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Abstract: In aquatic environments, genotoxicity results from the effects of pollution combined with the inflammatory response
triggered by the immune system. Indeed, the production of nitrosylated DNA and proteins are though to arise from the production of
peroxinitrite during phagocytosis and inflammation. The purpose of this study was to examine new DNA biomarkers that differentiate
between immune- and pollution-mediated genotoxicity in wild clam populations. Intertidal clam populations were sampled and
analyzed for gonadal DNA strand breaks, DNA nitrosylation and xanthine oxidoreductase (XOR) activity (purine salvage pathway).
The clam weight-to-shell-length ratio, the gonado-somatic index (GSI), age status, lipid peroxidation, xenobiotic conjugation activity
(glutathione S-transferase (GST) and phagocytic activity were examined to shed light on their relationships with the observed genotoxic
endpoints. XOR activity and DNA strand breaks were generally elevated at polluted sites and correlated significantly with
clam weight-to-shell-length ratios and DNA nitrosylation. DNA nitrosylation was also higher at some sites and correlated significantly
with phagocytic activity and with DNA strand breaks. This study showed that DNA strand breaks were associated with both immune-
and pollution-mediated effects. This suggests that there is a loss of DNA repair capacity due to the combined effects of aging, pollution
and immune response in wild clam populations that are impacted by anthropogenic activity.
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Introduction

The St. Lawrence estuary, which receives inflows
from the Fjord du Saguenay, is influenced by various
sources of pollution, including harbours, marinas
and wastewater discharges from municipal and
industrial sources such as pulp and paper mills. The
chemical contamination of this intertidal area is well
documented and includes the usual contaminants,
such as polycyclic aromatic hydrocarbons (PAHs),
heavy metals, organotin compounds, and the so-called
endocrine disruptors found in urban waste.! Clams
readily accumulate PAHs by ingesting contaminated
food or sediment.? Some PAHs, especially those in
the heavy molecular class (e.g. benzo[a]pyene), are
biotransformed by cytochrome P450-based enzymes
in a process that can lead to oxidative stress and
genotoxicity.” Both PAH-contaminated sediment and
clams are commonly found in the Fjord du Saguenay
area, especially near harbours and municipal effluent
outfalls.*?

Although DNA damage is caused by pollution,
it can also result from sustained inflammation in
the fight against infection.® During the process of
phagocytosis, ingested bacteria are internalized
into phagosomes, fused to lysosomes and readily
destroyed by the concomitant production of nitric
oxide (NO) and hydrogen peroxide, which yield the
highly reactive biocide peroxynitrite.” The release
of NO in phagocytosis was also associated with
the expression of interleukin-2 (IL-2), which plays a
role in the production of NO.? For example, exposure
to bacteria in the oyster Crassostrea gigas could
also increase the expression in bivalves of cytokines
such as the homologue of interleukin-17,” which is a
mediator of inflammation.

The production of NO during an oxidative burst
will not only kill bacteria and viruses; it can also
damage host cells by reacting with endogenous
proteins (thiol S-nitrosylation) and DNA (DNA
nitrosylation). DNA can also undergo oxidative
damage (7,8-dihydro-8-ox0-2’-deoxyguanosine) from
the release of hydrogen peroxide and other oxidants,
and this damage is therefore the result of both
inflammatory and oxidative conditions, and pollution-
related effects (e.g. through DNA adducts or production
of reactive oxygen species).

DNA damage is usually determined by measuring
DNA strand breaks and alkali-sensitive sites,!%!!

neither of which can discriminate between pollution
and disease-mediated effects. The development of
biomarkers capable of such discrimination would
be of value in determining the cumulative effects of
pollution, disease and inflammatory conditions, hence
in identifying the etiology of DNA damage. The basal
levels of DNA strand breaks in marine invertebrates
have been attributed to a large number of alkali-labile
sites that are characteristic of tightly packaged DNA
in cells.'? Interestingly, strand breaks were reduced
by the antioxidant Trolox, EDTA and an inhibitor of
Ca**/Mg**-dependent nucleases. Biomarkers designed
to measure the oxidation and nitrosylation of DNA,
along with the breakdown or salvage of purine released
by DNA strands, might provide information leading
to a better understanding of the role of pollution and
disease in the genotoxicity of marine invertebrates.

The purpose of the present study was to examine
the contribution of DNA nitrosylation to strand-break
formation and salvaging (purine catabolism) in order to
provide a better understanding of the cumulative impact
of the immune response and pollution on genotoxicity
in feral clam populations. This goal was achieved by
measuring changes in DNA nitrosylation, purine salvage
metabolism and phagocytic activity in relation to the
formation of DNA strand breaks in wild Mya arenaria
clams. Special attention was paid to the relationships
between the nitrosylated state of DNA with the
expression of the immune system (phagocytosis), age,
xenobiotic conjugation and oxidative stress. An attempt
was made to identify these new genotoxic biomarkers
to more accurately identify the relative effects of
inflammation and pollution on the level of DNA strand
breaks in two clam populations.

Materials and Methods
Study area

Mya arenaria softshell clams were collected in the
morning at low tide from 5 sites in the St. Lawrence
estuary and 5 sites in the Fjord du Saguenay (Fig. 1),
as described below and summarized in Table 1. The
estuary sites included Pointe aux Alouettes (PAL), a
few kilometres (km) south of the mouth of the Fjord
du Saguenay, a place not directly affected by any
anthropogenic activity. The Baie Saint-Catherine
(BSC) site, 1 km south of the mouth of the Fjord
du Saguenay, is subject to heavy commercial traffic
generated by sightseeing and whale-watching boats.
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Figure 1. Spatial distribution of feral clam populations. Clams were collected at 10 sites (identified by stars) in June 2005. The sites at Anse de
Saint-Etienne (ASE) and Baie du Moulin & Baude (BAU) were used as the reference (prlstlne) sites, while the sites at Anse aux Erables (AE), Pointe aux
Alouettes (PAL), Baie Eternité (BE), Anse Saint-Jean (ASJ), Petit Saguenay (PS), Anse a la Barque (BAR), Baie Sainte-Catherine (BSC) and the town of

Tadoussac (TAD) were used as the pollution-impacted sites.

The Tadoussac (TAD) harbour site, on the north
shore of the fjord, about 5 km downstream from the
mouth of the Fjord du Saguenay, is also subject to
intensive commercial boating activities. The Anse
a la Barque (BAR) site is close (1-2 km) to the TAD
site on the north shore of the fjord and is close to
ferry traffic. The Baie-du-Moulin a Baude (BAU)
site, located 3 km downstream from the fjord mouth,
is the reference site for the estuary.

The Fjord du Saguenay sites included the Anse
Etienne (ASE) site, which was used as the reference
site for the fjord, and was located on the south
shore 20 km upstream from the fjord mouth. The
Petit Saguenay (PS) site is located 32 km upstream
on the south shore of the fjord mouth and has a small
marina for seasonal activities and pleasure boating.
The Anse Saint-Jean (ASJ) site is exposed to
minimally treated (i.e. screened) urban wastewaters
from a population of about 2,000 residents and is
located 40 km upstream from the fjord mouth. The
Baie Eternité (BE) site is located 50 km upstream
from the fjord mouth. It has a moderately sized
marina under 10 m in length that accommodates

circa 20 ships, and is used for recreational and
tour boat activities. Finally, the Anse-aux-Erables
(AE) site, the site furthest upstream in the fjord
(70 km upstream from the fjord mouth), is located
downstream from aluminum smelters and pulp and
paper mills, and from four towns that discharge their
wastewaters into the fjord.

Clam collection and tissue preparation
Intertidal clams (N = 20) were collected at a depth
between 10 cm to 20 cm, frozen on dry ice and placed
in a—85 °C freezer to await analysis. Before freezing,
1 mL of hemolymph was collected from the anterior
adductor muscle of each clam for on-site phagocytic
determinations. Specimens of similar size (6 to 8 years
of age) from each site were dissected for biomarker
measurements.

The biomarker tests were performed using the
gonad tissues, which are in very close contact with
openly circulating hemolymph."® The gonad tissues
were dissected out and homogenized in 10 mM of
Hepes-NaOH buffer (pH 7.4) containing 125 mM
NaCl, 1mM EDTA and 1 mM dithiothreitol at
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4 °C at a 1:5 weight/volume ratio. Aliquots of the
homogenate were taken for total protein content,'* lipid
peroxidation (LPO), DNA damage, DNA extraction
(DNA nitrosylation) and xanthine oxidoreductase
activity (XOR) determinations. Before the clams
were frozen, a portion of each gonad was dissected
out for sex determination, maturity indexes and the
presence of tissue damage from infection or parasitic
infestation.

DNA from digestive glands and gonadal tissues
was extracted using the method developed by
Goldenberger et al."” Briefly, the homogenate was
mixed with the extraction solution containing
the detergent sodium dodecylsulfate (SDS) and
1,000 units/mL of proteinase-K and was extracted
using phenol and chloroform and the aqueous phase
(DNA and RNA) was precipitated with two volumes
of’cold ethanol (30 minat—20 °C). The resulting pellet

Table 1. Characteristics of sampling sites in terms of their emplacement and potential for contamination.

Site

Location in relation
to Saguenay Fjord

Potential contamination source(s)
of concern*

Anse aux Erables (AE)

Baie Eternité (BE)

Anse Saint-Jean (ASJ)

Petit-Saguenay (PS)
Anse de Saint-Etienne (ASE)

Anse a la Barque (AB)

Baie du Moulin a Baude (BAU)

Tadoussac (TAD)

Baie Sainte Catherine (BSC)

Pointes aux Alouettes (PAL)

70 km upstream from
St-Lawrence River
estuary: close to upstream
limit of suitable marine
bivalve habitat for Mya
arenaria

50 km upstream from
St-Lawrence River estuary

40 km upstream from
St-Lawrence River estuary

32 km upstream from
St-Lawrence River estuary

20 km upstream from
St-Lawrence River estuary

5 km upstream from
St-Lawrence River estuary

5 km north-east of mouth
of Saguenay Fjord in the
St-Lawrence River estuary

0.5 km north-east of mouth
of Saguenay Fjord in the
St-Lawrence River estuary

5 km south-east of mouth
of Saguenay Fjord in the
St-Lawrence River estuary

7 km south-east of mouth
of Saguenay Fjord in the
St-Lawrence River estuary

Industrial: Several aluminum and Pulp

and Paper industry mills located in the cities
of Alma, Jonquiére, Chicoutimi and La Baie
discharging their effluents to the Saguenay
River and Fjord waters upstream from this site.
Domestic: Fifteen seasonally-occupied cottages
surround the cove; potential influence of urban
effluents discharging upstream as well.

Portuary: wharf for docking a seasonally-
operated commercial sight-seeing boat (20 m)
and marina for small pleasure boats.

Domestic: Sewage effluent of the town of ASJ
(circa 2000 inhabitants) discharging directly
into intertidal zone Portuary : wharf and
extensive marina for docking fishing and small
pleasure boats.

Portuary: wharf for docking fishing and small
pleasure boats.

No known sources of direct contamination.

Near of portuary (Tadoussac): wharf

and extensive marina for docking fishing

and small pleasure boats located at Tadoussac
(5 km away).

No known sources of direct contamination.

Portuary: wharf and extensive marina

for docking fishing and small pleasure boats;
year-round ferry for transport of motor
vehicles between the towns of Tadoussac
and Baie-Ste-Catherine

Portuary: heavy commercial and pleasure boat
traffic for whale watching activities

Upstream site in the bay BSC. No direct
sources of pollution but might be under the
influence of portuary and urban pollution of
BSC
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was dried and resuspended in 10 mM Tris-acetate,
pH 8.0, and 1 mM EDTA and then precipitated again
in three volumes of ice-cold ethanol and resuspended
in 1 mL of Tris-acetate-EDTA buffer. The extracted
DNA was tested using the purity index (the A /

260 nm
A absorbance ratio). A 1.8 ratio for extracted

D%\gloz&msamples was judged satisfactory. If a sample
had a ratio <1.8, then the sample was extracted
again with phenol and chloroform, as described
above. DNA was quantified by absorbance at 260 nm
(Beckman DV 70 spectrophotometer) with standard
solutions of salmon sperm DNA (Sigma Chemical

Company).

DNA damage evaluation

The integrity of the genetic material was studied
by examining nitrosylation and DNA strand-break
assays. The level of DNA damage from the production
of peroxynitrite during inflammation was determined
by a novel DNA nitrosylation assay, based on the
reduction of NO, adducts to DNA using the enzyme
diaphorase that catalyzes the reduction of R-NO,
to R-NH, in the presence of NADPH. A solution
containing 50 uL of DNA and 50 UL of diaphorase
(10 UxmL™"in 100 mM KH_PO,, pH 7.4) was mixed
and pre-incubated for 5 min at 30 °C. The reaction was
initiated with the addition of 50 uL. of NADPH (100
UM) and the formation of NADP* was determined by
the loss of fluorescence at 340 nm excitation/460 nm
emissions at 0, 5, 15, 30 and 60 min intervals. The data
were expressed as the loss of NADPH fluorescence
x* mg~' DNA x min™.

DNA strand breaks were quantified by fluorescence
using an alkaline precipitation assay.'®!” The levels
of single- and double-stranded DNA remaining in
the supernatant were assessed by mixing 50 uL of
the supernatant with 200 uL of Hoescht dye at a
concentration of 1 pg mL™" in 200 mM Tris-acetate,
pH 8.5, containing 300 mM NaCl and 4 mM sodium
cholate.”® Fluorescence was then measured using
360 nm (excitation) and 450 nm (emissions) filters.
The blanks contained identical constituents without
homogenate, and salmon sperm DNA standards
were added for DNA quantification. The results
were expressed as Ug of supernatant DNA  mg™' of
homogenate proteins.

The elimination of purines from DNA turnover
was determined by xanthine oxidoreductase activity

according to the method described by Zhu et al”
50 uL of the S, fraction sample of mussels was added
to 125 uL of assay buffer (50 mM KH,PO,, pH 7.4,
containing 10 uM sodium molybdate), hypoxantine
50 uM and 10 uM dichlorofluorescein diacetate. The
formation of fluorescein was measured at 0, 10, 20,
30 and 40 mn, at 30 °C, using 485 nm (excitation) and
516 nm (emissions) filters. The results were expressed
as relative fluorescence units/(min-mg protein).

Phagocytosis, oxidative stress

and xenobiotic conjugation

Phagocytic activity, hemocyte viability and cell
adherence were evaluated as described elsewhere.?
For phagocytosis, 25 uL of fluorescein-labelled
bacteria (corresponding to 5 X 107 bacteria/well)
were added to the wells and left to incubate for 2 hr
at room temperature. The wells were then washed
once with PBS as described above and resuspended
in 100 uL of 0.125 mg/L of Trypan Blue, pH 4.4
(50 mM sodium-citrate), to quench the fluorescence
of any traces of remaining bacteria adhering to the
cellwalls.?! Fluorescence was measured at485 nm for
excitation and 520 nm for emission (Chameleon II,
Bioscan, USA). Phagocytic activity was expressed
as relative fluorescence units/mg proteins, as
determined, by the fluorescamine method.?? Briefly,
130 uL of 30 mM NaOH was added to the plates for
30 min to lyse the cells. Then 70 UL of 500 wg/mL
fluorescamine (in 100% acetonitrile) was added
and the plate was left to stand for 10 minutes.
Fluorescence was measured at 400 nm for excitation
and 450 nm for emissions. Standards of fluorescein
(phagocytosis and cell viability) and bovine serum
albumin (proteins) were used for calibration.

The level of thiobarbituric reactive substances
(TBARS) resulting from oxidative lipid peroxide
breakdown (LPO) was evaluated with the
thiobarbituric method.”> Blanks and standards
of tetramethoxypropane (stabilized form of
malonaldehyde) were prepared in the presence of
the homogenization buffer. Fluorometric analysis
was performed at 540 nm (excitation) and 600 nm
(emissions). The results were expressed as pg of
TBARS:mg™" of homogenate protein.

Glutathione S-transferase (GST) activity was
determined by the method of Boryslawskyj et al**
using 2,4-dichloronitrobenzene as the substrate
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in a microplate format. The assay was performed
on the 15,000 X g supernatant at 0.1 mM of the
substrate, and absorbance readings were made
at 340 nm. Data were expressed as the change in
absorbance/min/mg.

Data analysis

Ten clams were collected from each site for biomarker
analyses. Homogeneity of variance and normality of
the data were verified using Levene’s test. The data
were log-transformed when significant deviations
from normality occurred. The data were analyzed
by a factorial two-way analysis of variance (two-
way ANOVA) with gender and site as the factors.
For inter-site correlation analysis of individual
morphology and biomarker responses, a Pearson-
moment correlation test was used. A factorial analysis
was also performed using the principal components
extraction procedure to determine the relationships
among the biomarker data. The residual value of
DNA strand breaks were calculated against DNA
nitrosylation to extract the component of DNA strand
breaks that was not explained by DNA nitrosylation
(i.e. from inflammation). The residual is defined as the
absolute difference between the predicted the levels of
DNA strand breaks from the linear relationship with
DNA nitrosylation and the actual measured value.
Significance was set at p < 0.05.

Results

The morphological characteristics of clams collected
in the Fjord du Saguenay and St. Lawrence estuary
was examined (Fig. 2). In the St. Lawrence estuary,
the weight-to-shell-length ratio (condition factor) was
significantly reduced at sites subject to anthropogenic
activity (Fig. 2A). A two-way ANOVA revealed that
site location but not gender was a determining factor.
Clams at the TAD and BAR sites were the most
severely affected, with the weight-to-shell-length
ratio decreasing 1.6 times. The ratios for clams
in the Fjord du Saguenay at the ASJ and AE sites
were generally less affected, decreasing by factors
of 1.6 and 1.2 respectively. The gonado-somatic
index (GSI) was also affected at the study sites with
no apparent sex-related effects (Fig. 2B). In the
St. Lawrence estuary, the GSI was reduced at all
polluted sites, especially the BSC and TAD sites,
with reductions by factors of 2.7 and 3 respectively,

compared with the reference site (i.e. BAU). In the
Fjord du Saguenay, GSI increased by a factor of 1.4
at the AE site and decreased by a factor of 1.9 at the
AS]J site. Correlation analysis (Table 2) revealed that
the weight-to-shell-length ratio was significantly
correlated with GSI (r = 0.46; p < 0.01). Analysis
of clam age distributions revealed that age status
varied from 5 to 9 years of age and was significantly
correlated with GSI (r = 0.46; p=0.001).

The physiological health status of the clams was
also determined by tracking the extent of GST activity,
and LPO and phagocytic activity (Figs. 3A to 3C).
GST activity was readily induced at the polluted TAD
and BAR sites in the St. Lawrence estuary (increasing
by a factor of 1.4 at the BAR site), with no apparent
gender-related  interactions (two-way factorial
ANOVA: p < 0.01 for site and p > 0.1 for gender)
(Fig. 3A). In the Fjord du Saguenay, GST activity was
readily induced at all impacted sites, increasing by a
factor 2.7 at the site receiving municipal wastewater
(i.e., site ASJ).

The extent of gonad LPO was also examined
in the wild clams (Fig. 3B). A two-way ANOVA
revealed that sites were a significant factor but
gender was not. LPO increased significantly at
TAD (circa 2-fold increase) in the clams from the
St. Lawrence estuary. In the Fjord du Saguenay,
LPO was readily increased at most sites (PS, ASJ
and AE), rising by a factor of 1.6 at the site furthest
upstream (i.e., the AE site). Phagocytic activity was
affected by site location, with no gender-related
effects (two-way ANOVA: p < 0.01 for site and
p = 0.18 for gender) (Fig. 3C). In the St. Lawrence
estuary, phagocytic activity was reduced at the PAL
site, but it increased significantly at the TAD and
BAR sites. In the Fjord du Saguenay, phagocytic
activity was reduced at all sites (i.e. the PS, ASJ,
BE and AE sites). Correlation analyses revealed that
GST activity was significantly correlated with the
weight-to-shell-length ratio (r = —-0.52; p = 0.001)
and GSI (r = -0.26; p= 0.01), suggesting that
xenobiotic conjugating activity (pollution effects)
occurs at the expense of clam condition and gonad
development. LPO in gonads was correlated with the
ratio of weight-to-shell-length (r = 0.29; p = 0.01),
GSI (r = 0.69; p < 0.001), GST activity (r=-.73;
p = 0.01) and phagocytosis (r = —0.34; p = 0.01).
Phagocytic activity was significantly correlated
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Figure 2. Change in morphological characteristics of Mya arenaria clams under pollution stress. Feral intertidal clams were collected by hand and

analysed for condition factor (A) and gonado-somatic index (B). The letters “a” and “b” indicate significant differences (p < 0.05) compared with the
respective reference sites (BAU and ASE).

with weight-to-shell-length ratio (r =—-0.2; p = 0.04) DNA integrity was examined in the gonadal
and GST activity (r= 0.65; p = 0.01), suggesting tissues of clams by tracking changes in DNA strand
that enhanced phagocytosis is detrimental to the breaks, DNA nitrosylation and the purine salvage
condition factor and that increased phagocytosis pathway by xanthine oxidoreductase (XOR) activity
occurs at sites where pollution stress also occurs. (Figs. 4Ato C). The levels of DNA strand breaks were
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Table 2. Correlation analysis of the biomarker data.

DNA
nitrosylation

DNA LPO XOR

strands
r=-0.17

Phagocytosis
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factor
r=0.09

Condition

Age
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p

r=-05
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p = 0.007

r

p

LPO
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DNA nitrosylation

significantly affected by site location but not by gender
(two-way ANOVA p < 0.01 for site and p > 0.05 for
gender) in both sectors (Fig. 4A). In the St. Lawrence
estuary, DNA strand breaks were increased about
3-fold at the BSC and TAD sites. In the Fjord du
Saguenay, the levels of DNA strand breaks were
significantly reduced at the PS and AE sites, with no
significant changes at the other sites. The levels of
DNA nitrosylation were also affected by site location
but gender had no significant effect (Fig. 4B). The
extent of nitrosylation was readily elevated at the
most impacted sites (BSC and TAD) in St. Lawrence
estuary clams. In the Fjord du Saguenay, the levels
of nitrosylation dropped at polluted sites, reaching a
2-fold reduction at the site furthest upstream (i.e. AE).
DNA nitrosylation was marginally correlated with the
weight-to-shell-length ratio (r =—-0.24; p = 0.05), GSI
(r = 0.84; p = 0.01), phagocytic activity (r = 0.32;
p = 0.02) and DNA damage (r = 0.41; p = 0.004).
In an attempt to highlight the contribution of DNA
nitrosylation (resulting from inflammation) to DNA
strand breaks, the residual values (absolute value)
of DNA strand breaks were calculated to identify
any site-specific changes in DNA strand breaks not
explained by DNA nitrosylation (i.e. DNA damage
not produced by inflammation). The extraction
of residuals for DNA strand breaks against DNA
nitrosylation (Fig. 3A) revealed that DNA strand
breaks were reduced in the St. Lawrence estuary but
that the breaks nevertheless increased in the Fjord
du Saguenay, suggesting that pollution-related DNA
damage was still occurring there. It is noteworthy that
the residual DNA strand breaks dropped significantly
at the reference site in the fjord (i.e. site ASE).

XOR activity of was significantly influenced by
site location only, with no gender-related interactions
(Fig. 3D). XOR activity was significantly induced
at nearly all the St. Lawrence estuary sites, with the
exception of the BSC site, where it was significantly
reduced (Fig. 4C). In the Fjord du Saguenay, XOR
activity was significantly induced at the ASJ site
and reduced at the PS and AE sites. Correlation
analyses revealed that XOR activity was negatively
correlated with the weight-to-shell-length ratio
(r=-0.3, p = 0.02), GSI (r = -0.51; p = 0.01),
phagocytosis (r=0.67;p < 0.001), DNAnitrosylation
(r =04, p=0.007), GST (r = 0.93; p < 0.001)
and DNA strand breaks (r = 0.42, p = 0.007).

(5]
(o]
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Figure 3. Xenobiotic metabolism, oxidative stress and phagocytic
activity in feral Mya arenaria clams under pollution stress. Feral intertidal
clams were collected and analysed for gonad GST (A), gonad LPO (B)
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differences (p < 0.05) compared with the respective reference sites
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An analysis of covariance of XOR activity with site
location, DNA strand breaks and DNA nitrosylation
revealed that site location (F = 37) and DNA strand
breaks (F = 3.3) were the most significant variables.
Interestingly, GST was not significantly correlated
with any of the above genotoxicity parameters, with
the exception of XOR activity (r =0.93; p < 0.001),
but DNA strand breaks were negatively correlated
with LPO (r = -0.5; p < 0.001), GSI (r = —0.68;
p < 0.05) and positively correlated with phagocytic
activity (r=0.3; p < 0.01).

Discussion

Clams collected at sites affected by harbours and
marinas show evidence of DNA damage in gonad
tissues. A recent study correlated an increase in the
formation of DNA strand breaks with changes in
the energy expenditure associated with reduced
clam-bed density profiles.® Harbours are known
to be contaminated with fuel-based products such
as PAHs, which are well-known DNA-damaging
agents.”® Exposure of Crassostrea gigas embryos to
benzo[a]pyrene resulted in an increase in DNA strand
breaks and embryotoxicity at the lowest exposure
group of 0.2 nM. Endosulfan also produced the same
effects but at much higher concentrations (300 nM
and 150 nM for embryotoxicity and genotoxicity
respectively), indicating that genotoxicity occurred
before the manifestation of embryotoxicity. The
synthetic estrogen ethinylestradiol produced no
effects at concentrations up to 1.7 nM.

In a previous study of Mya arenaria clams from
the Fjord du Saguenay, organic clam extracts were
contaminated with PAHs and their tissue levels were
found to be significantly correlated with genotoxicity
as determined by the bacterial SOS chromotest assay.’
Moreover, metabolic activation by rat liver fractions
confirmed that a significant portion of the genotoxicity
was associated with PAHs-like substances, which
require oxidative biotransformation to produce DNA-
reactive intermediates. It is well known that municipal
effluents (at the ASJ site principally) contain natural
and synthetic estrogens that could also modulate
NO production in gonad tissues in blue mussels.?’
However, the levels of DNA nitrosylation were not
particularly elevated at this site contaminated with
municipal effluents. In our study, clams from the
ASJ site were contaminated by municipal effluents,
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Figure 4. DNA lesions in feral Mya arenaria clams under pollution stress.
Feral intertidal clams were collected and analyzed for gonad DNA strand
breaks (A), gonad DNA nitrosylation adducts (B) and gonad xanthine
oxidoreductase activity (C). The letters “a” and “b” indicate significant
differences (p < 0.05) compared with the respective reference sites
(BAU and ASE).

showing an absence of effects on either DNA strand
breaks or DNA nitrosylation.

In another study, total PAH levels were
significantly correlated with levels of DNA adducts
in blue mussels in Iceland.”® PAHs were also
recognized to increase GST activity in mussels,”
which was correlated with XOR activity, a purine
salvage pathway. In this study, DNA strand breaks
were associated with DNA nitrosylation, which is
considered an immune- or disease-mediated type of
damage. Peroxinitrite released during phagocytosis
reacts to DNA, which can lead to nitrosylation and
deamination of cytidine residues.*

At the St. Lawrence estuary sites, the levels of
DNA strand breaks, when corrected against DNA
nitrosylation (i.e. the residuals) were not significantly
different from those at the BAU reference site,
suggesting that DNA damage seems the result of an
immunological response rather than through pollution
effects in the gonad. The occurrence of red algal
tides, which occurs in the estuary but not in the Fjord
du Saguenay, could stimulate phagocytosis and lead
to increased DNA damage. Clearly, more research
will be needed to determine whether algal blooms
can stimulate the immune systems in bivalves and
contribute to DNA nitrosylation.

In the Fjord du Saguenay, DNA strand breaks at
the ASE reference site were mostly affected by DNA
nitrosylation. This suggests that clams at this site
were under stress from disease or infection—a finding
corroborated by histological analyses of gonads that
revealed that this site had the highest incidence of
trematode (parasite) infestations (results not shown).
This was a sporadic observation, but a systematic
analysis of the infestation of clams was carried out
in the present study. Conversely, the residual DNA
strand breaks were higher at the AE site—the site
furthest upstream and known to be contaminated by
multiple sources of pollution, indicating site-specific
pollution effects.

During phagocytosis, microorganisms are killed
by the concomitant production of nitric oxide and
hydrogen peroxide, leading to the formation of
the highly cytotoxic agent peroxinitrite during the
so-called oxidative burst of immunocytes.’! As
mentioned earlier, NO production is also stimulated
by the pro-inflammatory cytokine IL-2 in mussels.
Clams and mussels exposed to B-glucans (cell wall
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components of various infectious microbes) also
increased the production of nitric oxide in hemocytes.*
Moreover, clam hemolymph treated with several doses
of B-glucans inhibited the growth of 3 potentially
pathogenic bacteria: Vibrio alginolyticus, Vibrio
splendidus and Escherichia coli.

In another study, blue mussels exposed to untreated
sewage effluent increased phagocytic activity, NO
and hydrogen peroxide production after 14 days
of exposure,’ indicating that sustained production of
these mediators of inflammation might be harmful
to the host. This was corroborated by the significant
relationship of phagocytosis activity with DNA
nitrosylation, XOR activity and DNA strand breaks in
the present study. The production of NO in hemocytes
of Mytilus galloprovincialis followed a seasonal pattern
that seems to implicate temperature-related effects.’!
Indeed, hemocyte production of NO varies throughout
the year, showing amaximum insummeranda minimum
in winter. IL-2 increases NO production even in winter
and implicates the activation of the cAMP-dependent
protein kinase C.

Sustained phagocytosis and the release of
mediators of inflammation such as IL-2 could
increase the concentrations of hydrogen peroxide
and NO, which lead to the formation of peroxinitrite
and reactions to genomic DNA. Indeed, NO leads
to the formation of base nitration (nitrosylation)
in nucleic acids (8-diazoguanine). The reduction
of nitrosylated bases to amino bases underpins the
measurement by NADPH-dependent diaphorase
activity. The diazo bases and amino bases can
form hydrogen bonds with each other and produce
conformational changes in DNA, which can increase
the propensity for DNA adducts and trigger a greater
number of mutations. This would suggest that
organisms battling infections are more susceptible
to genotoxic compounds, since their DNA is
already damaged by an increased number of nitrosyl
adducts. This hypothesis was also consistent with the
observation that age correlates negatively with DNA
nitrosylation (r = =0.24; p = 0.05), owing perhaps to
the weakened immune system and the generally less
efficient DNA repair capacity that comes with age.
In conclusion, DNA strand breaks seem to follow
both pollution- and immune-mediated damage in
the Fjord du Saguenay and the St. Lawrence estuary.
DNA nitrosylation was significantly correlated with

both the immune response (phagocytosis) and DNA
damage suggesting that genotoxicity was aggravated
by sustained inflammation and pollution.

Acknowledgments

This work was funded by the postdoctoral fellowship
program of the Spanish ministry of Education and
Science. The authors would like to thank Chantal
André, Melanie Douville and Sophie Trépanier for
their assistance with the experimental approach and
biochemical determinations. We also thank Patricia
Potvin and Heather Ferguson of Environment Canada
for the English editing.

Disclosure
The authors report no conflicts of interest.

References

1. Fortin G, Pelletier M. Synthése des connaissances sur les aspects physiques
et chimiques de I’eau et des sédiments du Saguenay: zones d’intervention
prioritaire 22 et 23. Environnement Canada, Conservation de I’Environnement,
Centre Saint-Laurent, Montréal, Rapport Technique, 1995;212.

2. Frouin H, Pellerin J, Fournier M, et al. Physiological effects of polycyclic aromatic
hydrocarbons on softshell clam Mya arenaria. Aquat Toxicol. 2007;82:120-34.

3. Hamouten D, Payne JF, Rahimtula A, Lee K. Use of the Comet assay to
assess DNA damage in hemocytes and digestive gland cells of mussels and
clams exposed to water contaminated with petroleum hydrocarbons. Mar
Environ Res. 2002;54:471-4.

4. Martel L, Gagnon MJ, Masse R, Leclerc A, Tremblay L. Polycyclic aromatic
hydrocarbons in sediments from the Saguenay Fjord, Canada. Bull Environ
Contam Toxicol. 1986;37:133-40.

5. White PA, Blaise C, Rasmussen JB. Detection of genotoxic substances
in bivalve molluscs from the Saguenay Fjord (Canada), using the SOS
Chromotest. Mutat Res. 1997;392:277-300.

6. Jaiswal M, LaRusso NF, Burgart LJ, Gores GJ. Inflammatory cytokines
induce DNA damage and inhibit DNA repair in cholangiocarcinoma cells
by a nitric oxide-dependent mechanism. Cancer Res. 2000;60:184-90.

7. Akaishi FM, St-Jean SD, Bishay F, Clarke J, da S Rabitto I, de Oliveira
Ribeiro CA. Immunological responses, histopathological findings and
disease resistance of blue mussel (Mytilus edulis) exposed to treated and
untreated municipal wastewater Aquat. Toxicol. 2007;82:1-14.

8. Novas A, Barcia R, Ramos-Martinez JI. Implication of PKC in the
seasonal variation of the immune response of the hemocytes of Mytilus
galloprovincialis Lmk. and its role in interleukin-2-induced nitric oxide
synthesis. [UBMB Life. 20072;59:659-63.

9. Roberts S, Gueguen Y, de Lorgeril J, Goetz F. Rapid accumulation of an
interleukin 17 homolog transcript in Crassostrea gigas hemocytes following
bacterial exposure. Dev Comp Immunol. 2008;32:1099—104.

10. Bihari N, Hamer B, Jaksi¢ Z, Fafandel M, Mici¢ M, Batel R. Application
of alkaline elution, Fast Micromethod and flow cytometry in detection of
marine contamination. Cell Mol Biol. 2002;48:373-7.

11. Jebali J, Banni M, de Almeida EA, Boussetta H. Oxidative DNA damage
levels and catalase activity in the clam Ruditapes decussatus as pollution
biomarkers of the Tunisian marine environment. Environ Monit Assess.
2007;124:195-200.

12. Machella N, Battino M, Pisanelli B, Regoli F. Influence of the SCGE
protocol on the amount of basal DNA damage detected in the Mediterranean
mussel, Mytilus galloprovincialis. Environ Mol Mutagen. 2006;47:
579-86.

Biochemistry Insights 2009:2

61


http://www.la-press.com

&,

Gagné et al

13. Pipe RK. Oogenesis in the marine mussel Mytilus edulis: an ultrastructural 25. GagnéF,Blaise C, Pellerin J, Fournier M, Durand MJ, Talbot A. Relationships
study. Mar Biol. 1987;95:405-14. between intertidal clam population and health status of the softshell clam

14. Bradford MB. A rapid and sensitive method for the quantification of Mya arenaria in the St. Lawrence Estuary and Fjord du Saguenay (Québec,
microgram quantities of protein utilizing the principle of protein-dye Canada). Environ Int. 2008;34:30-43.
binding. Anal Biochem. 1976;72:248-54. 26. Wessel N, Rousseau S, Caisey X, Quiniou F, Akcha F. Investigating the

15. Goldenberger D, Perschil I, Ritzler M, Altwegg M. A simple “universal” relationship between embryotoxic and genotoxic effects of benzo[a]pyrene,
DNA extraction procedure using SDS and proteinase K is compatible with 17a-ethinylestradiol and endosulfan on Crassostrea gigas embryos. Aquat
direct PCR amplification. PCR Methods. 1995;4:368-70. Toxicol. 2007;85:133-42.

16. Olive PL. DNA precipitation assay: a rapid and simple method for 27. Stefano GB, Cadet P, Mantione K, Cho JJ, Jones D, Zhu W. Estrogen
detecting DNA damage in mammalian cells. Environ Mol Mutagen. signaling at the cell surface coupled to nitric oxide release in Mytilus edulis
1988;11:487-95. nervous system. Endocrinology. 2003;144:1234-40.

17. Gagné F. and Blaise C. Genotoxicity of environmental contaminants 28. Skarphédinsdottir H, Ericson G, Svavarsson J, Naes K. DNA adducts and
in sediments to rainbow trout hepatocytes. Envir Toxic Wat Qual. polycyclic aromatic hydrocarbon (PAH) tissue levels in blue mussels (Mytilus
1995;10: 217-229. spp.) from Nordic coastal sites. Mar Environ Res. 2007;64:479-91.

18. Bester MJ, Potgieter HC, Vermaak WJH. Cholate and pH reduce interference 29. Gowland BTG, McIntosh AD, Davies IM, Moffat CF, Webster L.
by SDS in the determination of DNA with Hoescht. Anal Biochem. Implications from a field study regarding the relationship between polycyclic
1994;223:299-305. aromatic hydrocarbons and glutathione S-transferase activity in mussels.

19. Zhu H, Banneberg GL, Moldeaus P, Shertzer HG. Oxidation pathways for the Mar Environ Res. 2002;54:231-5.
intracellular probe 2°,7’-dichlorofluorescin. Arch Toxicol. 1994;68:582—7. 30. NagatsugiF, Nakayama S, AliMM, Sasaki S. Selective nitrosyl group transfer

20. Blaise C, Trottier S, Gagné F, Lallement C, Hansen PD. Immunocompetence reaction to cytidine using oligonucleotides bearing S-nitrosothioguanosine.
of bivalve hemocytes as evaluated by a miniaturized phagocytosis assay. Nucleic Acids Symp Ser. 2004;48:23—4.

Environ Toxicol. 2002;17:160-9. 31. Novas A, Barcia R, Ramos-Martinez JI. After the Prestige oil spill,

21. Hed J. Methods for distinguishing ingested from adhering particles. Meth modifications in NO production and other parameters related to the immune
Enzymol. 1995;132:198-204. response were detected in hemocytes of Mytilus galloprovincialis. Aquat

22. Lorenzen A, Kennedy S. A fluorescence-based protein assay for use with a Toxicol. 2007b;85:285-90.
microplate reader. Anal Biochem. 1993;214:346-8. 32. Mar Costa M, Novoa B, Figueras A. Influence of beta-glucans on the

23. Wills ED. Evaluation of lipid peroxidation in lipids and biological immune responses of carpet shell clam (Ruditapes decussatus) and
membranes. In: Snell K, Mullock B. (Eds.), Biochemical Toxicology: Mediterranean mussel (Mytilus galloprovincialis). Fish Shellfish Immunol.
A Practical Approach. IRL Press, Washington, USA, 1987;127-50. 2008;24:498-505.

24. Boryslawskyj M, Garrood AC, Pearson JT. Elevation of glutathione-S-
transferase activity as a stress response to organochlorine compounds
in the freshwater mussel Sphaerium comeum. Mar Environ Res.
1998;223:299-305.

Publish with Libertas Academica and
every scientist working in your field can
read your article
“I would like to say that this is the most author-friendly
editing process | have experienced in over 150
publications. Thank you most sincerely.”

“The communication between your staff and me has
been terrific. Whenever progress is made with the
manuscript, | receive notice. Quite honestly, I've
never had such complete communication with a
Jjournal.”

“LA is different, and hopefully represents a kind of
scientific publication machinery that removes the
hurdles from free flow of scientific thought.”

Your paper will be:
o Available to your entire community
free of charge
Fairly and quickly peer reviewed
Yours! You retain copyright
http://www.la-press.com
62 Biochemistry Insights 2009:2


http://www.la-press.com
http://www.la-press.com

