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Abstract
Microcystins (MCs) are potent hepatotoxins produced by bloom-forming species of toxic
cyanobacteria. Among these, MC-LR is the most commonly found and toxic variant.
Bivalves, due to their benthic and sedentary mode of life, are one of the most threatened
organisms by these environmental stressors. Nevertheless, some bivalve species survive
and even thrive despite frequent and dense cyanobacterial blooms. This suggests that
these mollusks must have a strategy to overcome MCs toxicity which might be related to
MCs metabolism and elimination. Glutathione Transferases (GSTs) are phase II enzymes
involved in the MCs induced detoxication processes. The activity of these detoxification
enzymes has been successfully used as a biomarker of exposure to toxic compounds in
bivalves. However, most of the experiments carried out so far, only measured total GST
activity not accounting for substrate specificity from different GST isoforms or classes. The
aim of this study was to compare the relative changes of gene expression of different
GSTs isoforms (GST pi, mu, sigma 1 and sigma 2) in Ruditapes philippinarum exposed to
MCs and evaluate their potential as biomarkers of MCs induced chemical stress. The
time-dependent changes on gene expression of several GST isoforms in parallel with
enzymatic activity of total GST were investigated in gills and hepatopancreas of R.
philippinarum exposed to pure MC-LR (10 and 100 µg/L). The relative changes of gene
expression and enzyme activity were analyzed by quantitative real-time PCR and
colorimetric assays, respectively. In the present study, we did not found significant
changes in GST enzyme activities on the gills and hepatopancreas of R. philippinarum. In
contrast, the present experiment showed that MC-LR could affect the transcriptional
activities of these detoxification enzymes in both organs of the tested bivalves. Most GST
isoforms showed a differential response proﬁle depending on the concentration of MC-LR
and exposure time. GST transcriptional changes reﬂected more accurately the inﬂuence
of MC-LR exposure on the GST detoxification system of R. philippinarum than total GST
activity. Although MC-LR caused transcriptional changes in all GST genes, GST mu and
sigma 1 showed the most significant changes in both organs. In this way, the transcription
of GST sigma 1 and mu genes can potentially be used as a tool to assess MCs chemical
stress in biomonitoring studies. In the future, further experiments are important to better
understand the regulation mechanisms of these genes.

Keywords: R. philippinarum; MC-LR; Toxicity; GST gene transcription; Biomarker
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Resumo
As microcistinas (MCs) são hepatotoxinas produzidas por espécies tóxicas de
cianobactérias formadoras de florescências. Entre estas, a variante MC-LR é a mais
comum e a que apresenta um grau de toxicidade mais elevado. Os bivalves, devido à sua
natureza bentónica e sedentária, são um dos organismos mais ameaçados por estas
toxinas. No entanto, algumas espécies de bivalves sobrevivem e até prosperam, apesar
das frequentes florescências de cianobactérias. Este facto sugere que estes moluscos
devem ter uma estratégia para superar a toxicidade induzida pelas MCs e que pode estar
relacionada com o metabolismo e eliminação destas toxinas. As Glutationa Transferases
(GSTs) são enzimas de fase II envolvidas nos processos de destoxificação associados à
toxicidade de MCs. A actividade destas enzimas de destoxificação tem sido usada com
sucesso como um biomarcador de exposição a compostos tóxicos em bivalves. No
entanto, na maior parte dos trabalhos é medida a actividade total das GSTs, não tendo
em conta o papel individual das várias isoformas ou classes. Este estudo teve como
objectivo comparar as mudanças relativas na expressão génica de diferentes isoformas
de GSTs (GST pi, mu, sigma 1 e sigma 2) em R. philippinarum expostos a MCs e avaliar
o seu potencial como biomarcadores de exposição às mesmas. As alterações na
expressão génica e a actividade enzimática de GST total foram investigados nas
brânquias e hepatopâncreas de R. philippinarum expostos a MC-LR pura (10 e 100 µg/L).
As mudanças na expressão dos genes e a actividade enzimática foram analisados por
PCR quantitativo em tempo real e por ensaios colorimétricos, respectivamente. No
presente estudo não foram encontradas alterações significativas na atividade das GSTs
nas brânquias e hepatopâncreas de R. philippinarum. No entanto, no mesmo estudo, a
MC-LR afectou a transcrição génica destas enzimas de destoxificação em ambos os
órgãos dos bivalves testados. A maioria das isoformas de GST mostrou um perfil de
resposta diferencial dependente da concentração da MC-LR e do tempo de exposição. As
alterações na transcrição génica reflectiram com maior precisão a exposição a MC-LR do
que a actividade enzimática. Apesar da toxina ter provocado mudanças transcricionais na
maioria dos genes testados, os genes GST sigma 1 e mu demonstram as mudanças mais
significativas em ambos os órgãos. Deste modo, a transcrição destes genes pode
potencialmente ser usada como uma ferramenta para avaliar o stress químico induzido
pelas MCs em estudos de biomonitorização. No futuro, outros estudos são necessários
para compreender melhor os mecanismos de regulação destes genes.
Palavras-chave: R. philippinarum; MC-LR; Toxicidade; Transcrição génica; Biomarcador
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INTRODUCTION

1. Introduction
Bivalves are important both commercially and ecologically. These organisms are valuable
food resources and are used as sentinel organisms worldwide (1). Aquatic organisms are
recurrently exposed to numerous environmental contaminants. Bivalves, due to their
benthic and sedentary mode of life, are one of the most threatened organisms by these
environmental stressors. Among these are cyanobacterial toxins. Cyanobacteria can
produce potent and environmentally persistent toxins like microcystins (MCs) and
negatively affect the fauna and flora living in aquatic ecosystems. Several structural
variants of MCs have been found and MC-LR is one of the most toxic (2-4). MC-LR toxic
action is associated with the inhibition of protein phosphatases (PPs) causing increased
cellular phosphorilation. Toxin uptake is also known to increase oxidative stress in cells
(5). However, living organisms have developed different strategies to deal with the
stressful conditions caused by xenobiotics exposure. Antioxidant enzymes such as
superoxide dismutase, catalase, glutathione peroxidase and glutathione transferases
(GSTs) are the first line of molecular defenses against these compounds. Among
detoxifying enzymes, GSTs are a family of phase II dimeric enzymes involved in the
detoxification of xenobiotics with an electrophilic center by conjugating them with
glutathione (GSH) (6). GSTs have been found in prokaryotic and eukaryotic organisms in
three intracellular locations: cytosol, mitochondria, and microsomes. (7, 8).
The activity of these detoxification enzymes has been successfully used as a biomarker of
exposure to toxic compounds in bivalves. However, most of the experiments carried out
so far, only measured total GST activity not accounting for substrate specificity from
different GST isoforms or classes. In previous studies with bivalves, the mRNA expression
of specific GST genes have been investigated in organisms exposed to environmental
pollutants, rendering information about a possible correlation between specific GST gene
expression and exposure to particular contaminants. This information can be useful, to
evaluate the potential of GST gene expression as a biomarker of environmental pollution.

1.1.

Microcystins

Water bodies eutrophication caused by increasing agricultural and industrial activities is
becoming a frequent occurrence all over the world. This phenomenon can lead to
cyanobacterial

blooms,

which

are

characterized

by

excessive

proliferation

of

cyanobacterial cells (9). Blooms of toxin-producing cyanobacteria threaten human and
ecosystem health, causing severe changes in water quality (10). However, the major
3
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consequence of cyanobacterial blooms is the potential production of secondary
metabolites which are toxic to other organisms. MCs are the most frequently occurring
class of cyanotoxins (4). These environmentally persistent biotoxins are an emerging
global health issue, affecting not only freshwater and estuarine systems, but also marine
habitats (land-sea flows) (11). It is not surprising that MCs are responsible for acute and
chronic poisonings of wild/domestic animals and humans all over the world (12-15).
Aquatic organisms have been reported to accumulate several harmful algal bloom (HAB)
toxins. In fact, mollusks are the main vectors for the transfer of several major groups of
phycotoxins through food webs, including MCs (16). Still, mollusks present marked interspecific differences in their potential to accumulate phycotoxins such as paralytic and
diarrhetic shellfish poisoning toxins (17, 18). Similarly, MCs accumulation in bivalves is
dependent on the balance between the processes associated to toxin intake (e.g. toxicity
of the strains, feeding habits, habitat) and the mechanisms of detoxification, which may
differ between species.
1.1.1. Occurrence and toxicological impact
Toxic cyanobacterial mass occurrences are recurrent throughout the world, with a clear
predominance of strains which are known to produce metabolites that have hepatotoxic
properties (14, 19, 20). Genera such as Microcystis, Anabaena, Planktothrix,
Anabaenopsis and Nostoc sp. are documented to produce MCs (4). MCs are a group of
hepatotoxins with more than 90 structure variants of which the MC-LR analogue is one of
the most toxic (2-4). These toxins are monocyclic heptapeptides including a unique βamino acid side-group, 3-amino-9-methoxy-2-6,8-trymethyl,10-phenyldeca- 4,6-dienoic
acid (Adda), which is characteristic of cyanobacteria. More than 90 structural variants of
MCs have been found, with variation occurring mainly at the two L-amino acids. MC-LR is
a structural variant characterized by the presence of leucin (L) and arginin (R) as L-amino
acids in positions 2 and 4 (4, 21-23) (Figure 1).

4
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Figure 1- Microcystin-LR structure (21)
MCs poisoning of animals occur mainly through consumption of cyanobacterial cells from
the water (e.g. Microcystis sp.) or toxin-contaminated drinking water and indirectly through
consumption of intoxicated food-organisms via bioaccumulation. In mammals the major
target organ of MCs is liver and acute poisoning can cause loss of normal hepatocyte
structure leading to massive hepatic hemorrhage, often followed by the death of animals
from hypovolemic shock or hepatic insufficiency (24-28). MCs or MC-producing
cyanobacterial strains have been associated with poisonings of wild and domestic
mammals, birds and human cases raging from mild to fatal (29). In aquatic systems, most
documented cyanobacterial effects are those on fish. Several algal blooms producing
MCs have been linked directly with fish mortalities (30, 31). In early fish life stages,
exposure to MCs causes a decrease in survival and growth rate, as well as
histopathological effects (32). In adults and juveniles, MC exposure has been shown to
affect growth rate and osmoregulation, increase liver enzyme activities, modify behavior,
and exert histopathological effects in the liver, intestine, kidneys, heart, spleen, or gills
(32). In the same way as in fish, MCs are known to accumulate and produce adverse
effects in aquatic invertebrates (12, 16). Data obtained from laboratory studies
demonstrated that crustaceans exposure to MCs induce physiological and biochemical
disturbances including variation in oxygen consumption, enzymatic activity and
osmoregulation (33). Field mass die-offs or decline in populations were reported for
several mollusks including bivalves and gastropods following severe cyanobacterial
blooms (34).
Although intoxications of aquatic organisms by MCs have been widely documented for
freshwater ecosystems, such poisonings in marine environments have also been reported
(35). The presence of toxins of the MCs family in oceanic and coastal waters was first
identified in mussels collected from the Northeastern Pacific, European and eastern
5
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Canadian coasts (11). This potentially results from the ocean discharge of MCs produced
in upstream freshwater lakes and reservoirs (11, 35).
1.1.2. Molecular mechanisms of toxicity and detoxification
The main molecular mechanism of MC toxicity in animals involves the strong inhibition of
several serine/threonine (Ser/Thr) PPs by interacting with the catalytic subunits of these
enzymes (36, 37). PPs are inactivated by the introduction of Adda into the hydrophobic
groove of the catalytic site (38).The reversible phosphorylation of proteins in eukaryotes
catalyzed by protein kinases and Ser/Thr PPs determines the biological activities of many
proteins and is recognized as a major mechanism controlling diverse cellular processes
(39). Thus, defective phosphorilation/dephosphorilation regulatory mechanisms can have
significant impact in cell’s homeostasis leading to cell’s metabolism alteration. Inhibition of
Ser/Thr PPs by MCs results in cytoskeleton disorganization and the disruption of cell
integrity (23, 40). Furthermore, this inhibition mechanism has been directly related to
tumor promotion activity (41-44). Oxidative stress is also a toxicological consequence of
the exposure to MCs in different organisms. MCs uptake cause the production of reactive
oxygen species (ROS) leading to an increase in lipid peroxidation (45, 46), DNA damage
(47) and to a decrease of the antioxidant capability of the cell with the depletion of
intracellular GSH, resulting in cells apoptosis and necrosis (5). ROS production might
result from the hyperphosphorylation state connected to Ser/Thr PPs inhibition and/or by
the loss of intracellular GSH reducing the detoxiﬁcation capability of the cell. As GSH is
the ﬁrst line of defense against ROS, its cell efﬂux should increase ROS generation (5).
The conjugation of GSH with MCs is also suggested to play a role in the metabolic
pathway leading to detoxification of MCs (48). This conjugation is mediated via
Glutathione Transferases (GSTs) in both mammals and aquatic organisms and
subsequently degraded to cysteine conjugates (48, 49).
1.2.

Glutathione Transferase (GST) enzymes

GSTs are a large and diverse family of multifunctional enzymes with fundamental roles in
the cellular detoxification of a wide range of exogenous and endogenous compounds (7,
8). The GST defensive system acts mainly by catalyzing the conjugation of the thiol group
of GSH with the electrophilic sites of noxious compounds (50). This represents the first
step of the mercapturic acid detoxiﬁcation pathway, resulting in more soluble derivatives
than the parent compound (7). GSTs can also serve as peroxidases and isomerases,
protecting cells against oxidative damage. Apart from detoxification, they can have non6
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catalytic functions. GSTs can bind to non-substrate ligands and transport endogenous
compounds such as steroids, bilirubin, heme, and bile salts. Another important function is
their role in the biosynthesis of physiologically important metabolites (7, 8). GSTs are
ubiquitous enzymes found from bacteria to humans. Three major families of enzymes with
GST activity have been identified (7, 51). Two families of soluble enzymes: Cytosolic and
Kappa GSTs and a third family of microsomal enzymes which are referred to as
membrane-associated proteins in eicosanoid and GSH (MAPEG) metabolism. Both
soluble GST families have similarities in its three-dimensional structure but no structural
resemblance to the MAPEG enzymes. Nevertheless, conjugation of GSH with 1-chloro2,4-dinitrobenzene (CDNB) and glutathione peroxidase activity are common features in all
GST families (7, 8). Kappa GSTs are typically found in mitochondria and in humans it has
been suggested that these enzymes play a role in the β-oxidation of fatty acids and in
detoxification of lipid peroxides(8). MAPEG are trans-membrane proteins generally
involved in the synthesis of eicosanoids, leukotrienes and prostaglandins (8). Cytosolic or
soluble GSTs represent the largest family of GSTs and are ubiquitously distributed across
living organisms, these are mainly recognized as detoxification enzymes involved in the
cellular defense against chemically induced toxicity (7, 8, 51).
1.2.1. Structure and function
Almost all soluble GSTs are active as dimers, of either identical (homodimers) or different
(heterodimers) subunits, each encoded by different genes. Every subunit is composed of
two distinct domains: an N-terminal domain (domain I), consisting of β strands and α
helices as secondary elements, and an all α helical C-terminal domain (domain II) (Figure
2). There are two ligand binding sites per subunit. A very specific GSH-binding site (Gsite) constructed mainly from residues of domain I, and the hydrophobic substrate binding
site (H-site), which is formed primarily by residues from domain II, together they constitute
the enzyme’s catalytically active site (Figure 2) (7, 52).

7
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Figure 2 - GST subunit structure (8).
The N-terminal domain is pretty conserved, showing specific residues that are critical for
GSH binding and enzyme catalytic activity. Depending on which residue is present at the
G-site, GSTs show different catalytic activation of GSH (Table 1).
Alpha/mu/pi/sigma classes show a Tyrosine (Tyr) residue at the active site, whereas theta
and zeta classes show a serine (Ser) residue. This Tyr/Ser hydroxyl group acts as
hydrogen bond donor to the thiol group of GSH, promoting the formation and stabilization
of the highly reactive thiolate anion which is the target for nucleophilic attack of an
electrophilic substrate. Alternatively, some GST classes have a cysteine at the usual
active site position, which promotes the formation of mixed disulphides with GSH instead
of the thiolate anion. This feature is found on omega class enzymes that show poor
conjugation activity to GSH and presumably are more implicated in redox reactions (8).
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Table 1 - Catalytic activities from different GST classes (adapted from Frova (8))
Catalytic activity

GST

Quaternary

G-site

Class

structure

residue

Dimer

Tyrosine

+

+

+

-

sigma

Dimer

Tyrosine

+

Poor

+

-

omega

Dimer

Cysteine

Poor

-

-

+

Dimer

Serine

Poor

+

-

Poor

+

+

GSH
transferase

Peroxidase Isomerase

Thiol
transferase

alpha
mu
pi

theta
zeta

-

+ (presence of catalytic activity); - (absence of catalytic activity)

Although these differences on the catalytic activation of GSH are important to predict
specific substrates for each GST class, one must be careful drawing conclusions as these
enzymes show a great catalytic promiscuity between isoforms and important non- catalytic
functions.
1.2.2. Detoxification of endogenous and exogenous compounds
GSTs can metabolize cancer chemotherapeutic agents, insecticides, herbicides,
carcinogens, and by-products of oxidative stress. In mammals, GSTs are known to
detoxify chemotherapeutic agents and carcinogenic compounds (53). In insects they
mediate detoxification of insecticides and elevated levels of GST have been associated
with tolerance of insects to these xenobiotics (organophosphate, organochlorines and
pyrethroids) (7, 54). Also, in plants GSTs detoxify organic pollutants and natural toxins
and are associated with herbicide selectivity (55, 56). GSTs are induced by several
compounds, whereas some of them are already substrates for these enzymes, others
undergo metabolization by cytochrome P450 (CYP 450) to compounds with an
electrophilic center to serve as GST substrates (6). As it was previously mentioned, GSTs
major role is to catalyze the nucleophilic conjugation of GSH to various toxic, less soluble
exogenous and endogenous electrophiles to form more soluble metabolites. As a result,
these substrates are rendered less toxic and capable of being eliminated through a GSH
9
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conjugate recognizing transporter (7). A good example of this detoxification mechanism is
the conjugation of microcystin-LR (MC-LR) and GSH (Figure 3).

GSH
GST

Figure 3 - Conjugation of microcystin-LR (MC-LR) and GSH via cytosolic GST (I) (57)
This reaction seems to be the first step in the detoxification of a cyanobacterial toxin in
aquatic organisms, the conjugate is more soluble and less toxic. MC-LR yelds its toxicity
by inhibiting cytoplasmic PPs, however the MC-LR GSH conjugate shows lower affinity to
PPs catalytic center, lessening the toxic effects of the toxin (40). The existence of these
enzymatically formed products through soluble GSTs, was reported by Pflugmacher,
Wiegand (49) in various aquatic organisms including bivalves. In mammals formation of
this GSH conjugate is the first step in the synthesis of mercapturic acids. Subsequent
steps of this pathway comprise the removal of γ -glutamyl moiety and glycine from the
GSH conjugate. The fourth and final step is the N-acetylation of the resulting cysteine
conjugate by intracellular N-acetyl-transferases, to form the corresponding mercapturic
acid (N-acetylcysteine S-conjugates). Once formed, mercapturic acids are eliminated from
the cell by the trans-membrane MRP transporters (multidrug resistance-associated
protein) and released into the circulation to be delivered to the kidney for excretion in urine
(6). Apart from direct detoxification of exogenous compounds, GSTs also have the ability
to detoxify a number of harmful by-products formed during normal cell metabolism or due
to stressful conditions. Normally, exposure to heavy metals and infectious agents leads to
an increased production of ROS (superoxide anion O2-, hydrogen peroxide H2O2 and the
hydroxyl radical OH) that can result in the formation of toxic carbonyl-, peroxide-, and
epoxide-containing metabolites within the cell. GSTs are able to detoxify these by10
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products of oxidative stress. For example, Lipid peroxidation occurs when free radicals
attack lipid membranes unleashing a cascade of events that can ultimately end in
membrane destruction. However, GSTs with peroxidase activity are able to reduce lipid
hydroperoxides turning them harmless (6, 7). Furthermore, GSTs inhibits JUN N-terminal
kinase (thereby protecting cells against H2O2-induced cell death) in stressed cells, playing
an important role in regulating apoptotic processes (6, 58). By now it is clear that GSTs
have well-established roles in protecting cells against the products of oxidative damage
and its consequences.
1.3.

GST biomarker potential in bivalves

Bivalves have been widely used in the biomonitoring of chemical pollution in coastal areas
(e.g. “Mussel Watch”, Goldberg, Koide (1)), emphasizing these animals ecological
relevance. Additionally, they are an important food resource and therefore these animals
exposure to environmental contaminants and effects on their growth, metabolism and
breeding, have become a major concern to the aquaculture industry (58).
There are two distinct groups of aquatic organisms those who are mobile within the
aquatic environment and have the ability to lessen their exposure to harmful compounds
and sedentary organisms which cannot escape the challenges of a polluted environment.
Bivalves belong to the last group of animals and are one of the most threatened
organisms by pollution. To avoid or reduce potential toxic insult, these mollusks present
behavioral and physiological mechanisms, which may differ among species. For example
Dreissena polymorpha produces large quantities of mucous (pseudodiarrhoea) when
exposed to highly toxic strains of MCs producing cyanobacteria, trapping cyanobacterial
cells in the mucous and expelling them through the pedal gape (59). Nevertheless,
bivalves are able to accumulate xenobiotics namely heavy metals, cyanobacteria toxins
amongst others (60, 61). In fact, these compounds may accumulate in bivalve tissues at
concentrations several times higher than concentrations found in water and sediment due
to their ability to filter large quantities of particles (60). For this reason, suspension-feeding
bivalves are considered efficient toxin vectors along food chains and can pose a risk to
higher trophic levels through their consumption.
Nonetheless, bivalves possess unique features within aquatic environments which make
them suitable candidates for aquatic environmental pollution monitoring. They have a
number of properties that make them useful sentinels, namely: they have a wide
geographical distribution, are present in both marine and freshwater environments, are
relatively easy to collect/maintain and many species are stationary. Additionally, these
organisms are abundant in estuaries where much human contact with the aquatic
11
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environment occurs, are capable of withstanding baseline levels of pollution, and show
relative insensitivity to toxicants compared to other aquatic organisms. Both behavioral
and physiological mechanisms are not enough to fully protect these organisms from
undesirable toxic effects and mechanisms at a molecular level must come into play.
These facts highlight the potential role of detoxiﬁcation enzymes such as GSTs in bivalve
resistance.
1.3.1. Cytosolic GSTs classes across bivalves
Cytosolic GSTs (cGST) are by far the most abundant GST family and are divided into
several classes. Mammals cGSTs have been grouped in seven different classes that are
alpha, mu, pi, sigma, theta, omega, and zeta (8, 51). These GST families are not
exclusive to mammals since bivalves express all these classes and plants express at least
some of the aforementioned classes as well. Nevertheless, additional classes are specific
to non-mammalian organisms and include phi, tau, rho, delta, epsilon and beta GSTs
(Table 2) (51).
Table 2 - Cytosolic GST classes present in different taxa (adapted from da Fonseca,
Johnson (52) and Frova (8))

GST classes

Common
classes

alpha
mu
pi
sigma
omega
theta
zeta

rho
phi
tau
lambda
delta

Fish/Molluscs
x
x
x
x
x
x
x
x
-

Taxa
Mammals
x
x
x
x
x
x
x
-

Plants
x
x
x
x
x
-

Bacteria
x
x

X (GST class present); - (GST class absent)

The number of isoforms per class varies widely, ranging from one to forty. Compared with
vertebrates, there is little information available concerning GSTs from invertebrate aquatic
organisms such as mollusks. Several different classes of bivalve cGSTs have been
identified and reported in Genbank (Table 3), although only a few have been cloned.
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Further investigation is needed to characterize its biological activities, catalytic properties,
and tissue distribution in order to assign these transcripts to the corresponding subfamily.
Better characterization of the GSTs of bivalve mollusks will be of value to the fields of
toxicology and environmental quality assessment. Since, these enzymes are currently
used as biomarkers of chemical pollution better knowledge of their structure and
properties might lead to the discovery of class specific substrates. Ultimately, this may
result in improved knowledge on the toxicity of specific xenobiotics.
Table 3 - Different cytosolic GST classes across Bivalve species (data taken from NCBI
GenBank (Annex 1))
Species

mu

pi

Chlamys farreri

x

Corbicula fluminea

x

alpha

sigma

theta

zeta

omega

x

Crassostrea ariakensis

x

x

x

Crassostrea gigas

x

x

x

Cristaria plicata

x

Dreissena polymorpha

x

Hyriopsis schlegelii

x

Lanternula elliptica

x

Mercenaria mercenaria

x (2)

Mytilus edulis

x

Mytilus galloprovincialis

x

Ostrea edulis

x

×

x (3)
x

x

Pinctada fucata

x

Ruditapes philippinarum

x

Saccostrea palmula

x

x

Solen grandis
Unio tumidus

rho

x (3)

x

x

x

x
x

( )-number of isoforms

13

INTRODUCTION

1.3.2. GST Activity and gene transcription as biomarkers
In order to define strategies to avoid or reduce the deleterious consequences of chemical
contamination on organisms, biomarkers have risen as one of the most powerful tools.
Using a multi-biomarker approach it is possible to predict the risks associated with the
exposure to environmental pollutants and measure the impacts of toxic compounds on the
health and welfare of organisms.
Biological effects of environmental stressors are usually first displayed at the
molecular/biochemical level. The use of biochemical alterations as biomarkers are useful
to anticipate and predict effects that may occur at higher levels of organization
(ecosystem). These biochemical parameters allow assessing not only the presence of a
toxicant, but also the response of the organism to a particular environmental stressor.
GSTs along with CYP450 are biomarkers of defensive response, contrary to lipid
peroxidation or DNA strand breakage, which are biomarkers of damage (62, 63).
Biomarkers such as induction or inhibition of specific enzymes for example GSTs,
acetylcholine esterase (AChE) and CYP450 have been used in the biomonitoring of
polluted marine environments (64-66). In the best part of previous studies, GSTs have
been recognized as biomarkers of exposure to oxidative stress-inducing chemical
pollutants (64, 66).
GSTs have risen as useful parameters to understand the impact of environmental
changes and anthropogenic pressure on aquatic ecosystems and to serve as sensitive
warning tools for the measurement of biological effects in environmental quality and
ecological risk assessment studies (67, 68). GST activity has been proposed as a good
biomarker because it does not vary significantly under the influence of environmental
parameters such as sex, age and seasonality (69). However, some authors report that at
least on M. galloprovincialis, salinity may affect GST activity (67). Still, as a feature of its
rapid responsiveness and sensitivity to chemical contaminations, the measurement of
GST kinetic activity on different taxa from polluted sites, allows not only controlling but
also predicting the state of species in coastal water areas.
Specifically in bivalves, GST activity has been proposed as an organic pollution
biomarker, since these enzymes have been shown to react in a quantitative way to
pollutants such as organochloride compounds, metals and cyanobacterial toxins. In fact,
several studies have already demonstrated a correlation between the presence of
xenobiotics and the activity and expression of various GSTs isoforms in bivalves (64, 65,
70, 71). During a 9 months environmental survey, Moreira and Guilhermino (64)
measured GST activity in marine mussels (M. galloprovincialis) collected from a polluted
estuary where they were recurrently exposed to heavy loads of polycyclic aromatic
14
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hydrocarbons (PAHs). These mussels showed consistently higher gill GST activity when
compared to animals from an unpolluted reference site. Also, in blue mussels (Mytillus
edulis) these compounds were found to induce and increase GST activity in the
hepatopancreas (72). On the other hand, in a laboratory experiment with M.
galloprovincialis exposed to a PAH, there were no significant alterations on GST activity
both in gills and hepatopancreas (66). Differences between laboratory and field
experiments maybe due to the complexity of the mixtures found on the field opposed to
single chemical exposure done in the laboratory. In Ruditapes decussatus, another
important species across southern Europe both as a food resource and ecologically,
Hoarau, Garello (71) reported that GST activity increased in gills when these animals
were exposed to pesticides.
GSTs not only detoxify a wide range of anthropogenic pollutants, but are also expressed
in response to biological stressors such as environmental toxins. Burmester, Nimptsch
(73) reported that total GST activity increased in zebra mussels (D. polymorpha) exposed
during 24h to a crude extract containing MCs (10 and 50 µg/L) and to pure MC-LR (50
µg/L). Marine mussels (M. galloprovincialis) exposed to cyanobacterial toxins, namely
MC-LR, showed increased GST activity on several organs with gills and hepatopancreas
exerting highest GST activity (70, 74). Furthermore, highest toxin concentrations found on
mussel tissues lead to a GST activity peak, reinforcing the hypothesis that these enzymes
react in a quantitative way to these toxins.
However, most of the studies in bivalves have focused on their ability to lessen the burden
of toxic xenobiotic compounds found on their habitat, generally through the measurement
of total GST activity using 1-chloro-2,4-dinitrobenzene (CDNB) as an universal
hydrophobic substrate. The conjugation between CDNB and GSH yields a product
identifiable by spectrophotometric measurement at 340 nm (Figure 4).

Figure 4 – Conjugation of CDNB and GSH via GST (55)
However, not all GSTs have the ability to catalyze this reaction. In fact, GSTs that do not
recognize CDNB as a substrate are overlooked and as a result of that, underestimated in
the representation of total GSTs activity within an organism.
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Recently, research efforts have been focusing on GST gene sequencing and transcription.
Some authors have focused on the potential of GST gene transcription as a biomarker
since transcriptional activity seems to be sensitive to stress factors. Hoarau, Damiens (66)
reported that when mussels (M. galloprovincialis) were experimentally exposed to benzoα-pyrene (BαP) and cadmium (Cd), the first compound suppressed GST pi gene
expression and the last induced the same gene in the hepatopancreas without a
significant effect on GST activity. Also, GST Pi gene transcription was evaluated on gills
and hepatopancreas of clams (R. philippinarum) exposed to BαP and results showed that
this gene is induced by this toxicant on both organs (75). Zhang, Qiu (76) assessed GST
gene expression when the same species was exposed both to BαP and copper (Cu),
results showed up regulation in hepatopancreas of GST sigma 2 and 3 genes, whereas
GST mu and rho were up-regulated upon Cu or BαP exposure, respectively. Previous
works led by Milan, Pauletto (77) reinforce the hypothesis that GST genes can be used as
pollution biomarkers in bivalves. These authors found a direct correlation between GST
theta gene expression and polychlorinated biphenyls (PCBs) exposure. They also
reported that the same gene was over expressed in R. philippinarum hepatopancreas
exposed to Ibuprofen and that this pharmaceutical compound down regulated GST pi, mu
and sigma.
Exposure to MCs also changes GST gene transcription patterns. Previous works on
different fish species show that MC-LR can down-regulate or up-regulate different GST
genes. Goldfish (Carassius auratus) intraperitoneally (i.p.) injected with MC-LR extracts at
different doses (50 and 200g MC-LR /kg body weight) showed down-regulation of GST
theta and pi genes in several organs for both concentrations (78). In, common carp
(Cyprinus carpio) the relative GST expression changes were analyzed in the liver after
stimulation with MC-LR (100 g MC-LR /kg body weight). GST alpha and rho showed
increased levels of transcription whereas, GST mu and theta were relatively stable when
compared to controls (79). These findings suggest that GST gene expression varies within
different species and it is a tissue specific activity. Gene expression has been already
used in the biomonitoring of contaminated sites and data taken from mRNA transcription
showed that it was possible to make an estimate of chemical exposure and its effects in
the exposed populations (80).
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1.4.

Objectives

Quality control in biology can be defined as the activities or techniques that measure and
control deviations on normal biological processes and responses. In order to achieve such
goal, one has to be able to measure parameters that are objective indicators of normal
biological processes (biomarkers). Thus, the discovery and development of new
physiological, physical or biochemical parameters that can be used as biomarkers are a
matter of interest in quality assessment and monitoring. In this study we evaluated the
time-dependent transcriptional responses of R. philippinarum cytosolic GST isoforms and
total activity after exposure to purified MC-LR. Apart from a better understanding of the
mechanisms involved in the cellular defense to MCs in bivalves, the analysis of the
transcriptional levels may also highlight the individual potential of cytosolic GSTs isoforms
as biomarkers to MCs exposure in these mollusks.
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2. Material and methods
2.1.

Test species and cultures

For laboratory studies R. philippinarum were purchased from a local producer
(Conchamar, Foz do Arelho, Portugal). Animals were acclimated to laboratory conditions
in a 200 L storage tank with aerated seawater at 16 ± 1 °C and 33‰ salinity for 3 days,
prior to exposure experiments. The water was changed every day and the animals were
fed with an algal suspension (Chlorella vulgaris, 1 × 105 cells mL−1) every other day. C.
vulgaris and Microcystis aeruginosa (strain 91094 from LEGE library) were cultured in 10
L flasks containing 8 L of Z8 medium, using cool white fluorescent light (10 μmol m−2 s−1)
with a light-dark period of 14–10 h, and a temperature of 25 ± 1 °C.
2.2.

MC-LR HPLC analysis

2.2.1. Microcystin-LR extraction for Analytical and semi-preparative HPLC
After achieving the desired cell density, M. aeruginosa biomass was collected through
centrifugation at 4,600 g for 10 min at 4 ºC. The supernatant was discarded and the pellet
was ressuspended in methanol (MeOH, HPLC grade) (50%), which was used as the
extraction solvent. The sample was then sonicated, in an ice bath, at 60 Hz for 5 x 1 min.
(VibraCell 50-sonics & Material Inc. Danbury, CT, USA). The homogenate was centrifuged
at 4600 x g for 15 min to remove cell debris at 4 ºC. The resulting supernatant was then
collected and the pellet was re-extracted following the same methodology. The
supernatants resulting from both extraction steps were combined and stored at - 4ºC. The
concentrated MC-LR extract was thereafter purified and quantified by High Performance
Liquid Chromatography with Photo-Diode Array (HPLC-PDA).
2.2.2. MC-LR purification
The MC-LR semi-preparative assay was performed using a reversed phase column
(Phenomenex Luna RP-18 (25 cm × 10 mm, 10 μm) kept at 45ºC. The isocratic elution
was done with methanol 60% acidified with 0.1 % trifluoroacetic acid (TFA) with a flow
rate of 1.5 ml/min. The injected volume was 500-1000 µl. Peak purity (Annex 2) and
percentage of purified MC-LR was calculated at 214 nm and 238 nm.
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2.2.3. MC-LR quantification
The MC-LR purified fractions were then quantified in the same HPLC system on a Merck
Lichrospher RP-18 endcapped column (250 mm x 4.6 mm i.d., 5 µm) equipped with a
guard column (4 × 4 mm, 5 µm) both kept at 45ºC. The PDA range was 210-400 nm with
a fixed wavelength of 238 nm. The linear gradient elution consisted of (A) MeOH + 0.1%
TFA and (B) H2O + 0.1% TFA (55% A and 45% at 0 min, 65% A and 35% B at 5 min, 80%
A and 20% B at 10 min, 100% A at 15 min, 55% A and 45% B at 15.1 and 20 min) with a
flow rate of 0.9 mL/min. The injected volume was 20 µL. The PDA range was 210-400 nm,
with a fixed wavelength at 238 nm. The MC-LR purified sample was identified by
comparison of spectra and retention time with a standard of MC-LR (batch nº 018K1209,
10.025 µg/mL in MeOH, 98% purity, Cyano Biotech GmbH, Berlin). Sample purity was
above 90%. The system was calibrated by using a set of 7 dilutions of MC-LR standard
(0.5 to 20 μg mL-1) in methanol 50%. Each vial was injected in duplicate and every HPLC
run series of ten samples was constituted with a blank and two different standard
concentrations. Empower 2 Chromatography Data Software was used for calculation and
reporting peak information. The minimum amounts (limit of detection) of MC-LR that can
be detected in water its 0.2 μg mL-1, based on a signal-to-noise ratio of 3. Limit of
quantification of MC-LR in water is 0.5 μg mL-1, based on a signal-to-noise ratio of 10. The
retention time of the MC-LR peak was 10.44 min. All HPLC solvents were filtered (Pall GH
Polypro 47 mm, 0.2 μm) and degassed by ultrasound bath.
2.3.

Exposure Experiments

Each replicate consisted of three animals exposed in 700 mL of aerated seawater at 15 ±
1 °C and 34‰ salinity within 1 L glass flasks. Both controls and treatments were carried
out in triplicate. The treatment groups were exposed to 10μg/L and 100μg/L of purified
MC-LR mixed with C. vulgaris (1 × 105 cells mL−1) to prevent the inhibitory effect of MC
alone. Tissues and medium sampling were done after 6, 12, 24 and 48 h of exposure to
the toxin. The medium was daily renewed. Gills and hepatopancreas of the collected
animals were manually dissected at 4 °C, weighted, pooled (3 individuals), frozen in liquid
nitrogen and ground to a fine powder. These finely ground tissues were used for RNA (30
mg of tissue) and enzyme extraction (remaining tissue).
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2.4.

Toxin analysis in exposure medium

Medium samples were filtered with a 0.45 µM filter and diluted with ultra pure H2O. Toxin
quantification in exposure medium was made through an enzyme-linked immunosorbent
assay (ELISA) (EnviroGard MCs Plate Kit-Hampshire, UK) with a detection limit of 0.1 ng
MC/mL. MC contents in medium are expressed in μg g−1 DW (dry weight).
2.5.

Enzyme activity measurements

Each pool of ground tissue was homogenized on ice in sodium phosphate buffer (0.1 M,
pH

6.5)

containing

20%

glycerol

(v/v),

1.4

mM dithiothreitol

(DTT),

1 mM

Ethylenediaminetetraacetic acid (EDTA) and Halt protease inhibitor cocktail (Thermo
Scientific)). Homogenization was made maintaining a constant ratio of 5 mL buffer per
gram of tissue. Cell debris was removed by centrifugation at 9,600 ×g for 10 min (4ºC)
and the supernatant was stored at - 20 ºC until posterior use. GST activity was performed
in the hepatopancreas and gills of bivalves exposed to MC-LR according to the
manufacturer’s instructions. GST activity with CDNB was measured as described by
Habig, Pabst (50) adapted to microplate, following the procedure described in Frasco and
Guilhermino (81). All assay incubations were conducted at 25 °C. CDNB was dissolved in
ethanol, with the final reaction concentration less than 0.01%, and GSH was dissolved in
buffer. For hepatopancreas and gill assays, the reaction mixture (300 µL ﬁnal volume)
contained 0.3 and 0.2 mg prot/mL, respectively, along with substrate, GSH, and sodium
phosphate buffer (0.1 M) with pH 6.5. Protein quantification was conducted using a
microplate adapted protocol of the Bradford method (82) and the FluoroProfile
quantification Kit (SIGMA). All determinations were conducted in triplicate on a
temperature-controlled Bioteck microplate reader (Synergy HT, 2009) in 96-well
microplates.
2.6.

Gene Expression

2.6.1. RNA extraction
Total RNA was extracted from exposed and control animals according to Qiagen’s
RNeasy Mini Kit protocol for purification of total RNA from animal tissues. First, the pooled
and grounded organs were transferred to a suitable vessel and 600 µL of homogenization
buffer (RLT buffer) was added. Then, disruption and homogenization of the tissues were
carried out using Precellys®24 tissue homogenizer (bertin Technologies). The lysate was
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then centrifuged at full speed for 3 min and the supernatant was removed and transferred
to a new vessel where it was mixed 1:1 with 70 % ethanol. After this step, 700 µL of the
sample was transferred to an RNeasy spin column, which was centrifuged for 15 sec. at
8000 g and the flow-through was discarded. Then, 700 µL of RW1 buffer was added to the
spin column, which was centrifuged as referred above. Afterwards, washing steps
continued by addition of 500 µL of RPE buffer with the centrifugation conditions
maintained as referred above. Before elution a last washing step was performed with 500
µL of RPE buffer and the column was then centrifuged for 2 min at 8000 g and the flowthrough discarded. Finally a total volume of 30 µL of sample was eluted using RNase-free
water.
2.6.2. cDNA synthesis
Total cDNA for the real-time polymerase chain reaction (PCR) were generated from 1000
ng of total RNA from all samples according to nzytech’s first-strand cDNA synthesis Kit
protocol. For each reaction it was used 10 µL of NZYRT 2x Master mix (a mixture of
reaction buffer, poly dT and random primers), 2 µL of reverse transcriptase, RNA template
and Nuclease-free water until a total volume of 20 µL. The tubes were transferred to a
PCR cycler (Biometra® TGRADIENT). The reaction conditions were as follows: 10 min at
25 ºC, 30 min. at 50 ºC and 5 min. at 85 ºC. Additionally, 1 µL of RNase H (E. coli) was
added to the mixture and the reaction vessel was incubated for 20 min at 37 ºC. The
enzyme was inactivated by heating at 85 ºC for 5 min.
2.6.3. Primers design
All primers were obtained from Invitrogen (Carlsbard, USA). Specific primers (Table 4)
used for this study were taken from the following bibliography: R. philippinarum: Zhang,
Qiu (76) (GST sigma 1, 2 and mu); Xu, Pan (75) (GST pi). Specific primers were also
designed for elongation factor 1-α (EF1-α) after obtaining R. philippinarum EF1-α
sequence using specific primers designed for the flat oyster, Ostrea edulis (83). The PCR
products using the specific primers were sent for sequencing to confirm the specificity of
the amplified products.
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Table 4 - Primer pair sequences and product length. Genes quantified through Real-Time
PCR.
Species: Ruditapes philippinarum
Primer sequence (5’-3’ order)
GST gene

Product
length

Forward

Reverse

sigma1

CAGAAGAATTTGGCAGAAGTAG

AAGACAGCAAGATCAGCGAG

121

sigma 2

AAGGCTAAACTTACAGAGGAG

GTGTTTCTTGAGTTCAGGGT

209

mu

GACTTCCCAATGTACGAGCTT

ACACTTTCCTGAGCGAGATAC

139

pi

GCATTACCGACCCTCAAAGC

CCATTGACGGGCATTTTCTT

101

GCTCACAGAAGCTGTACCAGG

CTGGGCATAGAAGCTTGCAG

136

(bp)

Ref. gene
EF1-α

2.6.4. Quantitative RT-PCR
Quantitative RT-PCR was performed using a iCycler iQ™ Real-Time PCR Detection
System (Bio-Rad). The following genes were examined in the qPCR experiments: GST pi,
mu, sigma 1, sigma 2 coding for GST pi, mu and sigma enzymes. EF-1 α was used as a
control gene for DNA level normalization. The EF-1 α was previously used as
housekeeping gene in other studies (84, 85). Sample cDNA was 10-fold diluted with
ddH2O. Each reaction mixture consisted of 2 and 4 μL of cDNA template for
hepatopancreas and gills respectively, 0.25 μM of each primer; 1× IQ SYBR Green
Supermix (Bio-Rad) and water to adjust to 20 μL final reaction volume. The 96 well plate
was then transferred to a qPCR cycler (Biorad® IQTM). The qPCR conditions for R.
philippinarum genes, were as follows: 95 ºC of initial denaturation for 30 sec.; 40 cycles at
95 ºC for 10 sec., 60 ºC (GST Sigma 1, 2, Mu and Pi) for 20 sec. and 72 ºC for 20 sec. A
melting curve was generated for every run to confirm specificity of the assays. Efficiency
tests were performed to examine the quality of PCR reaction and all assays showed
efficiencies between 98.9 and 110 %. Efficiency is an important parameter for the
calculation of gene expression, it reports fold increase between cycles.
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Cycle Threshold data analyses were carried out according to Pfaffl method and following
the next equation (86):

Figure 5 – Pfaffl equation taken from Pfaffl (86).
in which R = ratio, E = efficiency, ref = reference gene, and target = target genes. Cycle
Threshold (Ct) describes the cycle number, at which the fluorescence signal gains in
strength exponentially. This signal relates to PCR products amplification, in samples with
increasing cDNA template, Ct will decrease. The expression of target mRNA was
normalized to the mRNA expression of the housekeeping gene elongation factor (EF1-α)
that was steadily expressed under the chosen experimental settings.
2.7.

Statistical analysis

All data, was tested for normal distribution and equal variances before one-way ANOVA
was conducted. For normally distributed data, Tukey’s test was then applied in post-hoc
analyses. If data were either non-normally distributed or had unequal variances, Median
test for K-samples was applied, when these tests showed significance Mann Whitney Utest was performed. For all statistical analyses, differences were regarded to be significant
when p ≤ 0.05. All tests were performed with the statistical programme IBM SPSS
STATISTICS, 20.0 package, IBM Corporation, New York, USA, (2011)
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3. Results and discussion
MCs have been shown to have a significant impact on aquatic organisms (87). Among
these, the bivalve mollusks, as sessile filter-feeding organisms, are especially susceptible
to cyanotoxins intoxications. However, little is known about the biochemical mechanisms
involved in the defense and toxicity to common toxins such as MCs in these mollusks.
MCs as well as metals, bacterial endotoxins (LPS) or prooxidants like H2O2 have been
found to induce oxidative stress in animal cells (5, 65, 88, 89). GSTs are a group of
fundamental enzymes that protect organisms against the destructive effects of ROS and
maintain cellular homeostasis by regulating the excess ROS levels (88). In addition, GSTs
can also detoxify MCs and other xenobiotics by directly conjugating the toxin with GSH. In
this way, GSTs responses have been widely investigated as important biomarkers in
water pollution assessment. The activity of these detoxification enzymes has been
successfully used as a biomarker of exposure to toxic compounds in bivalves. However,
most of the experiments carried out so far, only measured total GST activity not
accounting for substrate specificity from different GST isoforms or classes. In previous
studies with bivalves, the mRNA expression of specific GST genes have been
investigated in organisms exposed to environmental pollutants, rendering information
about a possible correlation between specific GST gene expression and the detoxification
of particular contaminants. This information can be useful, to evaluate the potential of
GST gene expression as a biomarker of environmental pollution. The current work
compares the relative changes of gene expression of the different GSTs isoforms in
mollusk bivalves exposed to MCs. The time-dependent transcriptional responses of R.
philippinarum cytosolic GST isoforms and total activity were evaluated after exposure 10
and 100 µg/L of MC-LR. These concentrations fall in the range of values found in natural
waters, that can go from trace concentrations up to 1800 µg L-1 or higher, immediately
after the collapse of a highly toxic bloom (90). The clam R. philippinarum is an invasive
species from the Indo-Pacific region introduced in European coastal waters for
commercial farming in the 1970’s (61). It is an economically important species, widely
distributed in middle to low intertidal zones in bays and estuaries and due to their habitat
and filter-feeding mechanism, these organisms are recurrently exposed to toxic
contaminants and natural toxins. Also, R. philippinarum competes directly with the
European native species for the same habitat and resources. After, this species
introduction in Europe a massive decrease of the native clam (R. decussatus) has been
registered in result of its higher growth rates and higher resistance to physical stress and
pathogens (91, 92). Figueira and Freitas (61), reported that R. philippinarum collected
from Ria de Aveiro estuary accumulated less 20 to 70 % of contaminants than the native
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species. Furthermore, when the clams were subjected to depuration R. philippinarum
reduced more the contaminant burden than R. decussatus. These facts highlight the
potential role of detoxiﬁcation enzymes such as GSTs in the adaptive and defensive
responses of the clam, R. philippinarum.
3.1.

MC-LR uptake by R. philippinarum

Marine bivalves are recognized for the rapid uptake and accumulation of cyanobacterial
toxins (84, 93). Miller, Kudela (35) reported that R. philippinarum exposed to MC-LR
showed high toxin accumulation in hepatopancreas, with tissue concentration
approximately 100 times higher than exposure medium at 24 h. In this study, MC-LR
concentration was determined in the exposure medium at each time of exposure (Figure

100

10 µg/L
100 µg/L

80
60
40
20

48

24

12

0

6

MC-LR in exposure medium
(% initial concentration)

6).

Time (h)
Figure 6 - MC-LR in seawater (% of initial exposure concentration), taken from the flasks
where the animals were exposed at the end of each experimental period. (SD means
standard deviation).
According to several studies, MCs are stable both in freshwater and seawater samples for
several days (94, 95). In fact, Mazur and Plinski (95) assessed MC-LR stability in
seawater samples taken from the ocean and found that at 24 h post-toxin addition the
decomposition was close to zero. Our results point that for MC-LR exposed groups there
was an uptake of the toxin, supported by the general decrease of MC-LR concentration in
the exposure medium of both treatments (37 to 71% reduction in low-exposure; 83.4 to
90.2% reduction in high-exposure) at all exposure periods (Figure 6). Low-exposure
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groups (10 µg/L MC-LR) showed the lowest values of MC-LR in seawater at 6 and 24 h
(29%) and the highest value was found at 48 h (63%). High-exposure groups (100 µg/L
MC-LR) showed a less marked variation for the various experimental periods. From 6 to
48 h, MC-LR in seawater varied from 16.6 to 9.8% (Figure 6). However, differences
between experimental times were not significant (P > 0.05) for each dose group.
3.2.

Enzyme activity measurements

GSTs enzymes are expressed in a tissue specific manner and both gills and
hepatopancreas were found to be the major organs of detoxification in bivalves (70, 71,
74) accounting for most of GST activity (67). GST total activity was measured in both
these organs of R. philippinarum exposed to 10µg/L and 100µg/L of purified MC-LR
(Figure 7). Regarding tissue distribution, GST activity of the clams towards CDNB was
found to be higher in gills (2.6 to 3.1 µmol/min/mg protein) than hepatopancreas (1.2 to
1.8 µmol/min/mg protein) for all exposure periods. None of the used MC-LR
concentrations induced any significant effects (P > 0.05) in GST total activity for both
organs, although, a dose dependent increase is perceived for both at 12 and 24h postexposure. Recently, the zebramussel D. polymorpha exposed to a crude extract (10µg/L
and 50µg/L) and pure MC-LR (10µg/L and 50µg/L) also did not show significant
differences in GST activity in the hepatopancreas and gills after 24h (73). Still, when total
GST activity in whole body tissue was measured, activity was significantly increased for
both concentrations of the crude extract, whereas only the highest concentration of pure
MC-LR caused an effect. The results of the present study together with those available in
the literature demonstrate that MC-LR can exert different GST response, depending on
both the animal tissues and species that are considered. Also, differences between
studies may be due to the complexity of the mixtures found on crude extracts as opposed
to the single chemical exposure when using pure MC-LR. Vasconcelos, Wiegand (74)
found that a cyanobacterial crude extract elicited higher GST activity in several organs of
M. galloprovincialis compared to pure MC-LR.
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Figure 7 - Total GST activity (µmol/min/mg of the protein) in R. philppinarum
hepatopancreas and gills exposed to pure MC-LR over a period of 48h. Black columns
represent Control (Ctrl) group, light grey columns represents low-exposure group (10µg/L
MC-LR) and dark grey columns represent high-exposure group (100µg/L MC-LR) (bars
show standard deviation).
Different response patterns, like those induced by MCs in GST total activity, are also seen
when organisms are exposed to other xenobiotics. For example, in a laboratory
experiment mussels (M. galloprovincialis) exposed to high levels of PAH (100 µg/L of
B[α]P), showed no significant changes on GST activity in hepatopancreas (66). However,
Gowland, McIntosh (72) found that GST activity was increased in the same organ of M.
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edulis exposed to heavy loads of PAHs. Also, in R. decussatus no significant changes
were reported on GST activity in the hepatopancreas when these animals were exposed
to organochlorine compounds. In contrast, the same authors found that GST activity
increased in gills (71).
3.3.

Gene expression

Transcriptional activity allows the assessment of individual GST genes encoding different
GST classes. This fact suggests that GST gene expression could reflect more accurately
the influence of xenobiotic exposure on the GST detoxification system than GST activity
analysis, thus highlighting its potential as a biomarker. Previous studies with aquatic
organisms showed that MCs induced variations in the transcription of many GSTs
isoforms (78, 79, 96). In the present work, a diverse variation in gene transcription of
different GST isoforms (pi, mu, sigma 1 and sigma 2) was reported on the gills and
hepatopancreas of R. philippinarum exposed to 10 and 100 µg/L of MC-LR. The timedependent transcriptional changes of GST mRNAs in both organs of the clams are shown
in Figures 8 and 9.
In hepatopancreas, the transcription of all GST isoforms decreased at 6h-post exposure
(between 3.8 and 5.7-fold). This decrease was significant (P ≤ 0.05) in both dose groups
for GST mu and sigma 1 genes and in low dose group for sigma 2. GST pi, sigma 1 and
sigma 2 transcription recovered to control levels only after 12h of exposure for both dose
groups. In fact, the transcription of GST sigma 1 increased (2-fold) for low dose group at
24h-post exposure, although not significantly (P > 0.05). The same increase trend was
detected in GST sigma 2 transcription for both dose groups (between 3.7 and 3.9-fold) at
24-post exposure and for the low dose group (4.4-fold) at 48h-post exposure (P > 0.05).
Interestingly, the GST mu transcription evidenced a 4.1-fold decrease (P ≤ 0.05) at 24hpost exposure for the low dose group. In contrast, transcription of the same isoform was
2.5-fold higher (P ≤ 0.05) after 48h exposure to MC-LR for the same dose group. In gills,
transcription of GST pi was relatively stable throughout all experimental time for the high
dose group. In contrast, an apparent increase trend is perceived at 24 (1.8-fold) and 48h
(2.8-fold) post-exposure for the low dose group (P > 0.05). The transcription of GST sigma
2 increased (3.1-fold) at 48h-post exposure for the low dose group (P > 0.05), similarly to
hepatopancreas. A 3.4-fold increase (P ≤ 0.05) transcription level of GST sigma 1 was
detected at 12h-post exposure for the high dose group. For the same isoform, major
changes on GST gene transcription (2.2-fold increase) after 24h are attributable to low
dose group, in the same way as in hepatopancreas. The transcription of GST mu isoform
increased 3.6 and 6.2-fold for low and high dose groups respectively, at 12h-post
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exposure (P ≤ 0.05). This gene transcription levels remained up-regulated (24h: 3.9-fold,
48h: 2.7-fold) for low dose group throughout the remaining experimental time points (P >
0.05).
Similar results have been found for these four GST isoforms in previous studies with MCs
or other xenobiotics. For example, Li, Xie (78) assessed GST pi expression in a
freshwater fish species (C. auratus L), and found that expression was decreased in liver
after exposure to 50 µg MC-LReq /Kg BW. In our experiment, the transcription of GST pi
isoform decreased in hepatopancreas at 6h-post exposure, although not significantly (P >
0.05). Zhang, Qiu (76) evaluated GST sigma isoforms 1 and 2 mRNA expression in R.
philippinarum hepatopancreas exposed to PAHs and metals. Exposure to B[α]P (5 and 50
μg/L) promoted a decrease of GST sigma 1 expression at 24 and 48 h-post exposure,
while GST sigma 2 displayed increased expression levels from 24 to 96 h-post exposure.
Regarding metal contamination, GST sigma 1 remained close to control levels while GST
sigma 2 was significantly down-regulated at 24 and 48 h upon Cd exposure (10 and 40
μg/L). However, both genes were induced by copper (Cu) exposure (10 and 40 μg/L) from
24 h till the end of the experiment. Our data shows that in hepatopancreas both GST
sigma isoforms 1 and 2 mRNA transcripts are down-regulated at 6h post-exposure and
even though differences are not significant, transcription tend to increase at later stages of
exposure (24 and 48 h post-exposure). In gills, however, GST sigma 1 was found to be
strongly up-regulated at 12 h (3.4-fold) and at 24 h (2.2-fold). Umasuthan, Saranya
Revathy (89) injected R. philippinarum with bacterial lipopolysaccharide (LPS) and
evaluated GST sigma gene expression in gills. Results show a significant up-regulation
(3.7-fold) at 3 h post-injection and a similar induction pattern was also detected at 12 h
and 48 h-post exposure. Our results showed that GST mu transcription in the
hepatopancreas was decreased at 6 h post-exposure but at 48 h the low dose group (10
µg/L MC-LR) caused a 2.5-fold increase, significantly inducing gene transcription. In
goldfish (C. auratus) exposed to a cyanobacterial crude extract (50 and 200 MC-LReq
µg/Kg BW), GST mu gene expression was induced in the liver. Temporal changes were
found to be dependent on MC-LR concentration as gene expression increased at early
stages in the low dose group and from 12 to 24h in the high dose group (96).
Furthermore, in R. philippinarum liver, GST mu mRNA transcription levels showed
significant increases (2–4.8 fold) after exposure to Cu at 24 and 48h-post exposure (76).
In gills we found that GST mu transcription was highly up-regulated at 12h post-exposure
with the high exposure treatment causing a 6.2-fold increase. GST mu mRNA
transcription induction in the gills was also reported by Bathige, Umasuthan (97) when R.
philippinarum was challenged with LPS. These authors reported that the expression
profile of GST mu revealed elevated levels in a time dependent manner. The highest fold
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change was found at 3 h post-challenge but levels remained elevated till 12h postexposure and again at 48 h.
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Overall, our results showed that MC-LR exposure caused differential expression of the
four GST isoforms in hepatopancreas and gills of R. philippinarum. Individually,
transcriptional patterns promoted by MC-LR exposure for the several GST isoforms varied
not only within each organ but also between organs. In bivalve mollusks, gills represent
one of the primary sites of interaction with the bioavailable contaminants from the
surrounding medium. In our study, the GST transcriptional changes in gills promoted by
MC-LR are characterized by an early (12h) induction of mu and sigma 1 transcripts. On
the other hand, the GST transcriptional changes in hepatopancreas are characterized by
a later induction (48h) of mu transcript, but also by an early inhibition (6h) of the four
transcripts. The gills, as an external organ are in direct contact with the environment and
possibly reflect short term exposure, whereas the hepatopancreas, being an internal
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organ where xenobiotics can accumulate, reflects long term exposure (66, 97). The
different transcription patterns obtained for the tested GST isoforms in this study highlight
the potential divergent physiological roles played by these isoenzymes during the
detoxification of MC-LR. GST mu and sigma 1 showed similar gene expression profiles in
gills and accounted for major changes characterized by up-regulation at 12 h. Also, in
hepatopancreas both genes show a dose dependent inhibition at 6 h post-exposure.
These genes seemed to be more sensitive to MC-LR exposure in both organs showing a
greater potential as molecular biomarkers to assess MCs induced chemical stress. It has
been suggested that mu and sigma class GSTs participate in cellular xenobiotic defenses
and in the metabolism of products of oxidative stress (76, 88, 97) in different organisms.
In this study, we reported transcriptional changes at different time points both in
hepatopancreas and gills, but we did not found differences on enzyme activity for both
organs. A possible explanation is given by Amado and Monserrat (5), who state that
besides ROS generation, MCs inhibit protein phosphatases. Inhibition leads to a cellular
hyperphosphorylated state that promotes the phosphorylation of transcription factors
(Nrf2) involved in the expression of phase II detoxifying enzymes (98). Phosphorylation
increases Nrf2 mean life favoring the transcription of genes involved in antioxidant
response, such as GST and glutamate cysteine ligase (GCL) the rate limiting enzyme in
glutathione biosynthesis (99). At the same time, phosphorylation inhibits GCL activity
(100), promoting the continuous reduction of GSH, while activating GSTs (101, 102).
However, low GSH concentration impairs GST capability to conjugate electrophilic
compounds to GSH. Given this, when animals are exposed to MCs it is possible that even
though transcription is up-regulated GST activity might not increase. MCs toxicity depends
on the balance between accumulation and metabolism (103).
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4. Conclusions and future prospects
A better understanding of GST gene expression on different organs is fundamental to
improve the knowledge on which GST class is directly involved in the molecular response
to MC exposure. GST transcriptional changes reﬂected more accurately the inﬂuence of
MC-LR exposure on the GST detoxification system of R. philippinarum than total GST
activity. Additionally, GST sigma 1 and mu showed the most significant changes in both
organs and seemed to be more sensitive to MC-LR exposure. In this way, the
transcription of GST sigma 1 and mu genes can potentially be used as a tool to assess
MCs induced chemical stress in biomonitoring studies in R. philippinarum. In the future,
further experiments are needed to better understand the regulatory mechanisms of these
genes.
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Annexes
Annex 1 - GenBank GST sequences
Table 5 - Bivalve GST sequences in GenBank
Species name
Chlamys farreri

class
zeta

isoform
--

GI
GU361617.1

Chlamys farreri

pi

--

FJ588638.4

Corbicula fluminea
Crassostrea ariakensis

pi
omega

---

AY885667.1
EU908273.1

Crassostrea ariakensis

mu

--

EU908274.1

Crassostrea ariakensis

sigma

--

EU908270.1

Crassostrea gigas

omega

--

AJ557141.1

Crassostrea gigas

mu

--

AJ558252.1

Crassostrea gigas
Cristaria plicata

sigma
pi

---

AJ577235.1
HQ166721.1

Dreissena polymorpha
Hyriopsis schlegelii
Laternula elliptica

pi
pi
rho

----

EF194203.1
EU145724.1
FJ615307.1

Laternula elliptica
Mercenaria mercenaria

pi
pi

-2

EU131183.1
EU024654.1

Mercenaria mercenaria

pi

1

EU024656.1

Mytilus edulis
Mytilus galloprovincialis
Mytilus galloprovincialis

pi
pi
sigma

-1
1

AY557404.1
AF527010.1
JX485636.1

Mytilus galloprovincialis
Mytilus galloprovincialis

sigma
sigma

2
3

JX485637.1
JX485638.1

Mytilus galloprovincialis

alpha

--

JX485635.1

Ostrea edulis

omega

--

JN091800.1

Ostrea edulis

sigma

--

JN091840.1

Pinctada fucata

omega

--

GU3625421

Ruditapes philippinarum

omega

--

HM061130.1

Ruditapes philippinarum

rho

--

JN388954.1

Ruditapes philippinarum

tetha

--

JF499392.1

Ruditapes philippinarum

mu

--

JN593116.1

Ruditapes philippinarum
Ruditapes philippinarum

pi
sigma

-1

FJ516741.2
JN388948.1

Ruditapes philippinarum
Ruditapes philippinarum

sigma
sigma

2
3

JN388949.1
JN388950.1

Saccostrea palmula

mu

--

FJ527304.1

Solen grandis

sigma

--

JN642123.1

Unio tumidus

pi

--

AY885666.1
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Annex 2 - MC-LR chromatogram, peak specificity and purity

0.090

A

0.080

Peak 1

0.070

0.060

Peak 2

0.040

0.030

0.020

0.010

0.000

-0.010
0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

8.00

9.00

10.00

11.00

12.00

13.00

14.00

15.00

16.00

17.00

18.00

19.00

20.00

Minutes

10.983 Peak 1
0.020

10.983 Peak 1

238.1

238.1

B1

0.015

AU

C

0.020 200.3

0.018

0.010

0.016

0.014

0.005

536.5

0.012

700.9795.6
AU

0.000
12.683 Peak 2

0.010

198.0
0.002

B2

239.2

0.000

336.9

470.7520.7

0.008

677.5

0.006

AU

AU

0.050

0.004
-0.002

0.002
-0.004

200.00

487.7 536.5

0.000
400.00

600.00

800.00

200.00

400.00

nm

632.1

600.00

700.9

795.6

800.00

nm

Figure 10 – Typical charts of an HPLC run (A to C). A – Black line: chromatogram from
purified MC-LR used in the experiment; green line: chromatogram from MC-LR standard;
blue line: blank. B1 and B2: absorvance spectrums from purified MC-LR sample used in
the experiment; C: absorvance spectrum from MC-LR standard.
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