; Stokes & Hill, 2000;
Schechtman, 2002). The need to regulate animal experimentation is made more urgent if you
consider the data reported by the EU system for the Registration, Evaluation and
Authorisation of Chemicals (REACH), which lists about 3,000 new chemical substances,
including many pesticides, that will have to be analysed over the next twelve years before
being released on the market (Louekari et al., 2006), and which, according to the European
Commission Joint Research Centre, will require between 2.1 and 3.9 million animals to
complete all the necessary tests. Given the numbers involved, it is not surprising that
interest in alternative experimental methods and the 3Rs has increased, even in the
industrial sector, which must reduce the costs of experimentation by between 1,143 and
2,274 million euro to satisfy the criteria dictated by REACH (Grindon & Combes, 2006;
Grindon et al., 2006).

In recent years numerous organisms have been proposed as alternative vertebrate
experimental models for the evaluation of toxicological risks from man-made compounds.
In this context, the protozoa, unicellular eukayotic organisms that have long inhabited
aquatic and terrestrial habitats and so developed adaptment strategies to survive
environmental perturbations (Fenchel, 1987), can be considered excellent laboratory models
(Apostol, 1973).

In fact, due to their nature as eukaryotic single cells/organisms, the protozoa exhibit a
relatively simple organisation and a high degree of specialisation. As organisms, the
protozoa respond directly to environmental stimuli like the metazoan, while, as single cells,
which expose their receptors directly to the surrounding environment, they are more
sensible to environmental modifications than the metazoa cells, which have developed
complex apparatuses and structures that respond to environmental stimuli according to
their diverse functions. Furthermore, as the ancestors of the metazoan, the experimental
response of the protozoa can be correlated with those of the more developed organisms.

An advantage of using protozoa in toxicological studies is that their short cell cycles allow
the analysis of the toxic effects of a contaminant on a conspicuous number of cells,
genetically homogeneous populations and successive generations in a short time. In
addition, the absence of a cellular sheath in the vegetative state allows the protozoa to
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respond to the stimulus more rapidly than bacteria and yeasts. Furthermore, they can be
cultured in the laboratory under conditions very similar to those in nature, making their
response more reliable than that of animal-cell cultures cultured in artificial conditions
(Delmonte Corrado et al., 2006).

Finally, it is important to emphasise how in protozoa, the identification of molecules
responsible for neurotransmission in metazoan, such as those belonging to the GABAergic
system in Paramecium primaurelia (Ramoino et al., 2010) and Dictyostelium discoideum (Anjard
& Loomis 2006), to the nitergic system in Paramecium primaurelia (Amaroli et al., 2010), and
to the cholinergic system in Paramecium primaurelia, Dictyostelium discoideum, Euplotes crassus
(Delmonte Corrado et al.,1999; Amaroli et al. 2003; Trielli et al., 2007), with characteristics
similar to those of the vertebrates, has opened the way to their use in neurotoxicological
studies. The genomal sequencing of several protozoa (Dessen et al. 2001; Turkewitz et al.,
2002; Eichinger et al., 2005), has demonstrated that they have conserved gene sequences
compared to human genome and this has stimulated the interest of the scientific community
in their use in field studies on human health, as in the case of Dictyostelium discoideum
included in the eight alternative models to be used instead of vertebrates in human health
studies in the USA (Williams et al., 2006).

The characteristics listed above make the protozoa excellent biological assay tools,
combining the reliability of in vivo results with the practicality of in vitro, to be used in
toxicological studies and wider studies of the effects of environmental perturbations
(Persoone & Dive, 1978; Denis et al., 1992; Ricci, 1995; Sauvant et al., 1999; Miyoshi et al.,
2003; Delmonte Corrado et al., 2006;).

3. Basic research into the effects of pesticides on Dictyostelium
cholinesterase

The cholinergic system has been extensively studied as the cholinergic molecules play the
role of specialised transmitters of nervous signals at myoneural junctions, regulating the
intercellular messages by varying the ionic content of the cytoplasm.

The cholinergic transmitter system includes the signal molecule acetylcholine (ACh),
synthesised by the enzyme choline acetyltransferase (ChAT, E.C. 2.3.1.6), which catalyses
the acetylation of choline with acetyl coenzyme-A (Nachmansohn & Machado, 1943), and
both classes of ACh receptors, the nicotine-sensitive ones (Stroud et al., 1990) and the
muscarine-sensitive ones (Birdsall et al., 1978), which play different roles in excitable cells,
even though activated by the same signal molecule. The activity of the ACh lytic enzyme
acetyl-cholinesterase (AChE) modulates the reception function by hydrolysing the receptor-
bound ACh on the surface of target cells. More generally, the ChEs refer to enzymes able to
hydrolyse ACh and other choline esters into their respective components, choline and
acetate, or butyrate or propionate (Stedman & Easson, 1932).

Depending on the species, different ChEs have been detected and characterised on the
basis of their catalytic properties, depending both on the substrate hydrolysed by their
activity and on their sensitivity to specific inhibitors (Mendel & Rudney, 1943; Talesa et
al., 1990).

ACHhE activity, also referred to as “true” AChE (E.C. 3.1.1.7) and present in higher organisms
with specialised synapses (Massoulié et al., 1993), hydrolyses either ACh with high affinity
and the substrate acetyl-B-methyl thiocholine iodide (AcTChI). This enzyme activity is
inhibited by eserine, a carbamate compound, and more specifically, by BW 284c51, a phenol
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ester. Among the other choline esters are butyrylcholinesterase (BChE, E.C. 3.1.1.8) and
propionyl-cholinesterase (PrChE), also referred to as “pseudocholinesterases”, that
preferentially hydrolyse the substrates butyryl thiocholine iodide (BTChl) and propionyl
thiocholine iodide (PrChl) respectively (Talesa et al., 1990). Both BChE and PrChE enzyme
activities are inhibited by eserine and, more specifically, by iso-OMPA, a phosphoramide
compound.

As reported in Section 2, there is some information on the presence and functional role of
the molecules related to the cholinergic system in protozoa. In particular, in this review,
attention is focused on the ChE of Dictyostelium discoideum single-cell amoebae. This
protozoa, often referred to as “slime mould”, exhibits a very simple organisation with a very
complex developmental cycle. The life cycle of D. discoideum (Fig. 2) starts with the
multiplication phase by binary fission of single-cell amoebae feeding on bacteria. Depletion
of the food source triggers the aggregation and differentiation phase. The amoebae
aggregate and migrate towards an extracellular cyclic AMP signalling source by chemotaxis,
giving rise to the first multicellular stage, which undergoes the process of culmination
leading to the formation of the fruiting body (Loomis, 1975; Escalante & Vicente 2000). In D.
discoideum, we citochemically and spectrophotochemically detected ChE activities able to
cleave the substrate PrChl with high affinity and the substrate AcTChI, with less affinity
(Falugi et al., 2002). The non-denaturing electrophoresis pattern showed that the PrChl
substrate was hydrolysed by a single enzyme activity, while the AcTChl susbstrate was
hydrolysed by two enzyme activities, one migrating like the 260-kDa molecular form of
Electrophorus electricus AChE and the other corresponding to the molecular form revealed by
the PrTChl substrate (Falugi et al, 2002). To characterise the PrChE, we
spectrophotometrically evaluated the effects of pH, temperature variations and specific
inhibitors. It is important to underline that a 10> M iso-OMPA concentration completely
blocked the PrChE activity (Delmonte Corrado et al., 2005). Moreover, the full genome
sequencing of Dictyostelium discoideum enabled us to detect a putative sequence of a protein,
that showed a similarity to a pseudocholinesterase of the vertebrates.

The inhibition of ChE activity was one of the first validated environmental biomarkers and
it has been employed widely for over thirty years as a specific biomarker of exposure to
pesticides, such as the organophosphate (OP) and carbamate (CA) compounds used world
wide for agriculture pest control (Kennedy, 1991; Hassal, 1990). These compounds, less
persistent in the environment but more toxic than the organochlorine pesticides, are
anticholinesterase agents that have been designed to be effective inhibitors of ChE activity.
The organophosphate pesticides are esters or thiols derived from phosphoric, phosphonic,
phosphinic or phosphoramidic acid. Their basic chemical structure is shown in Fig. 1A.
generally, R1 and R2 are aryl or alkyl groups, while X refers to a wide range of groups:
halogen, aliphatic, aromatic and heterocyclic (Kuhr & Dorough, 1976). The OP pesticides
destroy ChE activity by phosphorylating a specific serine residue within the ChE catalytic
centre and under this condition the enzyme is unable to hydrolyse the choline esters
(Kennedy, 1991; Gallo & Lawryk, 1991). The CA pesticides are derivates of carbamic acid.
Their basic chemical structure is shown in Fig. 1B. Generally R1 and R2 are organic radicals
or a metal. Carbamates have insecticide properties when R2 is an H and R1 a methyl;
herbicidal properties when R1 is an aromatic group; fungicidal properties when R1 is a
component of benzimidazole. The CAs, like the OPs, act on the serine within the ChE
catalytic centre through a carbamylation reaction. However, unlike the OPs, the inhibition of
ChE activity by CAs is a reversible process (Kuhr & Dorough, 1976; Baron, 1991).
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Fig. 1. Chemical structure of organophosphate (A) and carbamate (B) compounds.
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Fig. 2. A simplified scheme of the developmental cycle of Dictyostelium discoideum. The life
cycle start from the multiplication phase, during which single-cell amoebae feed bacteria,
grow, and reproduce by binary fission. The next phase starts from the depletion of food
supply that triggers aggregation of the amoebae in stream to form multicellular aggregate,
the mound. The final phase culminates in the development of the fruiting body, containing
the apical spore able to reproduce under suitable environmental conditions, and the stalk
cells unable to multiply.
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To evaluate the possibility of exploiting the PrChE activity detected in D. discoideum as a
specific biomarker of exposure to neurotoxic pesticides, we spectrophotometrically (Ellman
et al., 1961) tested the sensitivity of this enzyme to OPs and CAs. The OPs employed were
diazinon and cidial, which caused an inhibition of 67% and 52% respectively at a
concentration of 10-¢ M, whereas the CAs were carbaryl and pirimicarb, which caused an
inhibition of 63% and 61% at the same concentration as the OPs (Falugi et al., 2002).

In addition, a dose-dependent inhibition of PrChE activity was found for diazinon
concentrations ranging from 107 M to 10-* M. The identification of ChE activity, sensitive to
exposure to OP and CA pesticides, in D. discoideumn can avoid the interference of several
stress factors in testing. In fact, several non-contaminant factors, such as type of tissue,
species, genetic variation, age, sex, circadian and seasonal rhythms, reproductive state, and
endocrine regulation can affect ChE activity, when invertebrates and vertebrates are
exploited as test organisms for detecting the presence of pesticides (Rettner & Fairbrother,
1991). On the contrary, these interference factors are excluded by the use of D. discoideum as
the asexual reproduction of this unicellular organism gives rise to phenotypically and
genotypically homogeneous cell lines. Furthermore, the stress factors that can interfere with
D. discoideumn PrChE activity are linked to the nutritional and physiological state of the
culture and the culturing temperature and are eliminated by the standard conditions under
which they are cultured.

4. Applied research into the effects of pesticides on Dictyostelium
cholinesterase

Considering the results presented in the preceding section, we have examined the
possibility of using the PrChE of D. discoideum as a biomarker for the pre-chemical screening
of estuarial environments subject to pesticide pollution.

New Italian (D. L. n. 152/1999 and D. L. n. 258 /2000) and European (Direttive CE 2000/ 60),
regulations give particular attention to the quality of water and sediment, not only for their
chemico-physical characteristics but also for their biocenotic content. In fact, the European
Union is particularly interested in promoting chemico-physical and biological monitoring
programmes for evaluating the health of the aquatic environment (Sandulli, 2004).

It has been noted how pollutants dispersed in the environment often finish, more or less
rapidly, in the aquatic environment, where they can be absorbed by suspended particulate
matter and then accumulated in the sediments. Therefore, the sedimentary deposits in
contiguous marine and continental zones represent filters and storage for pollutants,
constituting important sources of contamination for organisms (Geyer et al., 1984; Fulton &
Key, 2001; Bolton-Warberg et al., 2007; Moserrat et al., 2007). These coastal, estuarial and wet
zones are particularly noted for their great biodiversity and are very important biotopes for
the reproduction of numerous animal and vegetal species. Furthermore, pollution in these
zones can have repercussions for the health of the human populations using their resources
(McCauley et al., 2000; Pal et al., 2010; Azizullah et al., 2011). In fact, it has been noted that
the residues of these substances act not only on the cholinergic systems of the pest
invertebrates inhabiting these zones but also on the human cholinergic system and other
enzymes such as the aliesterases, lipases, trypsin, chymotrypsin, succinoxidase, ascorbic
acid oxidase, dehydrogenase, sulthydryl enzymes (Gallo & Lawryk, 1991). In a review,
Gilden et al. (2010) noted that many articles described the toxic and epidemiological effects
of exposure to pesticides, and particularly their effect on infant development. Furthermore,
it has been reported that exposure to pesticides can be an important risk factor in the
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development of infant leukemia and it is necessary to protect the mother during pregnancy
(Van Maele-Fabry et al., 2011). Numerous observations have emphasised the higher risk of
people exposed to pesticides developing neurodegenerative diseases such as Parkinson’s
Disease (Weisskopf et al., 2010), and the relationship between exposure to pesticides and the
development of tumors (Gold et al., 2001; Weichenthal el al., 2010).

Our study encompassed a stretch of the Ligurian coast between Genoa and the French
border, whose economy is based largely on summer tourism and intensive market
gardening in the areas between urban and tourist settlements. In fact, specialist fruit
vegetable and flower producers, in close competition with northern European producers
and, for some years, with those of South East Asia, have tended to rely increasingly on
pesticides. The data is in line with that of the rest of the world and emphasised by The
Worldwatch Institute (2006), according to which the consumption of pesticides has
increased exponentially in recent decades, from 0.49 kg/ha in 1961 to 2kg/ha in 2004, with
the consequences that these substances are now found in many foods (Akland et al., 2000).

It is, therefore, obvious that continuous environmental biomonitoring is necessary in this
area to reach sustainable development, to balance agriculture and tourism and to protect the
environment and the health of the inhabitants and visitors.

Our samples were taken from the Argentina Torrent in the Province of Imperia and the
Centa Torrent in the Province of Savona, both critical areas subject to particular anthropic
pressure, and the Arresta Torrent in the Province of Genoa as control area, as it has hardly
been touched by anthropic development.

The Centa and Argentina torrents lie in areas of intensive agriculture, mainly specialising in
olive oil production and growing flowers and plants, and there is a notable increase in the
population at nearby seaside resorts in summer. Differently, the Arresta Torrent, lying on
the border between the provinces of Genoa and Savona, flows through the Parco del Beigua
natural area and geopark, and only near its mouth flows through scarcely inhabited and
cultivated land.

The monitoring programme for the three torrents was based on the location of their
cultivation and the characteristics of each watercourse (accessibility of the stream bed,
granulometry of the sediment). In the case of the Argentina Torrent, two sites were studied,
100 m and 400 m from the swash zone, for the Centa, two sites 50 m and 400 m from the
swash zone, and for the Arresta two sites 50 m and 200 m from the swash zone.

Samples of sediments and surface water were collected from each site. The sampling was
performed monthly over the period 2007-10, taking meteorological and marine conditions
into consideration. The samples were buffered at pH 8.0 and the salinity determined before
spectrophotometric analysis following Ellman et al. (1961).

The amoebae of D. discoideum exposed to water (data not shown) and elutriated sediment
(Fig. 3) samples from the Arresta Torrent over the period 2007-10 did not show PrChE
activity significantly different (p>0.05) from the control (commercial mineral water).

The amoebae of D. discoideum exposed to surface water from the Argentina Torrent did not
demonstrate alterations in PrChE activity (p>0.05) (data not shown). The situation was
different for the amoebae exposed to samples of elutriated sediment from the Argentina
Torrent, where the amoebae exposed to the sediment from the site 400 m from the swash
zone had significantly increased PrChE activity (p<0.05) in November 2007 (Fig. 4A),
November and December 2008 (Fig. 4B) and November and December 2009 (Fig. 4C). An
analogous situation (p<0.05) was observed for the amoebae exposed to the elutriated
sediment from the site 100 m from the swash zone in December 2007 (Fig. 4E) and December
2008 (Fig. 4F)
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(G), and 2010 (H). Sampling months shown along the x-axis. The black columns indicate
significant differences (p<0.05) from the control (commercial mineral water) (K).
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the Argentina Torrent. Samples collected 400 m from the swash zone in 2007 (A), 2008 (B),
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(G), and 2010 (H). Sampling months shown along the x-axis. The black columns indicate
significant differences (p<0.05) from the control (commercial mineral water) (K).
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Fig. 5. PrChE activity in D. discoideum, measured after exposure to elutriated sediments from
the Centa Torrent. Samples collected 400 m from the swash zone in 2007 (A), 2008 (B), 2009
(©), and 2010 (D). Samples taken 50 m from the swash zone in 2007 (E), 2008 (F), 2009 (G),
and 2010 (H). Sampling months shown along the x-axis. The black columns indicate
significant differences (p<0.05) from the control (commercial mineral water) (K).
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The amoebae of D. discoideum exposed to surface water from the Centa torrent did not
demonstrate alterations in PrChE activity (p>0.05) (data not shown), nor did those exposed
to the elutriated sediments from the site 400 m from the swash zone in 2007 and 2008 (Fig.
5A, Fig. 5B) and the station 50 m from the swash zone in 2007 and 2010 (Fig. 5E, Fig. 5H).
Instead, the amoebae exposed to the elutriated sediments from the site 400 m from the
swash zone showed a significant increase (p<0.05) in PrChE activity in November and
December 2009 (Fig. 5C) and November 2010 (Fig. 5D), as did those exposed to the
sediments from the site 50 m from the swash zone in December 2008 (Fig. 5F) and December
2009 (Fig. 5G).

These increases in the PrChE activity of the amoebae of D. discoideum exposed to sediments
from the estuarial zones of the Centa and Argentina Torrents indicates recurrent
environmental stress in this area in the autumn-winter period. This result is more evident
when compared to the situation of the Arresta Torrent, where no water or sediment sample
induced a significant increase in PrChE activity in the exposed cells. Finally, the laboratory
analyses exclude the possibility that the results are “artefacts” due to variations in the pH or
salinity of the samples.

5. Conclusion

In conclusion, it is important highlight as, in vitro analysis, parallel studies have shown how
some heavy metals and non-OP and -CA pesticides can induce a significant increase in the
PrChE activity of exposed D. discoideum amoebae (Delmonte Corrado et al., 2006), so, it is
possible to assume the presence of these substances in the sediments of Argentina Torrent
and Centa Torrent. Analyses of the sediments of the zones we sampled have revealed the
presence of pyrethroid pesticides in the autumn-winter period. These pesticides are able to
induce a significant increase in cholinesterase as shown by studies on bees (Badiou &
Belzunces, 2008). The pyrethroid pesticides can enter the watercourses and then the
estuarial sediments as a result of the abundant rain that falls in this period and floods the
land dedicated to olive production treated with such pesticides in the fight against the olive
fruit fly and other insects (Ruano et al., 2010), or the runoff from olive groves, which various
studies have revealed contains high levels of pesticides (Karaouzas et al., 2010).

In conclusion, D. discoideum cholinesterase activity is a sensitive and reliable biomarker of
the presence of pesticides in the sediments of watercourses subject to heavy anthropic
pressure. A characteristic of great importance if we consider that this enzymatic activity
occurs in a protozoa that responds to the conditions proposed by the 3Rs strategy and can
assuage increasing international public concern over bioethical matters.
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