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Abstract

The Champagne region (France) is characterized by various chemical
environmental pressures which could interfere with the immune status of natural
populations of European bullhead, Cottus sp. Some adult fish were caught by
electrofishing in spring, summer and autumn to determined immune effect of urban
(Muizon), intensive agricultural (Bouy; Prunay) or viticultural (Serzy; Prunay)
influences. The major results demonstrated an increase of cellular mortality and a
decrease of phagocytosis activity in the stations impacted by agri-viticultural chemicals.
These immunomodulations followed the temporal variability due to different treatments
(agricultural impacts on spring; viticultural effects on autumn). At the present time, not
enough data was provided to confirm the impact of agri-viticultural chemicals on fish
immune system without interaction with other environmental factors. For example, in
summer, the immunomarkers seems to be not only correlated with water contamination
but also with other environmental factors (pathogens, physical field degradation,
nutrients, temperature ...). Nevertheless, immune parameters give a global view of
organism and ecosystem health explaining growing interest for these biomarkers in

environmental risk assessment.

Keywords: Fish; Immunotoxicology; Urban pressure; Agri-viticultural pressures;

Biomonitoring; Pathogen.



1. Introduction

The fish immune system is composed of a network of cells capable of rapid
proliferation and differentiation, regulated by a variety of soluble factors acting directly
on fish health (Bols et al., 2001). Since immune capacities integrate simultaneous
over-time contamination by several pollutants (Zelikoff et al., 2000; Van der Oost et al.,
2003), chemical disturbance of fish immunity could denote a reduction in pathogen
destruction and an increase in fish susceptibility to pathogen aggressions (Reynaud and
Deschaux, 2006). So, the ecological relevance of immune parameters by direct
implications in individual fitness, population growth, fish and ecosystem health (Bols et
al., 2001) explain that these immune parameters are now considered as attractive
non-specific markers for environmental risk assessment and biomonitoring programs
(Grinwis et al., 2000; Bado-Nilles et al., 2014).

In this context, biomarkers related to innate immune functions are highly relevant due
to their non-dependent response of previous exposure to foreign antigens (Monserrat et
al., 2007). Cellular mortality may provide the basis to monitor the effect of anthropogenic
contaminants since exposure to low concentrations of pollutants could induce apoptosis
whereas exposure to severe conditions can result in the injured cells dying due to necrosis
(Lyons-Alcantara et al., 1998). Moreover, the induction of cellular mortality could
compromise the immune system by disturbance of cellular proliferation and leucocyte
differential. In this way, reduction of immune cells could increase disease susceptibility
and organism mortality due to immunosuppression. Thus, leucocyte differential and
cellular mortality provide the basis to monitor the effect of anthropogenic contaminants

due to their high impact on the sanitary status and immune system of fish (Misumi et al.,



2005; Bado-Nilles et al., 2009a; Danion et al., 2011). In another way, phagocytosis,
which helps to prevent infectious diseases by non-specific cellular reactions, has also
been described as an attractive biomarker of pollution in fish (Reynaud and Deschaux,
2006). Since phagocytosis plays a major role in pathogen defenses in fish (Secombes,
1996; Ellis, 1999), a decrease in its efficiency could contribute to an increased
susceptibility to opportunistic infections in animals (Kreutz et al., 2010).

The aim of the present work was to evaluate an environmental biomonitoring
approach of ecosystem health, which combined contaminant and pathogen effects, using
the capacities of fish immune biomarkers. In this context, immune effects of field
multi-contamination due to agri-viticultural and urban environmental pressures were
assessed in wild European bullheads, Cottus sp. Since sampling at different season was
integrative of chemical treatment evolution variation (Jolly et al., 2012), fish
physiological modification and seasonal pattern of infection (Bowden et al., 2007), this
study was performed at three periods (spring, summer and autumn). According to its
strong sedentary behavior and its ubiquitous distribution in most of European freshwater
ecosystems, the European bullhead, Cottus sp., is described as a relevant fish species to
assess adverse effects of environmental stress on the health of wild fish in laboratory and
field studies (Bucher and Hofer, 1993; Dorts et al., 2011; Jolly et al., 2012). The present
paper reports the results of three different fish innate immunomarkers: leucocyte
differential, cellular mortality and phagocytosis activity, including phagocytosis
efficiency and capacity. All of them were performed by flow cytometry on splenic
leucocytes due to the capacities of this organ to filter plasma, trap blood-borne substances

and enrich blood on new immune cells (Press and Evensen, 1999).



2. Materials and methods

2.1.  Site descriptions

Five sites located in the Vesle watershed of the Champagne-Ardennes region were
investigated (Fig. 1): Bouy, Prunay and Muizon located on the Vesle River; Courtagnon
and Serzy in the tributary Ardre River. These stations have dissimilar chemical water
qualities linked to different pressures. Intensive cereal farming and agricultural (sugar
beets, alfalfa, peas and potatoes; 70% of land use) and viticultural practices (5.5% of land
use) influenced the Bouy and Prunay sites, located upstream from the city of Reims (Jolly
et al., 2012). Downstream from the city of Reims, Muizon station was an urbanized area
location. In the Ardre River, the upstream Courtagnon site was considered as control area
due to their forested sector without direct environmental inputs of chemicals, whereas
Serzy station, situated downstream, has an intensive wine-growing area pressure. All
“‘poor’’ water quality stations possess high concentrations of isoproturon, diuron,
aminotriazole, glyphosate, atrazine and 2-ethylhexyl ester of 2-methyl-4-
chlorophenoxyacetic acid (MCPA) in relationship with their intensive agricultural and

wine-growing activities (Seine-Normandie Water Agency, 2007).

2.2.  European bullhead collection and tissue sampling

In each station, 12-20 adult European bullheads were caught by electrofishing in
spring (April), summer (July) and autumn (October). No fish was sampling during winter
period due to the difficulties to catch this bullheads during this period. For each site, fish
were immediately killed by cervical dislocation, weighed, measured, sexed and dissected.

Thus, as described by Janssen et al. (1995), the condition factor was calculated as [100 x



body weight (g)]/length® (cm)]. In a second time, gonads were weighed to determine
gonado-somatic index (GSI) (Lofts et al., 1966) as [100 x organ wet weight (g)]/total

body weight (g)]. Spleen tissues were removed to measure immunological parameters.

2.3.  Leucocyte isolation and innate immune biomarkers analysis

The spleen tissues were pressed through sterilized nylon mesh (40 um, Dutscher)
with Leibovitz 15 (L15) medium (Sigma) containing heparin lithium (10 U.mL"!, Sigma),
penicillin (500 U.mL"!, Biochrom AG) and streptomycin (500 pg.mL"!, Biochrom AG) to
obtain leucocyte suspension. After storage of 12 hours at 4 £ 1°C, L15 medium-diluted
samples were loaded onto Ficoll gradient (Histopaque®1077, density of 1,077g.mL",
Sigma). After centrifugation (400 g, 30 min, 15 °C), leucocytes enriched suspensions
were collected and washed twice in L15 medium (300 g, 5 min, 4 °C). Then, leucocytes
were adjusted at 10° cells.mL"' with Malassez haemocytometer to perform cytometer
analyses.

Analyses were carried out on whole leucocytes, using a Cyan™ ADP flow
cytometer (Beckman Coulter). For each leucocyte sample, 10,000 cells were counted.
Leucocyte differential was obtained using forward scatter (FSC) and size scatter (SSC)
parameters for size and granularity, respectively. The cellular mortality percentage and
the phagocytosis activity were determined, using propidium iodure (1.0 g.L"!, Molecular
Probes) and Fluorescent microsphere (2.7*10'° particles.mL™!, Fluorospheress
carboxylatemodified microsphere, diameter 1 mm, Molecular Probes), respectively,

according to Bado-Nilles et al. (2009a).



2.4.  Statistical analysis

Results were expressed as means + standard error. Verification of normality and
of homogeneity of covariance matrices were conducted using respectively the
Anderson-Darling test and the Bartlett test on XLStat 2008 (Addinsoft). Since the values
were not normally distributed, the data was converted into r angular arcsinus V(% of
positive cells) before analysis. A two-way analysis of variance (ANOVA) was used to
compare the effect for each season of each field station on immune parameters. The
effects and possible interactions of season, sex and morphometric indices in explaining
variation on immune parameters were analyzed using multi-factor analysis of covariance
(ANCOVAs) based on Fisher's F test. The Student Newman-Keuls's test was used for all
multiple comparisons. All hypotheses were tested for statistical significance at the level

of p<0.05.



3. Results

3.1  Effects of season, fish morphometric indices and sex on immune responses

In April no significant differences were recorded among investigated sites with
mean values of 81.3 + 2.7 mm for length, 7.1 £ 0.6 g for weight and 1.3 0.1 g.cm™ for
condition factor (data not shown). In October, Courtagnon’s fish possessed a weak length
(73.1 £2.7 mm) and weight (5.1 £ 0.7 g) compared to other sites (mean of 83.8 = 2.2 mm
and of 7.4+0.6 g) without differences in condition factor (1.2+0.1 g.cm?, data not
shown). Regardless to the two others sampling date, fish caught in July shown an
important modification of their morphometric indices between stations (data not shown).
The length was lower in fish from Courtagnon and Serzy stations compared to others.
Fish from each station had a rather dissimilar weight and condition factor with lower
values in Courtagnon (4.8+0.5 g, 1.2+0.1 g.cm™) and bigger data in Muizon
(11.7£1.2 g, 1.6 +£0.2 g.cm™). Modification of these morphometric indices have no
significant impact on immune parameters tested regardless of season (Table 1).

In the same way, sex had no significant impact on the present immune parameters
regardless of season (Table 1), even if female fish (1.3 £0.1 % in April; 0.8 £0.1 % in
July; 1.7£0.1 % in October; data not shown) possess high GSI compared to male
(0.5£0.1 % in April; 0.1 £0.1 % in July; 1.4 £ 0.1 % in October; data not shown) and
GSI data were lower in July than in April and October. Furthermore, little impact on GSI
was detected between stations: in April females coming from Serzy (1.4 + 0.1 %) and
Prunay (1.7 £ 0.1 %) have higher values compared to others (1.2 + 0.1 %); in October
male and female data were lower in Vesle (1.1 + 0.1 % for male; 1.5 + 0.1 % for female)

than Ardre River (1.8 £ 0.1 % for male; 2.1 = 0.1 % for female).



In spite of the absence of impact of morphometric index and sex on immune
parameter tested, seasonal variation induced important modification of leucocyte
differential (R*=0.714, p<0.0001) and cellular mortality (R*=0.720, p <0.0001)
without impact on phagocytosis capacity (R?=0.170, p = 0.001) and efficiency
(R2=0.215, p = 0.022) (Table 1). Concerning leucocyte differential, except for station
variation, spring and summer presented values around 70 — 75 % of lymphocytes whereas
autumn presented an important destabilization of the leucocyte population with
approximately 35 % of lymphocyte regardless of the site (Fig. 2). The cellular mortality
was rather similar along the year for Courtagnon (mean of 3.8 0.4 %) and Muizon
(mean of 4.2+0.4 %) stations. In contrary, Bouy (17.7+5.1%) and Prunay
(12.5 £ 1.7 %) had bigger values in spring and Serzy in spring (13.3 £+ 3.9 %) and autumn

(13.6 = 1.1 %) too (Fig. 2).

3.2 Pressure effects on innate immune responses

The control station, Courtagnon, shown very stable immune parameters along the
year with lower cellular mortality (mean of 3.8 £0.4 %) and higher phagocytosis
capacity (mean of 64.4 + 3.2 %) and efficiency (mean of 47.2 + 3.3 %) compared to all
others stations. Nevertheless, leucocyte differential varied among season: 68.1 2.5 % of
lymphocytes in spring; 85.1 £2.0% of lymphocytes in summer; 32.3 £2.3 % of
lymphocytes in autumn (Fig. 2).

Immune system of fish caught at Muizon, which have an urban pressure, was
weakly impacted. In spring, only this site possessed a destabilization of their leucocyte

differential (54.8 + 3.2 % of lymphocytes) compared to others (mean of 73.0 + 2.9 % of



lymphocytes). In summer (88.5 £ 3.2 % of lymphocytes) and autumn (31.7 £ 3.0 % of
lymphocytes) values were comparable to these from Courtagnon reference site
(85.1 £2.0 % of lymphocytes in summer; 32.3 £ 2.3 % of lymphocytes in autumn). The
leucocyte mortality did not vary along the year (mean of 4.2 + 0.4 %) and was similar to
Courtagnon percentage (mean of 3.8 +£0.4 %). Phagocytosis efficiency (mean of
37.6 £2.0 %) and capacity (mean of 55.6 + 2.4 %) were not significantly modified along
the year and were similar to control data (mean of 47.2+3.3 % for phagocytosis
efficiency; mean of 64.4 + 3.2 % for phagocytosis capacity) (Fig. 2).

The more important immune modulation along the year was due to
agri-viticultural practices. Compared to control (68.1 £2.5 % of lymphocytes in spring;
85.1+£2.0% of lymphocytes in summer; 32.3 +2.3 % of lymphocytes in autumn),
Prunay showed dissimilar leucocyte differential along the year (80.1+2.1% of
lymphocytes in spring; 72.6 £2.9 % of lymphocytes in summer; 55.5+1.6 % of
lymphocytes in autumn) whereas Bouy presented only variations in summer
(65.7+£29% of lymphocytes) and Serzy was always similar (70.8+3.6 % of
lymphocytes in spring; 88.1 +1.4% of lymphocytes in summer; 254 +£2.2% of
lymphocytes in autumn). Moreover, in spring, these three stations (13.3 = 5.1 % for
Serzy, 12.5 £ 1.7 % for Prunay, 17.7 = 5.1 % for Bouy) presented an increase of their
leucocyte mortalities compared to other sites (mean of 5.5 = 0.1 %). In summer, values
were similar regardless to the station. In opposite, an important leucocyte mortality was
detected in autumn at Serzy (13.6 + 1.1 %), then Prunay (7.6 £0.7 %) and finally the
three other sites (mean of 4.9+ 0.4 %). Concerning spring phagocytosis activity,

compared to Courtagnon (49.1 = 3.0 % of phagocytosis efficiency; 67.0 +2.7 % of

10



phagocytosis capacity), the intensive cereal farming and agricultural practices induced a
more important decrease of phagocytosis efficiency (26.0+1.9 % for Prunay,
21.2 + 1.1 % for Bouy) and capacity (43.4 £ 1.5 % for Prunay, 41.2 £+ 2.0 % for Bouy)
then only wine-growing activities (Serzy: 38.2 + 3.8 % of phagocytosis efficiency;
57.8 £3.8 % of phagocytosis capacity) or urban pressures (Muizon: 40.7 £ 2.2 % of
phagocytosis efficiency; 55.9+2.6% of phagocytosis capacity). In summer,
phagocytosis efficiency and capacity stayed lower in Serzy (33.8 £ 2.7 % and
52.4 £2.7 %, respectively) and Bouy (25.0 £ 0.9 % and 47.1 £ 3.0 %, respectively)
compared to reference site (47.6 + 4.6 % and 64.0 £ 4.0 %, respectively). In autumn, only
Prunay (31.4+2.99%) present a lower phagocytosis efficiency compared to
Serzy-Muizon (mean of 39.3+2.1 %) and mostly to Bouy-Courtagnon (mean of

48.9 + 3.1 %) with no impact on phagocytosis capacity (Fig. 2).
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4. Discussion

In the present time, only few studies have used components of the immune system
for environmental risk assessment purposes (Grinwis et al., 2000; Bado-Nilles et al.,
2014), though a number of environmental chemicals can impair them (Anderson and
Brubacher, 1993; Carlson et al., 2004; Bado-Nilles et al., 2009b). Due to their direct
implications in individual fitness and population growth, these immunomarkers give
some attractive information on global ecosystem health due to different anthropic

pressures.

As reviewed by Zia et al. (2013), degradation of freshwater quality, by chemical
and nutrient fluxes, is mainly attributed to outdated farm management practices including
excessive use of fertilizers, pesticides and herbicides. In the present study, while immune
modulation due to urban contamination was poorly observed, agri-viticultural treatments
induce major impacts on immune parameters. Moreover, agri-viticultural treatments
exhibit also strong temporal variability which must not be neglected for determination of
environmental risk assessment (Jolly et al., 2012). In fact, major impacts on immune
parameters of agricultural practices were shown on spring, whereas viticultural effects
were particularly detected in autumn. These results were certainly due to difference in
specific prophylactic treatments by pesticides and herbicides, which are known to
modulate immune parameters in fish (Dunier and Siwicki, 1993). Nevertheless,
relationship between each environmental factor and immune parameters must not be

neglect in field context.
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In spring, area impacted by agriculture showed a decrease of phagocytosis activity
and an increase of cellular mortality without leucocyte differential destabilization. This
immune response could be induced by the use of many pesticides and/or herbicides
during prophylactic treatments and detected in the Vesle watershed (Seine-Normandie
Water Agency, 2007). For example, after 96 hours of exposure of silver catfish (Rhamdia
quelen) to sublethal concentrations of glyphosate, Kreutz et al. (2011) suggested that the
reduction of leucocytes was offset by important increase in the number of immature
circulating cells. This leucocyte turn-over could explain the important increase of cellular
mortality in agricultural sites without modification of leucocyte differential. Nonetheless,
the reduction of leucocyte population could disturb natural immune function such as
phagocytosis capacity. In fact, both glyphosate and atrazine caused a significant reduction
on phagocytic index after 24 hours of contamination (Kreutz et al., 2010). The ability to
phagocyte antigens could be reduced by damage to cell membrane and by lack of their
fluidity (Gauvrit, 1984; Blasiak, 1995; Gabbianelli et al., 2002; Kreutz et al., 2010),
which come from an increase of oxidative stress (Kreutz et al., 2010) and a decrease of
glutathione peroxidase activity (Gabbianelli et al., 2002). In accordance, previous study
on Vesle watershed shown, in agricultural stations, an increase of oxidative stress
demonstrated by enhancement of glutathione-S-transferase and reduction of glutathione
peroxidase (Jolly et al., 2012). These biochemical modifications could explain the
modification of leucocyte membrane fluidity and thus the reduction of phagocytosis
activity. Moreover, atrazine, one of the most agricultural pesticide detected in the Vesle
watershed (Seine-Normandie Water Agency, 2007), is known to compromise the

phagocytosis ability of leucocytes by alteration of receptor expression needed for antigen
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identification, or the production of stimulating cytokines and proteins from the
phagocytic pathway (Pinchuk et al., 2007; McCarthy and Fuiman, 2008).

In autumn, whereas immune effect was totally reversed in Bouy station, the
vineyard areas (Prunay and Serzy) were still impacted. Diuron was the major viticultural
pesticide detected in the Vesle watershed (Seine-Normandie Water Agency, 2007) and
copper was specifically used in autumn to control fungal diseases in vineyards (Teisseire,
1999; Dautremepuits et al., 2004). As previously observed with agricultural pressures, an
increase of cellular mortality was detected. As many pesticides, diuron and copper may
generate reactive oxygen species (ROS) and induce an overwhelming of the antioxidant
system (Dautremepuits et al., 2004; Luna-Acosta et al., 2012). This oxidative stress could
be accountable to reduction of cellular viability by increasing DNA strand breaks leading
to apoptosis (Bopp et al., 2008) or decreasing functional integrity of the lysosomal
membrane (Roméo et al., 2000; Krumschnabel et al., 2005) inducing necrosis by release
of acid hydrolases (Holtzman, 1989). As discussed above, increase of cellular mortality
could induce the observed impairment of phagocytosis capacity. The mechanism
involved in phagocytosis reduction has not been investigated yet; nevertheless we could
suppose that mechanism was similar to that shown in spring with agricultural pesticides.

In summer, Bouy and Prunay samplings had an important destabilization of
leucocyte differential. The absence of cellular mortality rise suggested an important
increase of granulocytes-macrophages sub-populations to restrict the lower phagocytosis
capacity induce by agrichemicals as discussed above. In fact, a reduction of efficiency of
phagocytosis capacity could contribute to an increased susceptibility to opportunistic

infections in animals. For instance, Kreutz et al. (2010) demonstrated that the presence of
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glyphosate or atrazine, two agricultural herbicides detected in the Vesle watershed
(Seine-Normandie Water Agency, 2007), altered the macrophage phagocytic activity of
silver catfish fingerlings (Rhamdia quelen) and increased their susceptibility to
Aeromonas hydrophila challenge. In the same manner, Danion et al. (2012) shown that
chronic pollution by pendimethalin, a dinitroaniline herbicide, accelerating death in
rainbow trout, Oncorhynchus mykiss, infected by viral hemorrhagic septicemia virus and
increase concentration of viral particles in hematopoietic organs. A temporary
impairment of immune responses, such as lower phagocytic activity and leucopenia,
could explain these results (Danion et al., 2012). Since natural environment of fish
presents many pathogens which could disturb animal’s health, the particular immune
profile detected in Bouy and Prunay stations could be due to a compensatory strategy
developed by organism in presence of pathogens to minimize pollutant
immunosuppressive effect. This hypothesis was supported by the works of Nacci et al.
(2009) who reported an evolution of PCB immunosuppressive effects to a population of
Atlantic killifish, Fundulus heteroclitus, within pathogen infection. Moreover, the
presence of pathogens seems to be supported by previous work where an enhancement of
lysozyme concentration was detected in the same sites (Jolly et al., 2012). The fish
immune response could be modified by many environmental factors (chemicals,
pathogens, physical field degradation, nutrients, temperature...). At term, the disturbance
of this fundamental physiological function could induce drastic population effects, for
example during combined pathogen-pollutant stress (Danion et al., 2012). This overall
view of ecosystem health (pollutant, host, pathogen) explained that we recommended to

integrate immunomarkers in environmental risk assessment.
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5. Conclusions

High sensitivity of immune system was demonstrated by great detection along the
year of agricultural and viticultural pressures in spite of seasonal immune variations.
Nonetheless immune modifications followed the temporal variability due to different
treatments with major agricultural impacts on spring and viticultural effects on autumn.
In accordance with Jolly et al. (2012), biomarker deployment required a design of
freshwater risk assessment studies based on variability of environmental pressures.
Notwithstanding, use of immunomarkers gives not only information on chemical water
qualities but also on biological contaminations. In fact, obtained results can be
significantly affected by pathogen load. In this way, the determination of pathogen
infection period and pathogenic profile of fish were also attractive for use of
immunomarkers in environmental risk assessment. In fact, major risk of fish mortality
appears to be in the presence of contaminants and pathogens. In this way, the analysis of
immunomarkers should be preferentially performed during combined chemical treatment
and fish infection. In biomonitoring context, it could be very difficult to field this perfect
pollutant-host-pathogen scheme. For this reason, some interesting additional research will
be needed to obtain threshold values of immunomarkers to better assess fish health effect

irrespective of pathogen seasonality.
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Table 1: Possible interactions of season, sex and morphometric indices on immunological variations were monitored from European
bullhead (Cottus sp.) collected in each site. These tests were made using multi-factor analysis of covariance (ANCOVAS) based on
Fisher's F test, with significant F value when data are lower than 0.0005. Values corresponded to i) the coefficient of determination of
the model (R?) which indicates the quantity of dependant variable explain by season, sex and morphometric indices; and to ii) the F
values from quantitative explanatory variables which are computed by removing one variable of the model at a time to evaluate its

impact on the quality of the model.

Quantitative explanatory variables (Fisher's F test)

Quantitative dependant variable R?
Season Sex  Length (cm) Weight(g) Condition factor ~ GSI

Leucocyte differential 0.714 <0.0001 0.574 0.115 0.958 0.213 0.737
Cellular mortality 0.720 <0.0001 0.807 0.305 0.722 0.672 0.106
Phagocytosis efficiency 0.215 0.022 0.920 0.120 0.031 0.406 0.953
Phagocytosis capacity 0.170 0.001 0.493 0.094 0.480 0.443 0.623




Fig. 1: Sampling sites on Vesle river system, with (A) localization of sites in France and (B)
localization of the selected sampling sites in Vesle basin with identification of environmental

pressures.

Fig. 2: Immunological biomarkers (leucocyte differential, cellular mortality and phagocytosis
efficiency and capacity) monitored from European bullhead (Cottus sp.) collected during
three seasons (spring; summer; autumn) in each site. Values are means =+ standard error of
12-20 fish by site. For each parameter, difference between rivers and season was indicated by

different letters for p <0.05 witha>b>c>d>e>f>g.
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