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ABSTRACT

True acetylcholinesterase (AChE), an important polymorphic enzyme of the nervous system, was studied to
determine the inhibition of transmission of nerve impulses in muscles of the red swamp crayfish, Procambarus
clarkii, exposed in vitro to organophosphate (OP) insecticides. The species showed moderate sensitivity to OP
insecticides, confirming a factor of its invasive capacity in Mediterranean freshwater and brackish environ-
ments. The half maximal inhibition concentration (ICy), M) for AChE vs. acetylthiocholine activity (ASCh, 1
mM) in P. clarkii was compared with that of different tissues of various aquatic invertebrates recently described
as invasive and with other non-invasive species. The results suggest that non-invasive species have a lower
capacity than invaders to regulate transfer of nerve impulses across synapses, favoring an overall increase
in their internal entropy. On the other hand, invasive species seem to have a high capacity to self-organize
and produce negentropic internal processes, even though in many cases their strong adaptive capacity can be
deleterious for the complexity and equilibrium of the community into which they are introduced, favoring an
overall increase in entropy of the ecosystem. The internal complexity of the invasive species considered in this
study is discussed in terms of evolutionary thermodynamics with particular emphasis on entropy production
and related information.

Keywords: acetylcholinesterase activity, OP insecticides, entropy, complexity, biotic invasions, evolutionary
thermodynamics

1 INTRODUCTION
The adaptive success of many alien species depends on their strong competition for resources and
high reproductive capacity. For example, they are capable to withstand environmental stresses such
as high temperatures, pollution, changes in water quality, salinity and oxygen concentrations. Native
species may be more sensitive to environmental stressors and therefore less able to cope with chem-
ical and thermal pollutions or competition for food. Their exotic rivals may be more aggressive and
flexible [1].

Investigators have tried to characterize morphological, physiological and biological properties
that could serve as reliable indicators for an animal or plant species to behave as an invader [2]. For
example, the resistance of certain species to in vitro exposure of organophosphate (OP) insecticides,
even at high concentrations, favors hydrolysis of the neurotransmitter acetylcholine (ACh) due to
modified forms of acetylcholinesterases (AChEs), polymorphic enzymes involved in transmission of
nerve impulses at synapses. This behavior can be interpreted as a molecular property of organisms
with evolutionary characteristics typical of potentially invasive species. In fact, OP insecticides are
anti-AChE compounds that can occupy the active site of AChE or an adjacent domain, preventing
access to the natural substrate (ACh) and its further catalysis. OP insecticides are highly toxic. They
prevent muscle relaxation [3], cause tremor, convulsions and death by asphyxia due to paralysis of
respiratory muscles [4]. Nevertheless, preliminary investigations seem to suggest that invasive species
may have a better capability to cope with OP insecticides exposure than indigenous species and thus
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a greater ability to survive [5]. This is why resistance to exposure to OP insecticides may be consid-
ered as a physiological indicator of the health status of an organism: in the case of resistance, OPs
are unable to bind to AChE, favoring a decrease in entropy within the organism. It appears that inva-
sive species are subject to particular evolutionary adaptations that favor their resistance and survival
under such harsh environmental conditions as pollution.

The aim of the present study was to investigate and to compare the capacity of invasive species to
regulate their internal entropy by using genetic adaptive mechanisms, such as the presence of
OP-resistant forms of AChE. We analyzed the AChE response of Procambarus clarkii (Girard
1852), an invasive crustacean in Mediterranean freshwater and brackish environments [6, 7],
exposed to OP insecticides in vitro. To reveal differences characterizing the physiological response
of invaders with respect to non-invasive species, the results were compared with the data obtained
from other aquatic invertebrates, which have been recently recognized as invasive, and from non-
invasive species [8—10]. The Wicken equations [11-14] provided insights into the degree of chemical
complexity of a thermodynamic system in terms of information. So, we have resorted to these equa-
tions in order to distinguish the molecular properties of invaders from those of non-invasive species,
using the information theory, which is an integral part of the evolutionary thermodynamics.

Although generalizations are impossible, detailed study of the genetic and the behavioral charac-
teristics of a species, besides those of the habitat into which they are introduced, make it possible to
predict invasive capacity. Evolutionary thermodynamics can promote understanding of this complex
phenomenon [15, 16].

2 MATERIALS AND METHODS
2.1 Sampling and biochemical analysis

Male and female specimens of P. clarkii were caught by net and by hand in Accesa Lake, near Massa
Marittima (southern Tuscany, Italy). A total of 14 specimens (9 adult males, 5 adult females) of
similar sizes (males 6.7-8.7 cm, females 6.8-9.2 cm) were analyzed. All females except one con-
tained eggs at the time of capture, and therefore had larger abdomens.

AChE was extracted from muscle in the proportion 0.1 g ml~! in ice-cold 20 mM Tris—HCI, 5 mM
MgCl,, 0.1 mg ml~! bacitracin, 8 x 10~ TIU ml~! aprotinin and 1% Triton X-100 (pH 7.6). Tissue
was first cut up finely with scissors, then homogenized in a potter-Elvenjem glass/Teflon homoge-
nizer at 2000 rpm and finally in an Ultraturrax at 8400 rpm for 20 min at 4°C. After centrifuging, the
pellet containing cell debris was discarded, and the supernatant was immediately analyzed.

Selective inhibitions of AChE were measured on microplates by the method of Ellman et al. [17]
for three different OP insecticides at concentrations in the range 10~'° to 10~3 M: diisopropylfluoro-
phosphate (DFP), dichlorvos and chlorpyriphos. Assays were performed at 30°C in 0.1 M Na,PO,
pH 7.2, and 0.5 mM 5,5’-dithiobis-2-dinitrobenzoic acid (DTNB), using 1 mM acetylthiocholine
iodide (ASCh). The variation in absorbance at 405 nm was followed for 5 min using a Bio-Rad
model 550 microplate reader. Enzyme activity was expressed in nmol min~' mg protein~'. ICy
(50% inhibition of hydrolysis of the substrate ACh) was calculated for AChE vs. ASCh activity (1
mM). OP insecticides were incubated with crude homogenates for 15 min at 30°C before substrate
kinetic study. Stock solutions of selective inhibitors and insecticides were prepared in methanol. A
control vehicle was included for each experimental run and the rate of spontaneous hydrolysis
calculated as before. Protein concentrations were measured by the method of Bradford [18] using
BSA as standard.
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2.2 Data for the comparison

The references we chose for comparison of experimental data of P. clarkii with other species regarded
studies conducted in the Laboratory of Indicators of Stress of the Ecophysiology and Ecology
Applied to Global Changes of the Department of Environmental Sciences “G. Sarfatti”, University
of Siena, in different research projects over the years [8—10].

Not by chance, we chose data processed in the laboratory in which the studies on P. clarkii
were conducted: the methods and equipment were identical in all cases, to minimize errors in the
comparison of results.

The data concerned in vitro exposure of OP insecticides on different tissues of various aquatic
invertebrates, recognized as invasive and non-invasive: Mytilus galloprovincialis, Sabella spallanza-
nii, Adamussium colbecki, Pecten jacobaeus, Anodonta sp. and Anodonta woodiana.

The Mediterranean mussel M. galloprovincialis and the Mediterranean fan-worm S. spallanzanii,
species alien to the coasts of South Africa and Australia, respectively, showed high resistance of
AChEs to OP insecticides [8] with an IC, of 1072 M in gills. Their resistance may be an evolution-
ary adaptation to the pressure of exposure to OP insecticides [19 — 21].

As concerns the marine bivalves A. colbecki, an Antarctic scallop, and the Mediterranean
P. jacobaeus, both known as non-invasive species, the absence of resistance was indicated by high
sensitivity to DFP and azamethiphos (range 10~7 to 10~¢ M) in gills and adductor muscle [10].

In this case, habitat also plays an important role from the ecological point of view: for example,
resistance to other OP insecticides, such as fenitrothion and azamethiphos, in gills of the Antarctic
scallop [8] may be due to exposure to toxic strains of Antarctic cyanobacteria which produce an anti-
ACHhE, anatoxin-a, which has properties similar to an OP insecticide.

Another study compared OP resistance in two freshwater mussels, indigenous Anodonta sp. and
the invasive species A. woodiana. Although the invasive species was not particularly resistant, it
showed greater hydrolytic efficiency and greater AChE content than the indigenous species. A better
capacity for enzyme recovery after exposure to OP insecticides and greater resistance to environ-
mental contamination was postulated [9].

2.3 The components of chemical information

For the interpretation of the analytical results obtained by the exposure to OP insecticides of
P. clarkii and the other aquatic invertebrates chosen for the comparison, we used the equations on
the information theory proposed by Wicken in the 1970s, with the aim of analyzing the thermo-
dynamic properties that distinguish the invasive species from the non-invasive invertebrates from
the theoretical point of view.

The macroscopic thermodynamic information of a system in a given state, for example, the infor-
mation of the biological organization deriving from specific molecular sequences into an organism
(7,,), can be written as follows:

Ly=1,+1, ey

where [, =-%kInW;=-§ is the negentropic component of chemical information and
I,= (El- —A)/ T is the energy component that is related to entropy output from the system due to
energy dissipation. Negentropy is, therefore, expressed by:

I=1,+1, @)
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where [, is thermal information and /, is configurational information. The former refers to the dis-
tribution of thermal energy in the given state and the latter to the number of microstates in any
possible configuration [13, 14].

3 RESULTS
Experimental data show that P. clarkii is characterized by moderate resistance of AChE activity in
muscle exposed to dichlorvos and chlorpyriphos (range 107> to 10~3 M), but high sensitivity to the
more toxic DFP (range 1077 to 107% M). Figure 1 presents inhibition of AChE vs. ASCh activity in
muscle of male and female specimens of P. clarkii for increasing concentrations of pesticide.
The assay data show a difference of approximately one order of magnitude in sensitivity between
male and female specimens:

a. exposure to DFPrevealed greater resistance of females (1.96 x 10~° M) than males (1.62 x 10~7 M);

b. exposure to dichlorvos did not reveal any major differences between males and females
(6.76 x 107> and 2.53 x 10~ M, respectively);

c. males were more sensitive (2.34 x 10~> M) than females (1.27 x 10~ M) to chlorpyriphos.

Moreover, Table 1 gives the IC,, (M) of AChE vs. 1 mM ASCh activity in crude homogenates of
muscle of P. clarkii and those obtained by Corsi et al. [8, 9] and Romani et al. [10] in different tissues
of various aquatic invertebrates recently described as invasive and non-invasive species.

Comparison of these values shows that, like P. clarkii, the other invasive aquatic invertebrates
chosen (M. galloprogincialis, S. spallanzanii and A. woodiana) have specific characteristics that
favor the resistance to these agricultural pesticides and present either high values of IC, or a great
hydrolytic efficiency, although differences between tissues, individuals and species.

On the other hand, the non-invasive species (A. colbecki, P. jacobaeus and Anodonta sp.) have
AChE forms that are more sensitive to these contaminants, showing lower IC,, then invasive species.
The moderate sensibility of P. clarkii to the exposure of OP insecticides confirms its possible inva-
sive capacity in the ecosystems of introduction, a consideration that can also be valid for the other
aquatic invertebrates with the same characteristics of resistance to pollution.

4 DISCUSSION
Animals surviving challenges communicate with other animals and the environment through collec-
tion, elaboration and transmission of information, providing fast coordinated responses. Nerve
impulses have to be transmitted quickly if they are important for behavioral adaptation of an animal
to its environment [22].

Nervous systems, therefore, evolved to produce fast responses to stimuli, favoring correct meta-
bolic processes that build the complexity of organisms. Increasing complexity and self-organization
play a fundamental role in living systems and are related to emergence of novelties and the capacity
of systems to self-organize and reduce entropy [23]. This self-organization implies a drastic decrease
in entropy because fast correct metabolic processes favor an increase in organism complexity.

Little is known about the genetic origins of resistance at molecular level, though several point
mutations in AChE, imparting variable resistance patterns, have been detected in the same catalytic
subunit [21]. One of these origins is the intensive use of OP insecticides that has led to the emer-
gence of insect species with an AChE which is less sensitive to OPs, a phenomenon already described
in several aquatic invertebrates, as well. This resistance seems related to particular phenotypes bear-
ing substitutions of specific amino acids at the binding site [24].
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Figure 1: Dose-response curve of AChE vs. ASCh activity (1 mM) to increasing concentrations of
organophosphate insecticides in muscle of P. clarkii: differences between males and
females.



N. Marchettini, et al., Int. J. of Design & Nature and Ecodynamics. Vol. 6, No. 1 (2011) 15

In the special case of P. clarkii, the total moderate sensitivity to OP insecticides suggests that pol-
Iution may be a selective factor and that this species has better enzyme recovery than the
Mediterranean indigenous species, Austropotamobius pallipes, that has declined sharply in response
to pollution, drought, competition from non-native species and diseases [25, 26]. Moreover, the dif-
ferent sensitivity between males and females suggests that females have better defences, presumably
due to conservation strategies that make them more resistant to pollution. The fact that most females
contained mature eggs when caught confirms good resistance that would protect reproduction. These
results suggest that females could be more efficient than males in lowering their internal entropy and
increasing their level of complexity; males, in fact, express altered physiological effects sooner
because they are unable to regulate their homeostasis so quickly.

Indeed, the inhibition curves (Fig. 1) show that females exposed to DFP and Chlorpyriphos have
lower internal entropy production than males in response to increasing concentration of insecticide,
whereas males approach thermodynamic equilibrium more rapidly.

The comparison between the values of IC of P. clarkii and the other invasive and the non-invasive
invertebrates presented in Table 1 suggests that the alien species considered in this study have greater
resistance to these specific AChE inhibitors than indigenous species. The invasive species examined
seem to suffer only minor physiological effects from exposure to OP insecticides, unlike the other
aquatic invertebrates.

In many cases, alien species are characterized by specific evolutionary variations that seem to
favor better regulation of internal entropy. Certain physiological properties that cooperate with ben-
eficial behavioral and morphological traits favor a decrease in entropy. Thus, greater resistance
increases negentropic trends in the invasive organisms, enhancing their subsistence and working
capacities. For example, genetic mutations that lead to synthesis of forms of AChE resistant to OP
insecticides help keep organisms in good health.

Organisms that have not developed resistant forms of AChE, through genetic mutations or rapid
enzyme recovery, seem to have lower adaptive capacity than their counterparts, which survive even
in the presence of contaminants. Exposure to OP insecticides leads to loss of I, (configurational
information) of the active site of the enzyme AChE, as eqns (1) and (2) suggest. The covalent bond
between the insecticide and the enzyme alters active site structure, causing loss of the information
contained in the original microstate, which by no longer interacting correctly with the substrate,
leads to an overall increase in the entropy of the organism. With inhibition of the enzyme AChE, less
energy is dissipated because the correct physiological mechanisms of nerve impulse transmission
between synapses are altered and the biochemical conformation of the active site is lost.

These deductions suggest that the alien species considered in the present study have a greater
capacity for exchanging their entropy production with the external environment than more vulnerable
non-invasive species. Moreover, the latter have a level of internal information that reduces their capac-
ity to do work, manifesting as slower or completely inhibited metabolic processes. Indeed, in the case
of non-invasive aquatic invertebrates, the nerve impulse does not reach effector organs fast enough for
correct metabolic functioning, as suggested also by the low values of IC,, shown in Table 1.

The presence of contaminants inside the organism causes an increase in the interactions possible
between molecules, favoring the emergence of new structures, such as the enzyme—insecticide com-
plex. Despite this, the loss of information contained in the active site of AChE alters normal metabolic
processes, a phenomenon that may also lead to death of the organism. The increase of the number of
microstates (in this case the enzyme—insecticide complexes), that results from an increase in asso-
ciative reactions or in heterogeneity of molecular species, can trigger incorrect metabolic processes
that damage health, unless specific forms of resistance develop, as seen in the invasive aquatic inver-
tebrates of the present study. Indeed, forms of AChE resistant to OP insecticides determine a
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reduction in dangerous physiological effects, and hence an improvement in internal functional prop-
erties, a phenomenon that characterizes invasive species.

It, therefore, seems a valid hypothesis that the invasive invertebrates considered in the present
study have a higher capacity for /, dissipation than the non-invasive species. It is also important to
consider that many of the available routes for this type of dissipation require increase in /,, (thermal
information) or structuring, phenomena that favor the development in complexity. In most cases,
indeed, invaders show chemicophysical characteristics that reflected genetic mutations or particular
phenotypic specializations, manifesting as greater capacity to self-organize than shown by non-
invasive species.

The AChE molecule is functional if it promotes a correct physiological process, contributing to
health of the organism and favoring its thermodynamic stability, and consequently growth, reproduc-
tion and adaptation to its environment. Organisms are thermodynamic systems that maintain their
non-equilibrium order by degrading exogenous free energy to entropy, but sensitive non-invasive
species seem to have a lower level of internal complexity than invaders, which through better gen-
eration of functional organization exploit feedbacks that favor negentropic processes.

Although invasive species have a clear capacity to self-organize, they can be the cause of many
changes affecting indigenous communities of ecosystems into which they are introduced. In fact,
when invasive species expand their habitat and biomass in an uncontrolled way without competition
from their natural predators or other external inputs, the more sensitive native species could suffer
and their numbers could decline as a result of increasing vulnerability to environmental change. The
entropy of the whole ecosystem could therefore increase, since most ecosystems are subject to
strong external pressures [5].

5 CONCLUSION

Living systems try to avoid thermodynamic equilibrium, keeping themselves as far as possible from
it by self-organizing. This process is powered by flows of matter and energy received from outside
and from systems with different temperature and energy conditions. It has been shown that aquatic
invaders seem to achieve thermodynamic success due to their capacity to self-organize. The entropy
contribution of invasive species is maintained negative (good) through reproduction, metabolic suc-
cess and an increase in embodied information. A decrease in internal entropy of an organism is a
good physiological indicator of its health status and evolutionary complexity. Despite their greater
capacity to self-organize than non-invasive species, the aquatic invaders studied here may cause an
increase in entropy of the whole ecosystem into which they are introduced (freshwater environments
and oceans), damaging indigenous communities. In fact, introduction of alien species can often alter
the biogeochemical cycles and equilibria that characterize the ecological webs of the ecosystems of
introduction, contributing to a loss of complexity of the system. Moreover, the degree of inhibition
of AChE activity after exposure to increasing concentrations of specific inhibitors may be an index
for experimental quantification of changes, in part, of the total internal entropy of an organism.
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