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Abstract   

The European sturgeon, Acipenser sturio, is a highly endangered species that almost disappeared in the last decades. 

Thanks to yearly restocking of the population, this species is still found in the Gironde estuary (France), where 

juveniles grow during several years before leaving to the ocean. The aim of this study was to evaluate the pressure 

exerted on these fish by known organic and inorganic contaminants during their stay at the Gironde estuary, and to get 

information on the fish’s health in this context. Monthly captures over the year 2014, provided 87 fish from the cohorts 

2012 and 2013 mainly, and from cohorts 2008, 2009 and 2011, all fish born in hatchery. We report the very first 

analyses of contaminant levels and of biological markers measured in the blood of these fish. Low inorganic 

contamination was found, composed of seven metals mainly: Zn (< 5 µg.mL-1),  Fe (< 1.5 µg.mL-1), Cu (< 0.8 µg.mL-

1), Se (< 0.8 µg.mL-1), As (< 0.25 µg.mL-1), Co (< 0.14 µg.mL-1) and Mn (< 0.03 µg.mL-1). Concerning persistent 

organic contaminants, the sum of 7 PCBs varied from 1 to 10 ng.g-1 plasma, that of 8 OCPs from 0.1 to 1 ng.g-1, and 

that of 8 PBDEs from 10 to 100 pg.g-1. Higher levels of contaminants were measured during spring as compared to 

summer. The sex steroid hormone plasma levels (estradiol, testosterone and 11ketotestosterone) were quite low, which 
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was predictable for juveniles.  The transcription of reproduction–involved genes (EstR, AR, LHR, sox9) in blood cells 

was demonstrated for the first time. Some of them were correlated to organic contaminant levels PCBs and OCPs. 

Other gene transcriptions (sodCu and bax) were correlated to PCBs and OCPs.  However, the DNA damage level 

measured here as comet tail DNA and micronuclei ratio in red blood cells, were in the very low range of the values 

commonly obtained in fish from pristine areas. The data presented here can serve as a reference base for future 

monitoring of this population of sturgeons. 
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Introduction  

 

The Gironde estuary is a highly turbid estuary with a macrotidal regime with historical pollution mainly due to geology, 

former mining and ore treatment (Lanceleur et al. 2011) industrial waste (Budzinski et al. 1997; Grousset et al. 1999) 

and agricultural activities (Kraepiel et al. 1997; Masson et al. 2006) but also urban wastewaters (Deycard et al. 2017). 

In addition, the regular re-suspension of sediment and the salinity gradient can induce remobilization of contaminants 

(Lanceleur et al. 2013). 

In parallel, the estuary fish assemblages reveal the presence of 75 fish species (Lobry et al. 2003) with 8 diadromous 

species regularly observed, the Gironde being a relatively good ecological reference among European estuaries. Levels 

of fish contamination were highly variable according to species and organs analyzed. Durrieu et al. (2005) studied 4 

metals (Cd, Zn, Cu, Hg) in 4 organs (gills, muscle, liver and kidney) in eight species. Results highlighted low 

contamination levels for meagre Argyrosomus regius, seabass Dicentrarchus labrax, sole Solea solea, canary drum 

Umbrina canariensis but high levels for eel Anguilla anguilla, flounder Platichthys flesus and particularly mullet Liza 

ramada, those ones spending a longer journey in the estuary (3 to 14 years). In muscle tissue, metal concentration was 

relatively low except for Hg among twaite shad Alosa fallax. In kidneys and liver of L. ramada and A. Anguilla, Cd 

and Cu levels may imply structural and functional disturbances (Durrieu et al. 2005). Compared to other European 

estuaries (Seine, Mersey and Guadalquivir) the Cd concentration was higher in the Gironde estuary (Durrieu et al. 

2005). A study on eels PBDE and PCB contamination (Tapie et al. 2011) indicated contamination increase during the 

ontogeny mainly through trophic ways. The highest contamination level concerned adult eels (silver eels) and was 

similar to Northern Europe contamination levels which raise sanitary problem for human consumption but also can 

affect eel sexual maturation. A study on PCB contamination in fish community from the Gironde estuary, confirmed 

the high concentration levels in eels and food web magnification (Bodin et al. 2014).  

The European sturgeon, Acipenser sturio, was formerly widely caught in the Atlantic Ocean and in the rivers of the 

Western Europe. The wild population of European sturgeon showed a dramatic decline since the sixties (Castelnaud 

2011) and was almost extincted by the nineties (Brosse 2003; Rochard et al. 2001). This species is nowadays no more 

captured than in the rivers Garonne and Dordogne in Southwest France. Classified as critically endangered by IUCN 

criteria, the species has benefited of a European action plan (Rosenthal et al. 2007) and of a French national action 

plan started in 2011 (MEDDTL 2011). Thanks to the constitution of a captive stock (Williot et al. 2011) a regular 

stocking program was enhanced for A. sturio restauration and the estuarine fraction of the sustained population was 

monitored again since 2009 (Acolas et al. 2011a, Acolas et al. in prep.). The success of a restoration program is highly 

dependent on the survival of larvae, young of the year and of juveniles in the environment. To ensure its success, 

warranty is needed that the suspected causes of decline are removed or largely attenuated. The monitoring of the 

pollutant levels in fish blood might be very informative of the pressure exerted by pollutants on wild fish population. 

         

The only study dealing with contamination levels on a sturgeon species in the Gironde concerned the Siberian sturgeon 

A. baerii which is an exotic species incidentally released after the 1999 tempest (Acolas et al. 2018). Maury-Brachet 

et al. (2007) compared the level of metallic contamination (5 metals: Cd, Zn, Cu, Pb, Hg) between escaped individuals 
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recaptured and corresponding farmed fish in 4 organs (gills, muscle, liver, kidneys). The analysis revealed higher levels 

of Cd, Pb and Hg in the fish collected in the estuary compared to the fish farm. However, the concentration in those 

fish, after 3 years spent in the estuary, was considered low compared to other Gironde species such as eels and mullets 

(Durrieu et al. 2005). The study concluded that taking in account their live in the same habitat and their diet with the 

same preys, the endangered species A. sturio was probably not exposed to a high risk of polymetallic contamination 

(Maury-Brachet et al. 2007). Organic contaminants and physiological indicators were not studied at that time. 

 

Sturgeons are threatened throughout the world and many factors such as over-harvest, habitat loss or alteration and 

pollution were mentioned as causes to their decline (Billard and Lecointre 2001). Some studies on contamination in 

the wild were carried out but they mainly took place in rivers. Li et al. (2003) recorded a relatively low contamination 

of PCBs for lake sturgeon Acipenser fulvescens (but one individual only) in Detroit River compared to other fish 

species. For the same species, in the lower Niagara River, the levels of organochlorine pesticides were measured as 

well as sex steroids. The contamination levels were low and did not affect fish reproductive physiology (Jacobs et al. 

2014). In San Francisco bay, white sturgeon (Acipenser transmontanus) exhibited intermediate contamination in PCBs, 

PBDE, Hg and Se (Greenfield et al. 2003) compared to the other fish species. Concentration of Hg was highly 

correlated to sturgeon length. PCBs concentrations were very variable according to years, probably in connection with 

movement and diet variations. Se contamination seemed to be linked to diet composed with bivalves (Greenfield et al. 

2003). In the Columbia River, samplings carried out on white sturgeon suggest that organochlorine pollutants could 

have adverse effect on their reproductive physiology since effects on plasma androgen concentration were highlighted 

(Foster et al. 2001). The results of all those studies enhanced the necessity to assess, within the frame of a sturgeon 

population restauration measures, the possible impacts of the aquatic environment quality on fish health and their 

capacity to fulfil their life cycle.  

Most of the studies on wild fish populations used a lethal sampling protocol, and only few studies applied low invasive 

methods of sampling (e.g. Baillon et al. 2016; Sturrock et al. 2013). But when studying critically endangered species, 

no sacrifice is allowed, the body integrity and health of the animal should be favored. Working on low impact biological 

sampling such as fin clip or blood sample is required.  The impact of contaminants on fish health can be assessed 

through multiple biomarkers (Lagadic et al. 1997; Van der Oost et al. 2003). Comet and micronucleus assays are 

suitable indicators of genotoxicity (e.g. Braham et al. 2017; Hariri et al. 2018). To assess the impact of endocrine-

disrupting contaminants, vitellogenin concentration or steroid hormones levels are successfully measured from blood 

plasma (e.g. Gundersen et al. 2008; Jacobs et al. 2014; Farkas et al. 2017). The analysis of target gene transcription 

can be performed on red blood cells, since they are nucleated at fish (Valton 2017).  

 

The European sturgeon is an anadromous long-lived species. The juveniles spend several years in the Gironde estuary 

(Acolas et al. 2011b; Castelnaud et al. 1991), then they can be vulnerable to chronic contamination. In the present 

study, our objectives were to assess health indicators of the estuarine fraction of the European sturgeon sustained 

population with non-invasive biological samplings. On one hand, biomarkers of genome integrity such as comet and 

micronucleus assays were measured in blood cells. They were supplemented by the analysis of target genes 

transcriptions in blood cells. Some of the target genes were chosen in order to inform about the reproductive function 
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in relation to the age of immature fish. Others were related to the detoxification and oxidative stress. On the other hand, 

the concentration of inorganic and organic contaminants and the sex steroid hormones levels, were measured, at the 

individual level in blood plasma.  

The combine use of all those indicators to characterize the health status and the contamination fingerprint of an 

endangered fish population in its natural environment, through non-destructive samplings, is very rare. The data 

presented here can serve as a reference base for future monitoring of this population of sturgeons. 

 

 

Materials and methods 

 

Study site, fish collection and fish characteristics 

A. sturio reproduction occurs in freshwaters and juveniles migrate downstream to sea to achieve their growth .A 

particularity of this species is that juveniles spend a few years in the estuary (at least 2 years) before carrying out some 

back and forth movement between the estuary and the sea and finally leave the estuary (Castelnaud et al. 1991, Acolas 

et al. 2011b). Due to this particularity, monitoring during their stay in the estuary allow assessing some population 

indicators (Acolas et al. in prep.). Sampling was performed with a benthic trawl in areas where trawling is feasible (no 

ledge and outside of the navigation channel). All fish captured were processed before releasing them. Each sturgeon 

was individually marked with external and internal tags, measured and weighed, fin samples were taken for age 

determination and genetic monitoring. During the seven trawling campaigns that were carried out in year 2014, 87 A. 

sturio were caught and blood samples were taken from 68 among them to assess health parameters.  For the purpose 

of this study, fish were given a number according to their date of capture, increasing from February to September 2014. 

Most fish (54%) were captured during summer; they belonged to 6 cohorts according to age reading on a section of 

the pectoral fin ray (Rochard & Jatteau, 1991) and genetic analysis (Roques et al. 2016). Most fish (72%) were 2 years 

old (cohort 2012) (Figure 1). Fish fork length averaged 58 cm ±18 (min 35, max 150 cm) and weight averaged 1.5 kg 

±2.7 (min 200g, max 21.2 kg). 

Thanks to the stocking plan strategy and the genetic monitoring (Acolas et al. in prep.), we were able to assess, their 

age at release and the river they were released in. We then made 2 groups: fish released at or before 3 months old 

(larvae, larvae or 3 months old, 3 months old) which represented 85% of the capture and fish released older (1 or 2 

years old) which have spent much time in captivity. Then, among one cohort, we could have fish which spent different 

time in captivity and then different time spent in the natural environment (Figure 2). Fish were released either in the 

Dordogne River or in the Garonne River, and in 2014, most fish recaptured in the estuary (70%) were originated from 

the Garonne river. 
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Figure 1: Number of individuals sampled in 2014 in the Gironde estuary per month of capture and per cohort 

*No stocking occurred in 2004, this fish may come from a reproduction in the wild 

 

 

Figure 2: Number of individuals stocked and sampled per cohort and their respective time spent in the natural 

environment  

 

Blood sampling 

Blood sample from individuals was taken from the caudal vessels. The amount of blood collected corresponded to less 

than 10% of the blood volume in the fish on the basis of an average blood volume equal to 2.25% of the weight of the 

individual (FAO data) in order to comply with the procedural conditions of the “light type” according to the directive 

of September 22, 2010, on animal experimentation. Few drops were mixed immediately with 200 µL of a 

cryopreservative buffer and deep frozen in liquid nitrogen until comet assay. Ethanol-fixed blood smears were 

performed immediately according to the method described in Polard et al. (2011) for micronuclei analysis. Remaining 

blood volume (1 to 2ml depending on the fish weight) was deposited in heparinized tubes. After centrifugation at 

10,000g for 5 min, the plasma was separated for the determination of steroid hormones, organic contaminants and 

inorganic contaminants; the cell pellet was supplemented with 300 μl of RNAlater solution for the analysis of gene 

expression in blood cells. The plasma and the cell pellet were then frozen at -20°C.  
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Quantification of inorganic contaminants in plasma 

The concentration of 13 metals was measured in the blood plasma from individual fish. The plasma samples were 

prepared to metal quantification according to the protocol developed by Goullé et al. (2005). In the meantime, two 

tubes containing the international certified reference material (TORT-2 sample (Lobster hepatopancreas) and DOLT-

4 samples (Fish liver)) were prepared in order to verify the accuracy of the method. Approximately 100 mg of those 

CRMs were digested by 3 mL of nitric acid in polypropylene tubes. Then, this mixture was heated by Hot Block for 3 

hours at 100˚C, and after cooling 15 mL of ultrapure water (Milli-Q®) was added. Finally, 2 blank samples were also 

prepared in the same conditions (3 mL of HNO3 before heating and 15 mL of Milli-Q water added after cooling). 

However, all metals were analysed by Inductively Coupled Plasma Optical Spectrometry (ICP-OES; Agilent 

Technologies, 700 Series ICP-OES).  

 

Quantification of organic contaminants in plasma 

The target compounds were as follows: polychlorinated biphenyls (PCBs, congeners 28, -52, -101, -118, -138, -153 

and -180), organochlorine pesticides (OCPs, HCB, γ-HCH, Heptachlore, cis-chlordane, trans-nonachlor, 2,4′ DDE, 

4,4′ DDE, 4,4′ DDD, 2,4′ DDT, 4,4′ DDT and mirex) and polybromodiphenylethers (PBDEs, congeners -28, -47, -49, 

-99, -100, -153, -154, -183 and -209). Analyses were carried out at individual level, according to the method described 

in Tartu et al. (2015), which relies on liquid / liquid extraction followed by purification by adsorption chromatography. 

The extracts were analyzed for polychlorinated biphenyls (PCBs) and organochlorine pesticides (OCPs) by gas 

chromatography coupled to an electron capture detector (GC-ECD). Polybromodiphenylethers (PBDEs) were 

determined by GC hyphenated with mass spectrometry (GC-MS) (Luna Costa et al. 2015). 

 

Quantification of steroid hormones in plasma 

The steroid plasma levels were measured from plasma extracts using the competitive enzyme immuno assay (ELISA) 

method developed for 11ketotestosterone (11KT) (Cuisset et al. 1994), and adapted for testosterone (T), and 17-

estradiol (E2). Pure steroids used for standard (11KT, T, E2) were purchased from Sigma. Bovine Serum Albumin 

(BSA) was R.I.A grade (Fraction V, Sigma A-7888). The secondary antibody (Mouse monoclonal anti rabbit IgG) was 

purchased from SpiBio (Saclay, FRANCE). Solid phase enzyme immunoassay was performed on 96 wells flat-

bottomed microtiter plates, (Maxisorp) purchased from NUNC. Measurements were achieved at 405 nm using a MRX 

microplate reader (DYNATECH). The free steroids were extracted from 0.5 ml aliquots of plasma using 2 ml of a 

mixture made of ethylacetate/cyclohexane (1:1). Each sample was analysed in duplicate. The 11KT standard curve 

and the crossing activity of specific anti-11KT antibody, (rabbit anti-11KT serum) were previously described (Cuisset 

et al. 1994). ELISA for  E2 or  T were adapted from schedule previously described for 11KT. Standard curves obtained 

using pure steroid dissolved in assay buffer, ranged from 7.8 pg.ml-1 to 16,000 pg.ml-1. The specific anti-T antibody 

was previously described (Nash et al. 2000). The enzymatic tracers used for E2 and T were purchased from SpiBio 

(Saclay, France). 
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DNA damage analysis in blood cells 

Comet assay: blood samples diluted in cryopreservative buffer (1/100; 250 mM sucrose, 40 mM trisodium citrate, 5 % 

dimethyl sulfoxide, pH 7.6, adjusted with 1 M citric acid) were rapidly thawed before the alkaline comet assay 

processed according to the protocol produced by Singh et al. (1998) with minor modifications. 50µL of cell suspension 

was added to 100µL of 1% low melting point agarose (LMPA) and two gels of 50 µL (about 10,000 cells/gel) were 

layed down on a precoated slide. Slides were placed in a freshly prepared lysing solution at 4°C for 1h30, then  placed 

in an electrophoresis tank (0.3 M NaOH, 1 mM EDTA; pH>13) for 30 min to allow the DNA to unwind. 

Electrophoresis was carried out at 25 V, 300 mA for 20 min. DNA damage was expressed as percentage tail DNA 

(Hartman et al. 2003), and 100 randomly selected nucleoids were analyzed on two replicated gels. Image analysis was 

performed with the Comet 4.0 software (Perspective instruments Ltd.). Heavily damaged cells exhibiting a specific 

microscopic image (commonly referred to as hedge-hogs or ghost cells) are considered to be apoptotic or necrotic cells 

as previously described (Olive & Banath, 1995). These cells were excluded from data collection. 

Micronuclei (MN) were counted on individuals from ethanol-fixed blood smears. After staining the cells with acridine 

orange (0.003% in PBS Dulbecco), the observations were made by fluorescence microscopy (Olympus BX4 

microscope, U-MWB2 filter) at a 1000 fold magnification. For each sturgeon, 2000 erythrocytes were counted. 

Micronuclei exhibiting the same yellow–green fluorescence as the nucleus were scored. Results were recorded as 

permille (‰) of micronucleated cells compared with the total number of counted cells. 

 

Genes’ expression in blood cells  

Taking the opportunity that fish red cells are nucleate, we have checked the expression level of genes related to 

detoxification, immunity and reproduction processes in the blood cells. Total RNA extraction from blood samples was 

performed with the kit “SV Total RNA Isolation system” (Promega) following the supplier’s recommendations. 

Samples were homogenized using the MP fastprep®-24 (Biorad, 6 m/s, 40s) with 14.4 mm diameter ceramics beads 

(MP Biomedicals, Lyssing Matrix D Bulk). 

The Reverse transcription was performed using a kit purchased from Promega (GoScript Reverse Transcription 

System). 1 µL of oligodT (1 µM) and 1 µL of hexanucleotides (1 µM) have been added to 10 µL of total purified RNA 

(1 µg). The mix was then heated at 70°C for 5 minutes with a thermocycler (Eppendorf Mastercycler) followed by 5 

minutes at 4°C to allow primer annealing. Subsequently, 1 µL of dNTP solution (10 mM), 4 µL of activity buffer, 1.5 

µL of MgCl2 (25 mM), 1 µL of reverse transcriptase (1 U/µL) and 0.5 µL or RNAsine were added. The reverse 

transcription reaction was performed for 1 h at 42°C in a thermocycler. The cDNAs thus obtained were stored at -20°C 

pending analysis by quantitative real-time PCR reaction.  

Quantitative real-time PCR 

Nineteen genes were investigated and specific primer-pairs designed with primer3plus software (Table 1). Real-time 

qPCR was carried out using GoTaq® qPCR Master Mix kit (Promega). PCR reactions contained 17 µL of a mixture 

of Nuclease-Free Water and GoTaq® qPCR Master Mix containing the SyberGreen fluorescent dye, 2 µL of specific 

primer pairs mix (200 µM each) and 1 µL of cDNA. Real-time quantitative PCR reactions were performed in a 

Mx3000P® qPCR System (Stratagene). The amplification program consisted in one cycle at 95 °C for 10 min, then 

45 amplification cycles at 95°C for 30 s, 60 °C for 30 s and 72 °C for 30 s. Specificity was determined for each reaction 
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from the dissociation curve of the PCR products. This dissociation curve was obtained by following the SYBR Green 

fluorescence level during a gradual heating of the PCR products from 60 to 95 °C.  

Cycle thresholds (Ct) were obtained from MxProTM qPCR software for each gene. Two different reference genes were 

investigated (Rpl7 and EF1α) and were found to be stable in our conditions. Consequently, relative quantification of 

each gene expression level was normalized according to the mean Ct value of these two reference genes according to 

the 2∆Ct methods described by Livak & Schmittgen (2001). 

 

Data analysis 

DNA damage: Global linear models (Glms) were used to identify variables that could influence DNA damage 

indicators (i.e. Comet tail DNA and MN rate). Data were log-transformed to fulfill normality assumption. Post-hoc 

Tukey tests were carried out when necessary. Explanatory variables tested were fork length, weight, month of capture, 

season, age at release, cohort and time spent in captivity. We also tested inorganic and organic contaminant effect. 

Correlation between comet tail DNA and MN rate were tested with Pearson correlation coefficient. 

- Gene expression in blood cells: The  2∆Ct values were obtained for each gene expression, according to the method 

described by Livak & Schmittgen (2001),  after comparison to housekeeping genes means values. Every fish was thus 

represented by seventeen 2∆Ct values (one per gene tested) which were used as quantitative variables and integrated 

in PCA or ANOVA, in order to evaluate the correlation with other variables 

Inorganic contaminants 

Among the inorganic contaminant analyzed, 6 elements were under the limit of detection: Ag, Cd, Cr, Ni, Pb and V. 

Then we focus the analysis on As, Co, Cu, Fe, Mn, Se and Zn. Glms were then used to assess their values function of 

fork length, weight, month of capture, season, age at release, cohort and time spent in captivity. Data were log-

transformed to fulfil normality assumption and post-hoc Tukey tests were carried out when necessary. 

Organic contaminants 

Correlation between ∑PCBs, ∑PBDEs and ∑OCPs were tested with Pearson correlation coefficient. Glms were used 

to identify organic contaminants relationship with ecological variables. Data were log-transformed to fulfil normality 

assumption. Post-hoc Tukey tests were carried out when necessary. Explanatory variables tested were fork length, 

weight, month of capture, season, age at release, cohort and time spent in captivity. 

Multivariate analysis PCA 
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Table 1: Specific primer-pairs and functions of the different genes used 

Gene Sequence 5’-3’ Name – Function 

rpl7 

 

ef1 

 

GGGCATTGTCAACCAGAGG a 

CTTCTCCGACTTCGCCAG b 

CGTTTCCACGGCGGAT a 

CCCCTGCGTCTGCCTC b 

Ribosomal protein L7 (housekeeping gene) 

 

Elongation factor 1 

sod Mn 

 

sod Cu/Zn 

 

GACCACGTTCCAGATCGC a 

GGCTGGCTGGGGTTCA b 

GTGCGCCGCAAGATGA a 

CCAATTACTCCGCAGGCCAA b 

Superoxide dismutase - Oxidative stress 

response 

Superoxide dismutase - Oxidative stress 

response 

 

gpx CTGCTAAGATCCTGAACACCG a 

GGTATCCGAACTGGTTACAGGG b 

Glutathione peroxydase - Oxidative stress 

response 

P53 GGTCCAGCAAGAAGAGCCG a 

CCAGGCCCTCTCTCTCC b 

Tumor supressor p53 - Cell cycle 

arrest/apoptosis 

bax GTAAGCCAAGGCACCCG a 

GGGAAGAGTTGTTGCCCTTT b 

BCL2 associated x protein - Cell cycle 

arrest/apoptosis 

mdr1 

 

DNA mt 

 

AACCCCCAATCCAGCGG a 

CCGCTTTGCTACGGGC b 

CAAGCTGGGCTGTAAGAAGG a 

GCTTGCAGAGGTCAAAGAGG b 

Multidrug resistance - Detoxification 

 

Methyl transferase - Epigenetic modification  

gadd45 AGCAACGTCCTGGGAAT a 

GTGCAATATGACTTTTGAGGAACTAAGTG b 

Growth arrest DNA damage - DNA repair 

rad51 

 

AGGAGGAGAATTTTGGACCACA a 

CCAATTTCGCCGCCTCTG b 

DNA repair 

LHR TCCTCAACACCTCTCCGACT a 

GCACAGCAGTGACTGGGATA b 

Luteinizing hormone receptor - Reproduction 

AR 

 

GCCCTCAGGATAGTATGATTACTCAC a 

GGGCTCTGGGTAGGCTT b 

Androgen receptor - Reproduction  

EstR 

 

AAGCTGTGTTGAGGGTATGG a 

CCAGTAGTAGTTGAATGGTCTGGC b 

Estrogen receptor – Reproduction 

sox9 

 

TCAGCTGCTCGGTCTTGATG a 

GGTCACTTACACTGGCAGCT b 

Transcription factor – Reproduction 

dmt1 

 

AACATGCCAGGCTGGTACTC a 

AGGAGACCCATCAGCCAGAT b 

Divalent metal transporter  

perf 

 

GGGCTGCGTCCAGATTCTTA a 

TTCCAGCTTCTGCCCAGATG b 

Perforin – Immunity 

MhC1 

 

GATCCACGAGCTTTCCTCTG a 

TCGATAAGGACACCCTGACC b 

Major histocompatibility complex classe 1 - 

Immunity 

MhC2 

 

 

AGCATGACGGACATGGTGTA a 

ATCTGTTGCGAAGCTCAGGT b 

Major histocompatibility complex classe 2 - 

Immunity 

a : Forward primer 
b: Reverse primer 

 

 

We carried out a Principal Component Analysis (PCA) in order to identify the main correlations in our dataset. 

Nineteen quantitative variables were taken in account: fork length, weight, Comet tail DNA test, MN rate, hormonal 

dosage (E2, 11KT, T, E2/T, E2/11KT), inorganic contaminants (N=7: As, Co, Cu, Fe, Mn, Se and Zn) and organic 

contaminants (N=3: ∑PCBs, ∑PBDEs and ∑OCPs). Qualitative data considered were month of capture, season, cohort 

(i.e. birth year), age at release (below or equal to 3 months old vs one or two years old), time spent in the natural 

environment, time spent in captivity, river of release. The 68 individuals were considered in the analysis, however, 
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considering that all assays were not made on all individuals (not enough blood per individual for all analysis), missing 

or left-censored values were approximate using InputePCA method from missMDA package. 

PCA was also carried out on the fish on which all the assays  made  (N= 27 biggest individuals). Twenty-eight 

quantitative variables were taken in account : total length, weight, Comet tail DNA test, MN rate, hormonal ratio 

(E2/11KT), inorganic contaminants (∑7 metals: As, Co, Cu, Fe, Mn, Se and Zn), organic contaminants (N=3: ∑PCBs, 

∑PBDEs and ∑OCPs), gene expression value  (N= 17: p53, Bax, DNAmt, Mdr1, Gadd, Rad51, SodCu, SodMn, gpx, 

MhC1, MhC2, perf, AR, EstR, LHR, Sox9, Dmt1). 

 

Results 

 

Inorganic contaminants 

Table 2 gathers all Glms results concerning inorganic contaminants levels. As contamination is significantly lower in 

spring than in summer-autumn and increases with fish length as well as Se, but this latter relationship is weaker (Figure 

3A, B). Individuals captured in June have significant lowest levels for Se than individuals captured in May, July or 

November (Figure 3C). Co values are significantly higher for individuals captured in spring than for ones captured in 

summer-autumn (Figure 3D). Cu values vary according to month of capture with higher values in July and March 

compared to August and smaller values in November compared to March, May or July (Figure 3E). Mn values are 

significantly higher in August than in all the other months of capture, the highest value was measured for one individual 

belonging to 2011 cohort captured in August (0.046 mg. L-1 plasma) (Figure 3F). Zn values are significantly smaller 

in August and November sampling than in fish captured in March, May or July (Figure 3G). Fe levels are significantly 

higher for individuals released at young stage (below 3 months old) than for the ones released older (at or above 1 year 

old) (Figure 3H). 

 

Organic contaminants 

Among PCBs, the predominant congeners found were CB-153 (42.5 ± 11.1 % of ∑PCBs), CB-138 (29.9 ± 7.6 %) and 

CB-180 (18.0 ± 8.3 %) and, among OCPs, 4,4'-DDE (52.6 ± 40.5 %) and 4,4'-DDD (37.1 ± 32.1 %) were prevalent 

while among PBDEs, BDE-47 was the only detected congener. Concentrations of PCBs, OCPs and PBDEs were 

generally low: the sum of 7 PCBs varied from 1 to 10 ng.g-1, for 8 OCPs from 100 pg to 1 ng.g-1, and for 8 PBDEs 

from 10 to 100 pg.g-1. A positive correlation was found between ∑PCBs and ∑PBDEs (correlation coefficient=0.69, 

p-value= 2.968e-8) as well as between ∑PCBs and ∑OCPs (correlation coefficient=0.45, p-value= 0.0009) and 

∑PBDEs and ∑OCPs (correlation coefficient=0.50, p-value= 0.0002). 

Table 3 gathers all Glms results concerning organic contaminants levels. Glms results reveal that, as fork length 

increases, PCBs contamination decreases significantly (Figure 4A). PCBs levels are significantly higher for 2009 

cohort than for 2008 cohort but levels of 2009 cohort are significantly lower than for 2012 and 2013 cohorts (Figure 

4B). PBDEs levels are related to month of capture, levels in March being significantly higher than in May, July, August 

and November (Figure 4C). OCPs were related to season, contamination being higher in spring than in Summer-

Autumn (Figure 4D). 
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Table 2: Significant explanatory variables for the 7 inorganic contaminants measured in A. sturio. 

Inorganic contaminants Significant explanatory variables p-value 

As Fork length 8.478e-6 

 Season 0.005010 

Co Season 0.000172 

Cu Month  8.815-8 

Fe Age at release 0.03013 

Mn Month 2.2e-16 

Se Fork length 0.00674 

 Month 0.004127 

Zn Month 3.311e-9 

 

 

 

Table 3: Significant explanatory variables for the organic contaminants measured in A. sturio. 

Organic contaminants Significant explanatory variables p-value 

PCBs Fork length 7.607e-6 

 Cohort 0.003449 

PBDEs Month 1.581e-7 

OCPs Season 0.002449 

 

 

PCA results on the whole data set 

The first two components of the multivariate analysis explained 43% of the variance (Figure 5), the main ecological 

explanatory variables being the cohort (Figure 5B), the season (Figure 5C) and the time spent in the natural 

environment (Figure 5D). 

The first axis highlighted that Co, PCBs, OCPs and PBDEs were strongly correlated together. This combination of 

contaminants varied regarding the seasons. The individuals captured in spring (mainly March) were more contaminated 

in Co, PCBs and PBDEs than individuals captured at the end of the summer (mainly August) (data not shown)  

The second axis showed that individual weight, fork length, two hormonal dosages (11KT and T) and Cu levels were 

strongly correlated together (Figure 5A). All these descriptors depended on the time spent in the natural environment 

and the cohort. The biggest individuals which were also the oldest, had higher levels of Cu, 11KT and T than the 

smaller and younger individuals that had spent less time in the natural environment. 

For Cu contamination, the tendency seems driven by the oldest (2004 cohort) and the youngest individuals (2013 

cohort, less time spent in the natural environment), for the other cohorts (2008-2012) the average level of Cu is about 

0.27 mg.L-1 plasma (Data not shown ).  
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Figure 3: Concentrations of metals in the plasma of A. sturio according to their explanatory variables. (mean+/- SD)  
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Figure 4: Concentrations of persistent organic pollutants in the plasma of A. sturio according to their explanatory 

variables. PCBs are plot against fork length (A) and box plots of PCBs (B), PBDEs (C) and OCPs (D) according to 

their explanatory qualitative variables are represented.  

 

 

Sex steroid hormones  

The Figure 6 represents the sex steroid hormone levels measured in the plasma at the individual level. Among the three 

steroid hormones measured, in most fish the predominant one was estradiol (E2) that was not correlated to the size or 

the age of the fish (see multivariate PCA results). Eight individuals had E2 levels >300 pg.mL1  were found in fish 

from three cohorts (2012,  2009 and 2008); the highest level was found in one 2-years old individual (995 pg.mL-1). 

Levels of 11ketotestosterone (11KT) and testosterone (T) were low, most values being below 100 pg.mL-1. Eleven fish 

only among 61 had levels over 100 pg.mL-1. Testosterone levels were found to be correlated to 11KT levels (r=0.5762; 

p value <0.0005), and to E2 levels (r=0.5013; p value <0.0005). 11KT levels were correlated to fish weight (r=0.6340;  

p value=0.004), to fork length (FL) (r=0.5354; p value=0.041) and to age of the fish (r=0.6714; p value <0.0005). That 

may partly be due to the oldest (> 10 year) and biggest fish (number 44) exhibiting the highest 11KT levels. 

In 2 years-old fish (cohort 2012), individual levels for E2 and T seemed to be higher in spring than during summer-

autumn period (Figure 7A). Sexing fish was not possible since biopsy of gonad was forbidden on such precious 
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specimen. In order to minimize the differences in hormone levels that might be related to the sex, the sum of the three 

steroids was calculated for each individual: the mean total was found to be significantly higher (p< 0.05) in spring than 

during summer-autumn period (Figure 7B). This indicates that hormone levels exhibit seasonal variations in this 

cohort. 

 

 

 

Figure 5: PCA main results for the whole data set: (A) all individuals and all variables; (B, C, D) Distribution of 

individuals according to the cohort (B) to the season (C), to the time spent in the natural environment (D). 
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Figure 6: Estradiol (E2), Testosterone (T) and 11ketotestosterone (11KT) plasma levels (pg.ml-1) in 61 individuals of 

A. sturio. Number 44 corresponds to the biggest individual > 10 year. 

 

 

Figure 7:  Variation of hormone plasma levels of two years-old fish from the cohort 2012. (A) Individuals (B) Sum of 

the three hormones according to the season (mean + SD). * indicates a significant difference at 0.05 level. 

 

Genome integrity 

Glms results highlighted that comet tail DNA was related to month of capture (p-value=0.001) and cohort (p-

value=0.0003). MN rate was related to season (p-value=0.009). Those indicators were not related to inorganic or 

organic contaminant levels.  
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The results of the micronucleus test (MN) show relatively low levels for the majority of individuals, however with a 

very large inter-individual variability. MN rate was significantly higher for individuals captured in spring than in 

summer-autumn (Figure 8A) and higher for the smaller fish (fork length below 60 cm). On the contrary, MN rate was 

the lowest for the oldest individual. Regardless of the season, MN rate was quite high for three individuals 

(values>16‰). Comet tail DNA rate was higher in November sampling compared to all other months of capture and 

it was lower for cohort 2013 compared to 2008 and 2012 cohorts (Figure 8 B). The highest values were for some 

individuals belonging to the 2012 cohort (Figure 8B).  No correlation could be found between the comet values and 

the MN rate (p-value=0.9815). 

 

 

Figure 8: Micronucleus rate according to A. sturio length (A) and box plot of the comet tail DNA values for each 

cohorts (B). 

 

Gene expressions in blood cells 

2∆Ct values proved the relative expression of the seventeen genes of interest compared to the mean values of the 

housekeeping genes (rpl7 and ef1) in blood cells. 2∆Ct values were used for the comparison between fish and from 

gene to another. For the first time, the transcription of genes encoding proteins involved in the reproduction such as 

androgen receptor (AR), estrogen receptor (EstR), LH receptor (LHR), sox9, was found in blood cells. PCA performed 

on the individuals on which all the assays could be carried out (N= 25 individuals) demonstrated 5 main groups of 

variables: on one hand that with EstR, AR, LHR, perf, sodCu, mdr1gene expressions and ∑PCBs; on a second hand a 

group including dmt1, DNAmt, rad51, Gadd45 and p53 gene expressions with Sox9 and MhC2 gene expressions not 

far ; a third group where ∑PBDEs, ∑Metals, MN and E2/11KT ; a fourth group with sodMn, bax, Gpx gene expression 

and ∑OCPs. Age, total length, weight form another group with MhC1 gene expression. Comet tail DNA value was not 

correlated to any other parameters, including MN rate (Figure 9A). Interestingly, a strong correlation was found 

between the expression of genes encoding proteins involved in reproduction (EstR, AR, and sox9) and the plasma 

concentration of organic contaminants such as ∑PCBs and ∑OCPs (Table 4).  
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The distribution of individuals in relation to both dimensions is presented in Figure 9B; the correlation values using 

the 25 fish are shown in Table 4.  

 

Table 4: the significant correlation values obtained between the variables for the 25 selected individuals. 

Variable 
sodCu perf MhC2 sox9 AR EstR LHR Dmt 1 E2/11KT rad51 Gadd45 p53 Bax 

PCBs .6215 .6785 .6784 .6784 .6786 .6870   .4747    .6061 

 p=.002 p=.001 p=.001 p=.001 p=.001 p=.000   p=.026    p=.003 

OCPs .7128 .6360 .6357 .6357 .6361 .6480       .6345 

 p=.000 p=.001 p=.001 p=.001 p=.001 p=.001       p=.002 

sodCu  .7799 .7794 .7794 .7802 .8190 .4987      .8242 
  p=.000 p=.000 p=.000 p=.000 p=.000 p=.018      p=.000 

sodMn        .4756  .6767 .6726 .6735 AR 
        p=.025  p=.001 p=.001 p=.001  

Gpx       .5846     .5251  
       p=.004     p=.012  

EstR  .9967 .9967 .9966 .9967        .9098 
  p=0.00 p=0.00 p=0.00 p=0.00        p=.000 

Perf   1.0000 1.0000 1.0000        .9011 

   p=0.00 p=0.00 p=0.00        p=.000 

MhC2    1.0000 1.0000        .9009 
    p=0.00 p=0.00        p=.000 

MhC1          .7752 .9177 .8459  
          p=.000 p=.000 p=.000  

Dmt 1          .4698 .5223 .4880  
          p=.027 p=.013 p=.021  

sox9     1.0000        .9009 
     p=0.00        p=.000 

      

 mdr1 
.9543 

p=.000 

  

   

AR 

.9013 

p=.000 

 

 

 

 

Figure 9: PCA results for 25 selected fish for which all measures were available. 27 variables were used, including 

gene expression (N=17), organic contaminants (N=3: PCBs, OCPs, PBDEs), inorganic contaminants (N=1: 7 

Metals), DNA Damage (N=2: Comet, MN) hormones (N=1: E2/11KT ratio), fish total length, age and weight. 

A B 
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Discussion  

 

The present results describing biomarkers and chemical analyses from European sturgeon are the very first data 

obtained on specimen from the natural environment. All the measures were performed on blood at the individual level. 

Every data previously described in this sturgeon species, European sturgeon, were from reared sturgeons only. 

 

Contaminants measured in the blood of A. sturio from the Gironde estuary  

Globally, inorganic contaminants values are low among the sampled individuals. Many essential elements (Co, Cu, 

Mn, Se, Zn) tend to vary according to month of capture and this may be due to fish diet, or to remobilization of those 

elements from the sediment depending on water flow and tide intensity. The concentration of two elements, As and 

Se, increases with fish length which might be correlated to the time spent in the environment. The highest values of Fe 

among fish released at or before 3 month-old might be linked to environmental exposure during their early life spent 

in the rivers compared to fish released at or above one year-old which reach, rapidly after their release, the saline 

estuary to grow (Acolas et al. 2012, 2017). However, we do not have any data about the Fe content in the water or 

sediments from the rivers concerned. Research in this field could be considered in next future.  

We still do not have any valuable data to compare to our levels measured from the blood of sturgeons. Data previously 

obtained in the Gironde estuary were reported by Durrieu et al. (2005). They have compared the accumulation of four 

metals (Cd, Hg, Cu, Zn) in gills, muscles, liver and kidneys in eight fish species from the Gironde estuary. The 

concentrations were very variable from one organ to another and according to the species. The Cd levels found in 

kidneys  of  mugil, Liza ramada  and eel, Anguilla anguilla, were respectively  72 and 34 µg.g-1 dry weight , but in 

others species, the level was under  8 µg.g-1 dry weight. The accumulation rate varied greatly depending on the organ 

considered. Different tissue and unit (µg.g-1 dry weight of tissue), make it difficult to compare to our results (µg.ml-1 

plasma). As a noticeable difference, our samples did not contain significant level of Cd while high concentrations are 

currently measured in the Gironde estuary (Lanceleur et al. 2011).  

 

Only a few studies have determined concentrations of PCBs, OCPs or PBDEs in sturgeons and previous works mainly 

concerned tissues such as liver, muscle or eggs (MacDonald et al. 1997, Kajiwara et al. 2003, Feist et al. 2005; Hosseini 

et al. 2008; Zhang et al. 2010; Buckler, 2011). Furthermore, very few studies have addressed concentrations of 

halogenated contaminants in sturgeon plasma (Li et al. 2003; Valters et al. 2005), although this non-lethal approach is 

particularly valuable in the case of endangered species. Li et al. (2003) measured PCBs in the plasma of a Lake sturgeon 

(Acipenser fulvescens) and they reported ΣPCBs around 10 ng.g-1 wet weight in plasma (Li et al. 2003). The ΣDDT 

concentration (i.e. sum of 4,4'-DDT, 4,4'-DDD and 4,4'-DDE) was approximately 2 ng.g-1 wet weight in plasma. 

Although Li et al. (2003) targeted a different species and different locations, such values are within the same order of 

magnitude than those reported in the present study for sturgeon from the Gironde estuary. Valters et al. (2005) 

determined plasma concentrations of PBDEs in Lake sturgeon from Lake St. Clair in Canada which are comparable 

with those measured in this study (<0.1 ng g-1 wet weight). 
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PCA on the whole data set 

PCA analysis highlighted some gross tendency in our sample. Concerning the highest concentration of Co, PCBs and 

PBDEs in fish plasma in spring compared to summer-autumn period (2 to 3.5 fold time higher), it could be due to a 

seasonal modification of contaminants present in the estuary and/or to a seasonal modification of the diet of the 

sturgeons. In 2014, their diet was mainly constituted of Crustacea in spring and of Polychaeta in summer-autumn 

which contamination by organo halogenated pollutants has recently been documented for the Gironde estuary 

(Lauzent, 2017).  

On the contrary to the first variables, Cu and fork length, are not correlated to season but to the time spent in the natural 

environment. Cu is highest in the oldest fish of 10 year-old, fish that spent a high proportion of its life at sea on the 

contrary to the other cohorts that have either spent only little time at sea (2008, 2009 cohorts) or probably  lived only 

in the estuary (2011, 2012, 2013 cohorts). In conclusion, our results do not reveal high inorganic contamination of 

those fish that represent estuarine sub-fraction of the population of European sturgeon; on the contrary, their 

contamination level seems reduced as compared to what can be measured from blood plasma, in salmonids (0.69-2.8 

ppm) in freshwater or plaice at sea (0.73 ppm) (Sturrock et al. 2013).  

 

Sexual maturity assessed by hormonal levels in A. sturio from the Gironde estuary 

This is the very first report on hormonal status of European sturgeon A.sturio captured from the natural environment. 

Indeed, the previous available studies on hormone levels were reporting on hatchery-reared fish (Davail-Cuisset et al. 

2005). All the fish captured in the estuary, except one, were less than 7-years old. According to what is known about 

the life history of this species, they all were expected to be juveniles. The hormone levels in the present study are 

consistent with previous measurements in the same hatchery-reared species, and were predictable for juveniles, 

indicating a still distant maturity (Davail-Cuisset et al. 2011). Since no invasive sampling was allowed, such as biopsy 

of gonad, we had no idea of fish sex or of the gametogenesis stage, and could not check any correlation with hormone. 

However, would a biopsy had been done, it would have been useless for cohorts 2011 to 2013, because of the very 

small size of gonad on such juveniles. Considering the cohorts 2008 and 2009, a biopsy would certainly have brought 

significant details including the stage at gametogenesis and the sex of the individuals. Method for sexing sturgeons 

based on 11KT levels was previously reported in Siberian sturgeons Acipenser baeri (Cuisset 1993; Cuisset et al. 1994, 

1995) and was successfully used for several years in fish farms of Southwest France for sexing 3-years old sturgeons. 

In the stellate sturgeon Acipenser stellatus, captured from the Danube River, good correlations between the E2/11KT 

ratios and sex were found in young adults (Ceapa et al. 2002). In all these species, the reported E2, T, and 11KT 

hormone levels were much higher than that measured presently. However, we can compare the present hormone data 

to those obtained over a 5-year follow-up on hatchery-reared A. sturio initially aged of 5 years (Davail-Cuisset et al. 

2008, 2011). Previous study showed hormonal levels in a slightly higher range than those found presently, at the same 

age, in accordance with the expected fact that fish grow faster and mature earlier in hatchery than in the wild, due to 

the constant and regular supply of food in hatcheries. In some 11 year-old reared males approaching the breeding 

season in May, we measured values for both T and 11KT ten to hundred times as high as the present ones (up to 40 

ng.mL-1) (Davail-Cuisset et al. 2005, 2008). Considering the oldest individual (more than 10 year-old) sampled in the 

estuary in July 2014, one would assume that it is most likely a male, and expect it to be mature, according to its T and 
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11KT levels, size and age. However, July corresponding to the end of the breeding season when gonads regress 

(Davail-Cuisset et al. 2011) this might explain that this male was not found to be spermiant. 

 In fish species that follow a seasonal reproduction, it is currently seen that sex hormones levels follow seasonal 

variations. As demonstrated for the juvenile two year-old cohort, hormonal variations were found annually in 

sturgeons, with higher levels found in spring than during summer–autumn period. Because the breeding season and 

spawning of European sturgeon occur from May to the end of June, it is not so surprising to find highest hormone 

levels during spring, at the onset of gametogenesis in juveniles, and during preparation process of breeding season in 

adults.  

According to the hormone levels found, we did not perform any vitellogenin assay although ELISA technic was 

available at laboratory, since it would have used and wasted an extra volume of blood plasma, and we assume that fish 

were too small to have entered vitellogenesis. 

In conclusion, the normal patterns observed from all three hormones measured over a one year-study ensure that those 

fish seems not to be exposed to strong endocrine disruptors that could have disturbed the sex steroid hormone synthesis. 

The quite low hormonal plasma levels measured in these fish during this one year-study indicate a still distant maturity, 

which was predictable for 2 to 6 year-old juveniles. 

 

Health status of A. sturio from the Gironde estuary 

At the capture, just before the sampling process on the boat, we made a careful examination of the fish. Their general 

appearance was very satisfactory, and the presence of an external parasite was noticed only three times. 

Genome integrity 

MN rate and comet assay values were not found to be correlated (Figures 6A, 9A). It is not so surprising since the two 

methods measure different endpoints of damage: The MN is based on quantification of whole chromosomes or 

fragmented chromosomes that are not incorporated into the main nucleus during mitosis, and qualify definitive 

damage. The Comet Assay is also an indicator of genotoxicity, detecting DNA strand breaks, that are repairable DNA 

damage (Araldi et al. 2015; Frenzilli et al. 2009). Both tests generate complementary information, usually used in 

combination for screening genotoxic effects of environmental pollutants. 

For the two tested indicators, values are globally low compared to what can be observed in species under stressors 

(Akcha et al, 2003, 2004; Hussain et al 2018). The DNA damage level measured in red blood cells of European 

sturgeon in the present study (mean tail intensity around 2%) is in the very low range of the values commonly obtained 

in erythrocytes of fish from pristine areas (Mitchelmore and Chipman 1998; Frenzilli et al 2009). This indicates a 

globally good genomic integrity. MN rate are very close to those found in the Russian sturgeon A. gueldenstaedti, 

whose rate was near 3%0 in controls, rising to 12-15%0 in fish exposed to metal contamination by sediment (Bickham 

et al. 1998). Among our samples, 3 individuals, measuring less than 60 cm, had very high MN rate (up to 30%0). 

Possible exposure of these juveniles, during the weeks preceding the capture, to genotoxic agents, hypoxia or other 

stress such as temperature increases, might have induced MN formation during hematopoiesis.  

In the present study (Figure 5A), DNA damage detected by Comet assay, but not MN rate, was linked to size and 

weight of the individuals. In mouse, it is known that DNA repair capacities decrease with age, and that DNA damage 

http://www.sciencedirect.com/science/article/pii/S0166445X08002099#bib37
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accumulate in older individuals (Bhilwade et al. 2014). Conversely, MN rate is linked to erythropoiesis which 

decreases with age (Heuser et al. 2008). 

MN rate was at highest level in the same time as Co, PBDEs and OCPs plasma concentrations during spring. We 

therefore identify a seasonality of the damage measured thanks to the MN rate. Similar seasonality of MN rate that 

parallels the variation of contaminants levels in natural environment has already been reported in fish (Costa et al. 

2011; D’Costa et al. 2017; Deutschmann et al. 2016; Hussain et al. 2018; Lee and Steinert 2003; Monserrat et al. 2007). 

PCA on 25 selected individuals has highlighted the correlation between MN and the E2/11KT ratio. E2/11KT ratio 

correlation to the sex was found in two sturgeon species: Lake sturgeon, A. fulvescens (Cuisset 1993), and stellate 

sturgeon A. stellatus (Ceapa et al. 2002). We can thus suppose that the MN rate is correlated to the sex in sturgeon 

individuals, maybe with higher rate in females. Such higher MN rates in females have been demonstrated in mice 

peripheral blood cells (Heuser et al. 2008). Further analyses are needed to verify the hypothesis of a possible higher 

MN rate in female A.sturio. 

 

Gene transcription in blood cells 

It is not usual to measure the level of gene expression in blood cells, a prerequisite being that red blood cells are 

nucleated in fish. Until now, the blood cells were usually not studied in environmental toxicology, since not considered 

as potentially impacted by contamination. We used the blood as non-invasive sampling to obtain indications on the 

level of gene expression in wild sturgeons. We thus have demonstrated for the first time in a sturgeon species, the 

transcription in blood cells of gene encoding sexual parameter like sox9, known to take part to the sexual 

differentiation, or hormonal receptor for pituitary LH (LHR), or receptors for steroid hormones AR and ER. This is 

surprising because it is not thought that blood cells may need to express genes of sexual determinism or hormone 

receptors. It has already been shown that blood cells have the enzymatic engineering necessary for the synthesis of sex 

steroid hormones in rainbow trout (Schulz et al, 1992) and in Siberian sturgeon (Cuisset 1993; Cuisset et al. 1995). 

The meaning of such an activity is poorly documented and still not understood. The interest in the metabolic activity 

of red blood cells has recently increased, aimed at use blood cells as new tool for aquatic sentinel biomarker 

development (Maceda-Veiga et al. 2015 ;  Valton et al. 2017). 

Among the 25 selected fish, a tight correlation exists between transcription of reproduction-linked genes in blood cells 

and plasma organic contaminant, PCBs and OCPs (Table 2). This might suggest a cause and effect relationship, that 

is however not coherent with the hormonal assays whose levels remain quite low, suggesting that the fish do not seem 

to have undergone endocrine disruption. The juvenile fish concerned by these analyses had maybe not been exposed 

for a time long enough to develop molecular responses usually classified as endocrine disruption.  

Other genes expression levels like these of sodCu and bax were also strongly correlated to PCBs and OCPs 

concentrations. This results indicated that reactive oxygen species had increased and that apoptotic mechanisms 

occurred in blood cells of sturgeons. This finding was in agreement with known effects of organic compounds like 

PCBs. Indeed, increased expression levels of genes involved in response to oxidative stress and apoptosis have been 

reported in larvae of rare minnow (Gobiocypris rarus) after exposure to Arochlor 1254 (Wu et al. 2014). In the same 

way, oxidative stress and apoptosis appeared in lymphocytes of Carassius auratus after in vitro exposure to PCB153 

and PCB169 (Zhang et al. 2009). 
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Interest of non-invasive markers for monitoring the health and maturity status of endangered species 

For the first time, blood samplings were performed on European sturgeon from the natural environment. The interest 

of such non-invasive tissue sampling is great considering numerous data and information collected. The blood samples 

provided a wealth of information on the degree of contamination of estuarine part of the sturgeon population, in 

addition to many information on physiological parameters. Inorganic and organic contaminants, genome integrity, 

gene transcription, immunity and reproduction could be investigated on this species and sometimes correlated together 

thanks to these blood samples. In fish, blood has not generally been considered as a tissue like the others, and as such 

has only rarely been included in research aiming at identify responses to contaminations. The blood is at most 

considered a carrier fluid, for gas or nutrient as well as for hormone transport, disregarding cellular elements, and the 

ignorance about the proper metabolism of blood cells is almost total. Some examples are available on rainbow trout 

(Schulz 1986) or Siberian sturgeon blood cells (Cuisset et al. 1995). Their metabolism in response to contamination, 

or to stress of any sources has rarely been considered. The numerous data obtained and presented here should therefore 

highlight the growing interest in considering and using blood in environmental toxicology, and blood sampling on 

endangered species, as a non-invasive method that can provide a lot of informative data including chemical 

contamination and physiological status of individuals.
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