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P-gp expression levels in the erythrocytes of brown trout: a new tool for 

aquatic sentinel biomarker development 

Abstract 

Context: P-gp is a ubiquitous membrane detoxification pump involved in cellular 

defense against xenobiotics. Blood is a hub for the trade and transport of physiological 

molecules and xenobiotics. Our recent studies have highlighted the expression of a 140-

kDa P-gp in brown trout erythrocytes in primary cell culture and its dose-dependent 

response to Benzo[a]pyrene pollutant.  

Objective: the purpose of this study was focused on using P-gp expression in brown trout 

erythrocytes as a biomarker for detecting the degree of river pollution. 

Methods: abcb1 gene and P-gp expression level were analyzed by reverse 

Transcriptase-PCR and Western blot, in the erythrocytes of brown trouts. The latter 

were collected in upstream and downstream of four rivers in which, 17 Polycyclic 

Aromatic Hydrocarbons and 348 varieties of pesticides micro-residues were analyzed 

by Liquid chromatography and Mass spectrometry.  

Results: The abcb1 gene and the 140-kDa P-gp were not expressed in trout erythrocytes 

from uncontaminated river. In contrast, they are clearly expressed in contaminated 

rivers, in correlation with the river pollution degree and the nature of the pollutants. 

Conclusion: This biological tool may offer considerable advantages since it provides an 

effective response to the increasing need for an early biomarker. 
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Abbreviations list 

MDR: Multidrug Resistance 

ABC: ATP-Binding-Cassette 

P-gp: P-glycoprotein 

PAH: Aromatic Polycyclic Hydrocarbons 

DCPMU: 1-(3,4-dichlorophenyl)-3-methylurea 

RT-PCR: Reverse transcriptase-PCR 

  

JU
ST A

CCEPTED



Introduction 

Aquatic pollution has become a major public health issue and is of key importance in 

maintaining biodiversity. Pollution is mainly due to industrial waste (chemicals, food, oil, 

etc.), domestic waste (sewage) and agricultural activities (fertilizers, pesticides, herbicides). 

Many pollutants of various structures and properties are found in aquatic environments and 

affect all the organisms living in these ecosystems. A high concentration of toxic pollutants in 

an aquatic system can either eliminate the most sensitive species and/or cause chronic 

contamination of the more resistant organisms inducing metabolic alterations (Relyea and 

Hoverman 2006) and genotoxic disease syndrome (Kurelec 1993). The methods currently 

used to control pollution are mainly of physico-chemical nature. However, they do not 

provide any information on the state of contamination of organisms colonizing these 

environments. Another control method developed in recent years is bio-monitoring based on 

the biological responses of organisms to pollutants using biomarkers (Amiard, Caquet, & 

Lagadic, 1998; Amiard & amiard-Triquet, 2008; Depledge, 1994; Lagadic, Caquet, & 

Amiard, 1997; van der Oost, Beyer, & Vermeulen, 2003). 

Blood is composed of plasma and blood cells including erythrocytes (or red blood cells), 

white blood cells and platelets. Erythrocytes comprise the major cellular component of the 

blood (about 90%). In mammals, mature erythrocytes are anucleate, but in some vertebrates, 

such as fish, mature erythrocytes are nucleated (Soldatov 2005). Blood is a hub for the trade 

and transport of a variety of physiological molecules and for the passage and accumulation of 

all xenobiotics such as drugs and pollutants. The various pollutants are found either directly in 

the blood or in organs, tissues and cells, before being gradually released into the bloodstream. 

Thus, the blood cells are in continuous contact with all xenobiotics contaminating the whole 

body. 

Multidrug Resistance (MDR) proteins were discovered to be membrane transporters and are 

well-known for their direct involvement in chemotherapy resistance in cancer (Sarkadi et al. 
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2006, Raaijmakers 2007). These proteins, belonging to the superfamily of ATP-Binding-

Cassette (ABC) transporters, are well-conserved through evolution and naturally expressed in 

practically all living organisms. Indeed, the so-called P-glycoprotein (P-gp), expressed by 

abcb1 or mdr1 gene, was the first MDR protein identified in almost all prokaryotic and 

eukaryotic organisms, such as bacteria (Gerlach et al. 1986), microbial parasites (Krogstad et 

al. 1992), protozoa (Bamdad et al. 1997, 1999, Camares et al. 2004), aquatic invertebrates 

(Kurelec 1992), fish (Sturm et al. 2001, Zaja et al. 2007, Loncar et al. 2010, Valton et al. 

2013, 2015), Drosophila (Vache et al. 2006, 2007), plants (Dudler and Sidler 1998, Geisler et 

al. 2005) and human (Sarkadi et al. 2006, Raaijmakers 2007, Kathawala et al. 2015). MDR 

phenotype proteins are membrane transporter causing efflux of xenobiotics from cells. They 

recognize various molecules of different structures and properties, including pollutants such 

as Aromatic Polycyclic Hydrocarbons (PAHs, heavy metals, pesticides, insecticides and many 

pharmaceutical drugs including chemotherapy drugs)(Bamdad et al. 1997, 1999, Bard 2000, 

Einicker-Lamas et al. 2003, Agarwala et al. 2004, Shabbir et al. 2005, Sarkadi et al. 2006, 

Vache et al. 2006, 2007, Sugihara et al. 2007, Urayama et al. 2007, Prevodnik et al. 2007, 

Habibollahi et al. 2011, Marquez and Van Bambeke 2011, Liang et al. 2015, Ren et al. 2015). 

Due to their property, MDR proteins are involved in the natural defense mechanisms of cells, 

tissues and organs, and form an essential part of the innate defense system known as “chemo-

immunity” (Sarkadi et al. 2006).  

Our previous research was focused on highlighting abcb1 and/or P-gp expression in various 

organisms such as the unicellular ciliated freshwater protozoan Tetrahymena pyriformis 

(Bamdad et al. 1997, 1999), different segments and tissues of Drosophila melanogaster 

(Vache et al. 2006, 2007) and more recently, in the erythrocytes of brown trout (Valton et al. 

2013, 2015). Following studies under in vitro conditions and/or in the field, we showed that in 

three study models, P-gp expression could be induced in a dose-dependent manner, after 
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exposure to both aquatic or air contamination by different classes of PAHs (Bamdad et al. 

1997, 1999, Vache et al. 2006, 2007, Valton et al. 2013, 2015). 

Our recent studies carried out in both primary trout erythrocytes culture and in erythrocytes 

from trout river highlighted the co-expression of two P-gp, ie a mini-P-gp of 75 KDa and a P-

gp of 140 kDa. In both conditions, mini-P-gp and P-gp expressions were modulated in 

relationship with the contamination degree and the nature of the water pollutants (Valton et 

al. 2013, 2015). This property opened up the prospect of using P-gp expression in brown trout 

erythrocytes as a tool for assessing the overall degree of river pollution. In the erythrocytes of 

trouts, which were collected from rivers presenting a high level of contamination, the 140 kDa 

P-gp expression increased significantly, suggesting its implication as a principal line of 

defense system in trout erythrocytes (Valton et al. 2015). In this context, the purpose of this 

study was focused on the analysis of a 140 kDa P-gp expression level, in the erythrocytes of 

brown trouts of different rivers, in relationship with the pollution degree. 

 

Materials and Methods 

Fish capture and blood samples 

Salmo trutta fario were collected upstream and downstream of four different rivers ie “Couze 

Chaudefour”, “Couze Pavin”, “Auzon” and “Durolle” in the Auvergne Region in France, 

during the electrofishing campaign carried out by the Departmental Federation for fishing and 

protection of the aquatic environment of Puy de Dôme. Electrofishing was performed 

according to the AFNOR standard No.T95F N0374. The water river was also collected at 

each sampling site. All the fish collected for these experiments were always between 16 and 

20 cm in size. Salmo trutta fario were anesthetized using a 2.4 mL mix of clove oil (400 µL) 

in 70% alcohol (2 mL), in 20 L of river water. For protein analysis, blood samples were taken 
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by intracardiac draining on lithium heparinate anticoagulant. Samples were stored at 4°C on 

the sampling site, then taken back to the lab to be frozen for later analysis. For RNA analysis, 

fishes were transported alive to the laboratory, anesthetized in the same conditions as on the 

sampling sites, blood samples were taken by intracardiac draining on RNAse free tube and 

RNAs were directly extracted. 

Ethics 

In purposes ref NOR: AGRG12131951D - ethical approval was not required for this study 

since fish were anesthetized with an overdose of a natural anesthetic compliance with the 

European Directive 2010/63/UE and Decree No. 2013-118 of application of 1 February 2013 

on the protection of animals used for scientific. Authors affiliated to the Departmental 

Federation for fishing and protection of the aquatic environment of Puy de Dôme (F.P.P.M.A. 

63) have a license from “Prefecture of Puy de Dôme” - Departmental Directorate of 

Infrastructure and Agriculture of the Puy de Dôme (“ARRETE PREFECTORAL” authorizing 

the capture and transport of fish for purposes scientific, rescue and/or transfer (regulated by 

the prefectoral decree of December 2009). 

River water chemical pollution analyses by Liquid chromatography and Mass 

spectrometry 

For these experiments, the presence of (1) 17 different PAHs (Table S1) was analyzed for 

each collection site and (2) 348 varieties of pesticides was sought at each collection site 

(Table S2). Then, for each water sample, a solution of internal standard triphenylphosphate 

(10 mg) in river water (1 L) was extracted with a mixture of dichloromethane and ethyl 

acetate (80:20, v:v, 3 x 50 ml). The organic phase was evaporated to dryness under a stream 

of nitrogen and taken up in a mixture of water and acetonitrile (50:50, v:v, 1ml) containing 

0.1% formic acid and atrazine-D5 (0.08 mg/L) for internal standard calibration.  

JU
ST A

CCEPTED



Liquid chromatography analyses of PAHs were performed on an Agilent 1200 series 

high performance liquid chromatography system coupled to a fluorescence detector. A 

reversed-phase C18 column was used (4.6 x 250 mm, 5 µm, Waters Corporation). A mixture 

of water and acetonitrile was used as the mobile phase in gradient elution mode. Excitation 

and emission wavelengths were chosen specifically for the detection of each PAH.  

Multi-residue pesticide analyses were performed on a high performance liquid 

chromatography system coupled to a high-resolution mass spectrometer (Thermo Ultimate 

3000/Bruker QTOF Maxis 4G). Mass spectrometry analyses were performed in positive and 

negative modes. A reversed-phase C18 column was used (2.1 x 100 mm, 2.2 µm, Thermo). A 

mixture of water and methanol acidified with 0.01% formic acid and 5% ammonium formate 

was used as the mobile phase in gradient elution mode.  

Extraction internal standard (triphenylphosphate) was quantified for result 

acceptance. Measurements were all within a 20% variation range of the expected 

concentration for all analyzed samples. 

RNA isolation and abcb1 cDNA synthesis and expression 

The total RNA isolation was carried out using 10 µl of brown trout erythrocytes. Trouts were 

fished in the “ Couze Chaudefour “ and the “Couze Pavin” rivers. The RNA extraction was 

performed with the Nucleospin RNA II kit (Macherey Nagel) according to the manufacturer 

recommendations with the addition of two DNase treatments. The isolated RNA from each 

sample was eluted in 20 μL of RNAse-free water and stored at −80°C until use. cDNA 

synthesis was performed using the abcb1 reverse primer 

(CAGCCATGACAGGTACCACACA) design by Fischer and Zaja (Zaja et al. 2008, Fischer 

et al. 2011), and oligodT. PCR were performed using the abcb1 consensus primer (forward : 

GGCCCAGAACGTGGCTAAC, reverse : CAGCCATGACAGGTACCACACA) design by 

Fischer and Zaja (Zaja et al. 2008, Fischer et al. 2011) (accession number : AY863423). 
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Reverse Transcriptase (RT)-PCR and PCR conditions were optimized for Salmo trutta fario. 

The Improm II Reverse transcription system (Promega) was performed according to the 

manufacturer recommendations with an annealing temperature of 48°C. The PCR was 

realized using the Gotaq polymerase (Promega). The PCR cycling conditions comprised a 

denaturation step for 2 min at 95°C, followed by 35 cycles of denaturation (95°C for 45s), 

annealing (59°C for 30s), extension (72°C for 30 s). After the last cycle a final extension 

(75°C for 5 min) was realized. PCR products (amplicon size: 101 bp) were electrophoresed on 

1% agarose gels containing ethidium bromide.  

P-gp protein expression studied by Western Blot analysis 

For analyses, 100 µL of lysis buffer (20 mM tris HCl, 2 mM EDTA, 2 mM EGTA, 6 µM ß-

mercaptoethanol, and 0.1% protease inhibitors cocktail, pH 7.5) was added to 100 µL of 

blood sample. Protein extraction and western blot analysis were carried out as specified by 

Valton (Valton et al. 2013). For these experiments, the primary mouse monoclonal antibody 

anti-P-gp C219 (1:500, Calbiochem
®
), the mouse monoclonal antitubulin antibody DM1A 

(1:5000, Sigma
®
) and the secondary antibody, a horseradish-peroxidase (HRP)-coupled goat 

anti-mouse (1:4000, Promega
®

) were used. The intensities of P-gp and control tubulin bands 

were analyzed by densitometry using Quantity One 1-D Analysis Software (Bio-Rad). For 

each sample, P-gp expression levels were determined by calculating the ratio of the density of 

each MDR protein over the density of the tubulin control. This ratio was expressed in 

arbitrary units (a.u.). 

Statistical analysis 

MDR protein expression levels were measured in several experiments/specimens and all 

assays were performed in triplicate. Physico-chemical experiments were also performed at 

least in triplicate. Data were expressed as means ± standard deviation (SD). Comparisons of 

JU
ST A

CCEPTED



P-gp expression levels were performed using the Student’s t-test and ANOVA analysis. Tests 

were two-sided and the nominal level of significance was p < 0.05 unless otherwise specified.  

Results 

Multi-residue analysis of organic micropollutants in rivers located in different watersheds 

The degree of river water pollution in the “Couze Chaudefour”, “Couze Pavin”, “Durolle” 

and “Auzon” was analyzed at the trout collecting sites, i.e. upstream and downstream of each 

river. At each sampling site, the presence of (1) 17 PAHs (Table S1) and (2) 348 pesticides 

was sought (Table S2). 

The water contamination analysis of the “Couze Chaudefour” river (Table 1) showed no 

micropollutants contamination, in both upstream and downstream of the river. 

The analysis of pollution levels of the “Couze Pavin” river (Table 1), showed only the 

presence of 0.009 µg/L Coumatetratyl, a multi-residue pesticide, in the upstream site. In the 

downstream site, the same amount of Coumatetratyl, plus 0.03 µg/L of Acenaphthene (PAH) 

was detected.  

Water analysis of the “Durolle” river (Table 1) showed the same contamination in 

upstream and downstream sites with 0.006 and 0.008 µg/L Oxadiazon, 0.005 and 0.006 µg/L 

Atrazine, 0.004 and 0.005 µg/L Coumatetratyl and 0.003 and 0.008 µg/L Diuron, 

respectively.  

The pollution level of the “Auzon” river (Table 1) upstream showed water 

contamination by three multi-residue pesticides: 0.017 µg/L Coumatetratyl, 0.019 µg/L 

Diuron and 0.005 µg/L 1-(3,4-diclorophenyl)-3-methyl urea (DCPMU), the diuron 

metabolite. At the downstream site, the presence of other multi-residue pesticides such as 

0.017 µg/L Oxadiazon, 0.005 µg/L Myclobutanil and 0.22 µg/L Coumatetratyl, plus traces of 

Atrazine, Diuron and DCPMU was detected. 
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For the next experiments, the “Couze Chaudefour” river was chosen as the unpolluted 

reference site.  

 

abcb1 gene and P-gp expressions comparison in brown trout erythrocytes from “Couze 

Pavin” and “Couze Chaudefour” rivers 

The Reverse Transcriptase-PCR (RT-PCR) analysis showed a clear expression of abcb1 

mRNA in the erythrocytes of brown trouts collected in the upstream polluted selected site of 

“Couze Pavin” (Fig 1 A). In parallel, Western blot analyses, which were carried out on the 

same brown trout erythrocytes, showed that the monoclonal anti-P-gp antibody C219 clearly 

labelled a140 kDa protein (Fig 1 C). The monoclonal anti-tubulin antibody DM1A labelled a 

tubulin protein with a molecular weight of about 50 kDa. This was used as the internal 

control. In the erythrocytes of trouts collected from the upstream of the unpolluted reference 

site, ie “Couze Chaudefour” river, no abcb1 gene expression and no P-gp labelling were 

detected (Fig 1B, D). All these results suggest that abcb1/P-gp is only detected in erythrocytes 

of brown trouts collected in polluted rivers. 

P-gp expression levels in brown trout erythrocytes from rivers located in different 

watersheds 

The expression rate of P-gp in the erythrocytes of brown trout was then analyzed in the 

“Couze Chaudefour” (unpolluted reference site) in comparison with “Couze Pavin”, 

“Durolle” and “Auzon” rivers, located in different watersheds in the Auvergne region. For 

each river, two selected sites upstream and downstream were analyzed. 

The P-gp expression was not detected in the erythrocytes of brown trout collected 

from the two selected sites of the “Couze Chaudefour” river, by Western blot analysis. In 

contrast, P-gp was clearly detected in the erythrocytes of trout collected in the others rivers 

(Figure 2). Indeed, the P-gp expression levels in the erythrocytes of brown trout collected 
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from the upstream site of the “Couze Pavin” river located in urban areas was 0.49 ± 0.01 a.u., 

whilst it was 0.38 ± 0.06 a.u. in the erythrocytes of brown trout collected from the 

downstream site which was located in agricultural land. The upstream and downstream sites 

of the “Durolle” river were located in urban areas and agricultural land, respectively. P-gp 

expression levels in the erythrocytes of brown trout taken from the upstream site of the river 

was 0.24 ± 0.02 a.u. and 0.55 ± 0.12 a.u. for the downstream site. For the “Auzon” river, in 

two selected sites located in agricultural land, P-gp expression in erythrocytes was 0.81± 0.06 

a.u. from the upstream site and 0.9 ± 0.09 a.u. from the downstream site. 

Statistical analysis using Student’s t-test showed no significant difference in P-gp 

expression in the erythrocytes of brown trout from upstream and downstream of the “Auzon” 

river. In contrast, it was significantly different in the erythrocytes of brown trout collected 

upstream and downstream of the “Couze Pavin” and “Durolle” rivers (P <0.05). A combined 

analysis of P-gp expression was then carried out in three polluted site rivers, since that is 

likely to also show statistical significance. For this, an analysis of variance (two ways 

ANOVA) was performed to evaluate the influence of both factors together (i) river and (ii) 

up/down-stream. It showed that “River” was the main factor of variation (p = 10
-7

). However, 

measures depending on sampling location (up or down-stream) appeared also significant (p = 

0.012) correlating a strong interaction between both factors (p = 0.00063). 

 

Discussion 

For decades, the increasing dispersion of pollutants has degraded the environment, notably 

aquatic ecosystems. This has led to harmful effects on human health and ecosystems. 

Currently, the detection and quantification of pollutants in aquatic environments are carried 

out mainly by physicochemical methods. However, these methods provide no information on 

the degree of contamination of organisms in the polluted environments. Another method 
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developed in recent years is bio-monitoring. It is based on the use of biomarkers (Lagadic et 

al. 1997, van der Oost et al. 2003) which can overcome the difficulties encountered by 

physico-chemical analysis. Indeed, the specificity of biomarkers for certain classes of 

pollutants can reveal their presence and bioavailability, and their early effects on organisms 
4
. 

At present, biological indices for determining water quality are based mainly on diatoms or 

macro-invertebrates (De Jonge et al. 2008). Thus, biomarkers are a necessary adjunct in 

monitoring water pollution. 

P-gp is a ubiquitous membrane detoxification pump involved in defense against 

xenobiotics at cellular level (Sarkadi et al. 2006, Kathawala et al. 2015). It recognizes a large 

class of xenobiotics such as drugs, antifungals, pesticides, anthelmintics, acaricides, PAHs, 

heavy metals, among others (Bamdad et al. 1997, 1999, Buss et al. 2002, Einicker-Lamas et 

al. 2003, Lecoeur et al. 2006, Sarkadi et al. 2006, Vache et al. 2006, 2007, Marquez and Van 

Bambeke 2011, Valton et al. 2013, Kathawala et al. 2015). Moreover, in various organisms, 

P-gp expression increases in a dose-dependent manner in the presence of xenobiotics such as 

PAH pollutants (Bamdad et al. 1997, 1999, Vache et al. 2006, 2007, Valton et al. 2013, 

2015). These properties make P-gp excellent candidates for the development of a sentinel 

biomarker of pollution. To this end, our recent studies were focused on the development of a 

biomarker based on P-gp expression in the erythrocytes of brown trout in response to water 

pollution. P-gp expression in fish erythrocytes was selected because the bloodstream, 

circulating throughout the body, is the site of transport and/or accumulation of physiological 

molecules and also, of various pollutants. Also, fish erythrocytes being nucleated, they may 

be an excellent model to study aquatic pollution (Soldatov 2005). For a fish model, Salmo 

trutta fario (brown trout) was chosen because it is common in European rivers. In this 

context, our recent studies highlighted the coexpression of a 75-kDa mini P-gp and a 140-kDa 

P-gp in brown trout erythrocytes, in primary cell culture conditions and in the erythrocytes of 
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wild brown trouts collected from rivers. In vitro experiments showed that the exposure of 

trout erythrocytes in primary culture to increasing concentrations of benzo[a]pyrene (BaP) 

induced the co-expression of mini-P-gp and P-gp in a dose-dependent manner with a relay 

type response. BaP is a cytotoxic, genotoxic and carcinogenic PAH pollutant model, which is 

frequently used as a reference for PAH monitoring in aquatic media. Similarly, in 

erythrocytes of wild brown trouts collected from rivers contaminated with PAHs and 

multiresidue pesticides, both P-gp were expressed with a relay type response, which suggests 

the existence of a protective network against pollutants in blood cells (Valton et al. 2013, 

2015). However, the comparison of expression levels of both P-gp in wild trout erythrocytes 

from different rivers seems to indicate that the expression of the 140-kDa P-gp significantly 

increased under high water contamination conditions. These results suggest that the 140 KDa-

P-gp expression in brown trout erythrocytes acts as a principal membrane defense mechanism 

against pollutants. This property could thus be exploited for future biomarker development for 

water monitoring (Valton et al. 2013). To verify this hypothesis, we focused these studies on 

the 140 kDa P-gp expression levels in the erythrocytes of brown trout from different rivers 

presenting different degrees of contamination. To that end, wild brown trouts and water river 

samples were collected at selected sites located in the upstream and downstream of four 

rivers: the “Couze Chaudefour”, “Couze Pavin”, “Auzon” and “Durolle”. The topography of 

the sites analyzed was defined according to the Corine Land Cover nomenclature (European 

standards published and used by environmental agencies) (EEA 2006). The selected rivers 

were also located in different watersheds in the Auvergne-Rhône-Alpes region. The “Couze 

Chaudefour” watershed, also called “Natural Reserve of the Chaudefour Valley” is relatively 

untouched by human activities and therefore by pollution from anthropogenic sources. The 

“Couze Pavin” watershed was largely occupied by agricultural land and forests. Urbanization 

is focused on two major cities, the rest being a combination of hamlets. The main agricultural 
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activity is based on extensive farming intended first and foremost for dairy and cheese 

production. The “Durolle” watershed has a highly fragmented territory with small plots. 

Forests occupy most of the area with very low urbanization. The “Auzon” watershed has its 

first suburban geographical feature on the southern rim of the Clermont-Ferrand area that can 

be divided into 3 sectors: (1) a farming area with mainly agricultural areas of grassland for the 

food chain (agriculture and industry), (2) a crop area (cereals, vines and traditional orchards 

but regression), and (3) an urban area. In each fish sampling site, a 140 kDa-P-gp expression 

levels in brown trout erythrocytes were quantified in correlation with the nature and degree of 

river water pollution. For the latter parameter, the presence of 17 different PAHs and 

348 varieties of pesticides was systematically analyzed. The comparison of contamination 

degrees in different selected rivers seems to indicate that, for the analyzed pollutants, the 

“Couze Chaudefour” presents a very low trace level contamination. For this reason, the 

“Couze Chaudefour” river was chosen as a reference site for the P-gp trout erythrocytes 

expression level comparison. 

P-gp is expressed by the abcb1 gene (Sarkadi et al. 2006, Ferreira et al. 2014), and the 

molecular sequence of the abcb1 gene which encodes the 140 KDa- P-gp was already 

described in trout model (accession number: AY863423). For biomarker development, it was 

first necessary to check whether the abcb1 and P-gp were both expressed in the erythrocytes 

of brown trouts in a natural environment. To that end, abcb1 and P-gp expressions in 

erythrocytes were analyzed in brown trouts from the “Couze Chaudefour” river, ie the 

unpolluted reference site, in comparison with the “Couze Pavin” river, which is contaminated 

by a mixture of PAH and multiresidue pesticides. Results showed that the abcb1gene and the 

140 kDa P-gp were not detected in erythrocytes of trouts collected in the unpolluted “Couze 

Chaudefour” river. The absence of P-gp detection in trout erythrocytes from unpolluted river 

was probably due to its very low basal expression. In contrast, in the contaminated “Couze 
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Pavin” river, both the abcb1 gene and the 140 kDa P-gp were clearly detected in brown trout 

erythrocytes collected in the upstream. These results showed that a 140 kDa-P-gp was only 

detected in the erythrocytes of trouts living in the contaminated river. This also reinforces the 

hypothesis that the 140kDa-P-gp acts as defense mechanism in trout erythrocytes against 

pollutants and may be exploited for a development of an aquatic biomarker.  The abcb1 

expression was already reported in various tissues of rainbow trout (Oncorhynchus mykiss) 

such as liver, brain, kidney, gonads and intestine (Loncar et al. 2010) and also, in other fish 

species (Ferreira et al. 2014). For P-gp, in both primary culture of brown trout erythrocytes 

(Valton et al. 2013) and erythrocytes of brown trouts collected in the river , a mini-Pgp of 75 

kDa and a P-gp of  140 kDa  were identified (Valton et al. 2013, 2015). However, at present, 

few data was reported on the MDR proteins expression (MDR proteins molecular weight) in a 

fish model. Thus, previous studies carried out in fish models showed that the C219 

monoclonal anti-P-gp antibody labelled a 165-kDa P-gp plus an unidentified 85 kDa band, in 

membrane fraction from trout liver and in cultured isolated hepatocyte of Oncorhynchus 

mykiss (Sturm et al. 2001). Indeed, depending on species, the P-gp molecular weight can be 

highly variable. In the freshwater ciliated protozoan Tetrahymena pyriformis, two P-gps of 66 

kDa and a 96 kDa were identified (Bamdad et al. 1997, 1999). In the fly model Drosophila 

melanogaster, a P-gp of 140 kDa was cited (Vache et al. 2006, 2007). In mammals, including 

man, a P-gp of 150 to 170 kDa was identified (Sarkadi et al. 2006). For the development of 

this biomarker, we have chosen to work on the P-gp expression which would be more suitable 

for field experiments. 

The second step of this study was focused on the 140 kDa-P-gp level analysis in wild 

brown trouts collected at selected sites located upstream and downstream of “Couze Pavin”, 

“Durolle” and “Auzon” rivers, presenting each a different degree of contamination. Moreover, 

the absence of a140 kDa-P-gp detection in erythrocytes of brown trouts collected from the 
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unpolluted reference river site allows the direct comparison between the P-gp expression level 

at each site and the degree of water pollution. 

In the “Couze Pavin” river, the upstream site located in an urban area was 

contaminated by Coumatetralyl, an anti-vitamin K anticoagulant rodenticide (Andru et al. 

2013) and Acetaphtene, a PAH with an overall quantity of pollutant of 0.039 µg.L
-1

. At this 

site, the level of expression of P-gp in the erythrocytes of brown trout collected under the 

same conditions was 0.50 ± 0.04 a.u. At the downstream site located in agricultural land, the 

same amount of Coumatetralyl (0.009 µg.L
-1

) was present. P-gp expression levels of 

erythrocytes collected at this site were lower, with 0.38 ± 0.06 a.u. and significantly different 

to the upstream site (p <0.05). These results suggest that (1) the “Couze Pavin” site is not 

highly contaminated, and (2) P-gp expression in brown trout erythrocytes seems to respond to 

low contamination in correlation with upstream and downstream degrees of river pollution. 

Indeed, it has been reported that in human different classes of anticoagulants such as Vitamin 

K antagonists are substrates of P-gp (Gschwind et al. 2013, Stollberger and Finsterer 2013). 

Moreover, dose-dependent P-gp response to different PAHs was already reported in different 

species such as in primary culture of brown trout erythrocytes (Valton et al. 2013, 2015), the 

ciliated protozoan Tetrahymena pyriformis (Bamdad et al. 1997, 1999) and Drosophila 

melanogaster (Vache et al. 2006, 2007). 

In the “Durolle” river, the same pesticides are found at upstream and downstream sites 

located in urban areas and agricultural land, respectively. At both sites, the presence of 

Oxadiazon, Atrazine, Coumatetratyl and Diuron was detected with an overall quantity of 

multi-residue pesticides of 0.018 µg.L
-1

 upstream and 0.027 µg.L
-1

 downstream. Therefore, 

the downstream site was 1.5 times more contaminated. In correlation with the state 

contamination of these sites, P-gp expression levels in the erythrocytes of brown trout blood 

collected from these sites were significantly different, with 0.24 ± 0.02 a.u. upstream and 0.55 
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± 0.12 a.u. downstream. These results suggest that P-gp expression in erythrocytes of brown 

trout responds to a mixture of multi-residue pesticides presenting different degrees of 

contamination. The toxic effect of pesticides such as Diuron on genotoxicity of brown trout 

erythrocytes has already been reported (Bony et al. 2008). 

The analyzed sites of the “Auzon” river were located in agriculture land. The upstream site of 

the river was contaminated by Coumatetralyl, Diuron and its metabolite DCPMU, with a total 

quantity of multi-residue pesticides at 0.041µg.L-1. On this site, the level of P-gp expression 

in the erythrocytes of brown trout collected under the same conditions was 0.81± 0.06 a.u. 

The “Auzon” downstream site was contaminated by Coumatetralyl (common in both sites) 

and other multi-residue pesticides such as Oxadiazon and Myclobutanil. The toxic impact of 

Myclobutanil on juvenile rainbow trout has already been reported (Konwick et al. 2006, Bony 

et al. 2008). On this site, the overall quantity of various multi-residue pesticides was 0.044 

µg.L
-1

 and the level of P-gp expression in brown trout erythrocytes was 0.90 ± 0.09 a.u. and 

not significantly different to the upstream site (P <0.05). Moreover, the ANOVA analysis of 

P-gp expression including all polluted rivers ie “Couze Pavin”, “Durolle” and “Auzon” 

showed river dependent expression (p = 10
-7

) as well as significant difference due to the 

location within each river (upstream/downstream) (p = 0.012).    

All of these results suggest that some or even all the pollutants contaminating a river could 

spread into the trout blood compartment. Therefore, the P-gp level detected in trout 

erythrocytes may reflect the degree of overall contamination in each river. Indeed, the 140 

kDa-P-gp expression in brown trout erythrocytes may respond to the overall river water 

pollution at different sites of a given river or in rivers located in different watersheds. 

Moreover, the overall quantity of multi-residue pollutants in each analyzed river (upstream 

and downstream sites) seems to correlate to the expression of P-gp in brown trout 

erythrocytes. However, comparison between different rivers showed that P-gp expression 
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levels in each site are higher or lower depending on the nature and quality of the pollutants. 

Indeed, preferentially target substrates for P-gp are large hydrophobic molecules with high 

molecular weights (Sarkadi et al. 2006) and the expression level of P-gp may be influenced 

by the structure of the target pollutants having more or less affinity for that glycoprotein. 

Therefore, P-gp expression could reflect quantitative and qualitative pollution.  

 

 

Conclusion 

All the results from wild brown trout collected in rivers in Auvergne suggest that the 140 

kDa-P-gp expression in the erythrocytes of brown trout could be used as a potential biomarker 

for identifying the degree of pollution upstream and downstream and/or for comparing 

pollution of different rivers. Indeed, this tool, a simple blood test for fish for use in the field, 

could be used to determine the degree of contamination of river water quickly and efficiently. 

This biological tool offers considerable advantage since it provides effective response to the 

increasing need for an early biomarker. This tool is currently being developed for other fish 

species. However, the erythrocytes of brown trouts also express a mini P-gp of 75 kDa, which 

seems also implicated in the membrane defense mechanism against xenobiotic. The molecular 

sequence of mini-P-gp of trout erythrocytes is currently under study. 
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Figures legends 

 

Table 1: Organic micropollutants analyses in different rivers located in different watersheds 

The level of water pollution of the “Couze Chaudefour”, “Couze Pavin”, “Durolle” and 

“Auzon” rivers was analyzed in parallel at the same trout collecting sites (upstream and 

downstream). LOQ: limit of quantification (concentration for which the compound signal is at 

least 10 times the background signal intensity). 

 

Figure 1: abcb1 mRNA and expression of P-gp in brown trout erythrocytes from “Couze 

Pavin” and “Couze Chaudefour” rivers. 

abcb1 mRNA in the polluted reference site (A) in the « Couze Pavin » and the unpolluted site 

(B) in the « Couze Chaudefour » by Reverse Transcriptase-PCR analysis in erythrocytes cell 

of brown trout. The negative control is a PCR realized directly on the RNA extraction to 

shown a DNA contamination. 1 and 5: the PCR of abcb1 gene on cDNA obtain with the 

abcb1 reverse primer. 2: the PCR of abcb1 gene directly on RNA (use as negative control). 3: 

the kanamycin positive control RNA. 4: the PCR of abcb1 gene on cDNA obtain with the 

oligodT primer.  

P-gp expression in brown trout erythrocytes from the polluted site (C) in the « Couze Pavin » 

and  the unpolluted reference site (D) in the « Couze Chaudefour by Western Blot analysis. P-

gp protein expression was studied in total protein extract from dry pellets of brown trout 

erythrocytes by Western Blot analysis. The tubulin was used as internal control. 

 

Figure 2. Quantification of the expression of P-gp in brown trout erythrocytes from different 

rivers. 
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The red blood cells were taken from brown trout at upstream and downstream sampling sites 

of different rivers: “Couze Chaudefour”, “Couze Pavin”, “Durolle” and “Auzon”. Proteins 

were analyzed in total protein extract from red blood cells using Western blot analysis. P-gp 

expression was quantified by QuantityOne software (Biorad®). a.u.: arbitrary units. a 

indicates significant differences (p<0,05) in P-gp expression between upstream and 

downstream sites. 
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Table 1 :  

 

 

Polycyclic 

Aromatic 

Hydrocarbon 

(HAP) (µg/L)

Couze 

Chaudefour

Referenced 

site 

National Nature 

Reserve
<LOQ <LOQ

Upstream Urbanized areas 0,03 0,009 0,039

Downstream Agriculture land 0,009 0,009

Upstream Urbanized areas 0,006 0,005 0,004 0,003 0,018

Downstream Agriculture land 0,008 0,006 0,005 0,008 0,027

Upstream Agriculture land 0,017 0,019 0,005 0,041

Downstream Agriculture land 0,017 <LOQ 0,022 <LOQ <LOQ 0,05 0,089

Multi-residue  pesticides (µg/L)

River
Sampling sites (Corine Land Cover 

nomenclature)
Acenaphtene Oxadiazon Atrazine Coumatetralyl Diuron

1-(3,4-

DiCloroPhenyl)-3-

Methyl Urea 

(DCPMU)

Total pollution per 

site (µg/L)
Myclobutanil

Auzon

Couze Pavin

Durolle
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