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ARTICLE INFO ABSTRACT

Edited by: Professor Bing Yan This study investigates the effects of polycyclic aromatic hydrocarbons (PAHs) on two potentially toxic Pseudo-
nitzschia hasleana and P. mannii, isolated from a PAH contaminated marine environment. Both species, main-
tained in non-axenic cultures, have been exposed during 144 h to increasing concentrations of a 15 PAHs
mixture. Analysis of the domoic acid, showed very low concentrations. Dose-response curves for growth and
photosynthesis inhibition were determined. Both species have maintained their growth until the end of incu-
bation even at the highest concentration tested (120 pg 1Y), Nevertheless, P mannii showed faster growth and
seemed to be more tolerant than P. hasleana. To reduce PAH toxicity, both species have enhanced their bio-
volume, with a higher increase for P. mannii relative to P hasleana. Both species were also capable of bio-
concentrating PAHs and were able to degrade them probably in synergy with their associated bacteria. The
highest biodegradation was observed for P. mannii, which could harbored more efficient hydrocarbon-degrading
bacteria. This study provides the first evidence that PAHs can control the growth and physiology of potentially
toxic diatoms. Future studies should investigate the bacterial community associated with Pseudo-nitzschia species,
as responses to pollutants or to other environmental stressors could be strongly influence by associated bacteria.
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1. Introduction hydrophobicity and low biodegradation and thus can be concentrated

and bioaccumulated throughout the marine food webs and may seri-

Chemical pollution of aquatic ecosystems is one of the major envi-
ronmental problems because of its disastrous impacts on resources and
services for these anthropized environments (Schwarzenbach et al.,
2006). Polycyclic aromatic hydrocarbons (PAHs) are among the chem-
ical contaminants that have required special attention because they are
the most commonly encountered at high concentrations in marine
environment and especially in coastal waters (Duran and
Cravo-Laureau, 2016; Ben Othman et al., 2018). PAHs are also the most
hazardous pollutants because of their strong toxicity, since some of them
are known as mutagens and carcinogens (Sakari et al., 2008; Ben Oth-
man et al., 2018). These pollutants have low water solubility, high

ously harm aquatic and human life (Joseph and Newman, 2010). The
primary producers represent the entry route for PAHs into the marine
food webs (Berrojalbiz et al., 2009). Therefore, the ability of phyto-
plankton to accumulate PAHs can control the fate of these pollutants and
their magnification in higher trophic levels and consequently the risk for
human health.

The high persistence and toxicity of PAHs has led to intensive
research on the process of their elimination and degradation (Manviri
et al., 2020). Environmental technology has employed microorganisms,
such as bacteria and fungi, to remove PAHs from contaminated waters
(Gutierrez, 2010; Gargouri et al., 2011). In recent years, more attention
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has been paid on the role of microalgae in the biodegradation of PAHs
(Hong et al., 2008). Although PAHs can inhibit algal growth and
decrease phytoplankton biomass, (Echeveste et al., 2010a, 2010b; Perez
etal., 2010; Ben Othman et al., 2012), some microalgal species can resist
to the toxic effects of these pollutants by accumulating and degrading
them (Hong et al., 2008; Liu et al., 2019; Bretherton et al., 2020).
However, the tolerance to PAHs varies among phytoplankton species
and appears to be related to their cell biovolume (Ben Othman et al.,
2012). In this vein, large algae, such as diatoms, are recognized as
tolerating organisms, since they are able to maintain growth at high
concentrations of PAHs. Hong et al. (2008) showed the capacity of two
diatom species (Skeletonema costatum and Nitzschia sp.) in the accumu-
lation and biodegradation of phenanthrene and fluoranthene, although
with different efficiencies. In addition, field experiments conducted in
two coastal Mediterranean lagoons (Bizerte and Thau lagoons) revealed
the resistance of the diatoms Skeletonema costatum and Chaetoceros sp. to
a cocktail of PAHs (Ben Othman et al., 2018).

Within diatoms, the genus Pseudo-nitzschia has received considerable
scientific attention because of the increase of the number of species
producing domoic acid (Teng et al., 2014; Sakka Hlaili et al., 2016). This
neurotoxin is responsible for Amnesic Shellfish Poisoning (ASP) and thus
blooms of Pseudo-nitzschia represent serious threats to the environment,
aquaculture shellfish industries and human health. Unfortunately,
blooms of the toxic diatoms are increasing in frequency and magnitude
in several coastal environments (Loureiro et al., 2009; Giménez et al.,
2013). For example, in Mediterranean coastal water (Bizerte lagoon,
North of Tunisia), Pseudo-nitzschia spp. bloomed at high levels in
different periods of the year (> 10° cells I''; Bouchouicha Smida et al.,
2014; Sakka Hlaili et al., 2016). Since coastal waters can be severely
contaminated by many substances, the impact of chemical pollutants on
the occurrence of Pseudo-nitzschia species and their toxicity has been
suspected (Trainer et al., 2012). Interestingly, a recent work showed that
resuspension of contaminated sediment caused a shift in the phyto-
plankton community of the Thau lagoon, with dominance of Pseudo--
nitzschia spp after contamination (Ben Othman et al., 2017). Moreover,
toxic diatoms are known for their resistance to metal pollutants, such as
copper and iron (Lelong et al., 2012). These species can use complexa-
tion strategy by increasing domoic acid production to bind metal out of
the cell. The PAH response of several diatom species (Nitzschia brevir-
ostris Cyclotella caspia, Phaeodactylum tricornutum and Thalassiosira
pseudonana) were reported in field and laboratory studies (Hong et al.,
2008; Croxton et al., 2015; Niehus et al., 2018). Nevertheless, there
remains a considerable lack on data concerning potentially toxic di-
atoms, as Pseudo nitzschia. Indeed, the majority of research has focused
on trace metal pollution as a potential cause of domoic acid production
by Pseudo-nitzschia species. This toxin plays the role of chelator for metal
and thus can participate in increasing the bioavailability of a trace
element (as Fe) or decreasing the availability of a toxic metal (as Cu)
(Maldonado et al., 2002; Lelong et al., 2012; Trainer et al., 2012). As
observed for trace metals, the eco-toxicology impact of organic pollut-
ants on potentially toxic diatoms must be well understood and described
in order to improve our knowledge of the driving factors regulating their
blooms and their toxicity. In this context, our study aims investigating
the responses to PAHs stress of the two species, P. hasleana and P. mannii,
recently observed in SW Mediterranean Sea (Bizerte lagoon), where
PAHs contamination has been reported (Lafabrie et al., 2013;
Bancon-Montigny et al., 2019). In polluted marine environments, PAHs
are commonly encountered in mixture and can act in an antagonistic or
synergistic manner. Moreover, separate PAHs and PAHs in mixture do
not usually induce the same effects and thresholds on algal species (Lei
etal., 2007; Echeveste et al., 2010a, 2010b). Indeed, complex mixture of
PAHs could induce more toxic impact on phytoplankton than single
compound (Echeveste et al., 2010a, 2010b). Thus, the specific objectives
of this study were (i) to assess the impact of increasing concentrations of
a PAHs mixture on growth, photosynthetic parameters and biovolume of
Pseudo-nitzschia mannii and P. hasleana, (ii) to assess the possible link
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between PAH contamination and the toxigenic potential of these
harmful algae, and (iii) to examine their ability for biodegradation and
bioaccumulation of these pollutants. For that purpose, we conduct lab-
oratory experiments with cultures of P. hasleana and P. mannii exposed,
during 144 h, to a PAHs mixture of 15 PAHs, which are included in the
US Environmental Protection Agency’s list of priority pollutants
(US-EPA).

2. Materials and methods
2.1. Isolation, identification and culture of phytoplankton species

Using a 20 um mesh plankton net, strains of diatoms were collected
from the Bizerte lagoon. The two Pseudo-nitzschia species were purified
and cultured in f/2 medium (Guillard, 1975) under non-axenic condi-
tions. The cultures were maintained in a thermostatic chamber at 22 °C
illuminated with cool-white fluorescent tubes at light intensity of 100
pmol photons m? s and under a photoperiod of 12 light:12 dark. The
identification of species was done using a transmission electron micro-
scopy (TEM). Details were reported in Melliti Ben Garali et al. (2016).

2.2. Preparation of PAH mixtures

A previous record showed the presence of 15 PAHs (anthracene,
pyrene, benzo(a)pyrene, benz(a)anthracene, chrysene, fluoranthene,
indeno(1,2,3-cd)pyrene, naphthalene, phenanthrene, benzo(b)fluo-
ranthene, benzo(g,h,i)perylene, benzo(k)fluoranthene, acenaphthene,
fluorene and dibenz(a,h)anthracene) in the sediments of the Bizerte
Lagoon. The specific in situ concentrations of each PAH were reported in
Bancon-Montigny et al. (2019). The specific in situ concentration of each
PAH were reported in Table 1. Based on these concentrations, stock
solutions of each type of PAH were prepared by dissolving pure chem-
icals in reagent grade dimethylsulfoxide (DMSO, 0.05%) without
exceeding the solubility threshold.

Then, the various stock solutions were mixed to obtain a first mixture
solution containing 4% of every type of pure PAHs (dissolved concen-
tration in wt/vol compare to the actual PAH concentrations in sediment
in wt/wt). Finally, this solution (of 4% of PAHs mixture) was diluted
with the DMSO to obtain three other cocktail solutions with 2%, 0.5%
and 0.1% of PAHs. The choice of 4 percentages of present PAHs was
arbitrary. The PAHs solutions were kept in dark and cold (4 °C) until the
day of their uses during the contamination experiment. All chemicals
(DMSO and PAHs; purity > 97%) were purchased from Sigma-Aldrich.

2.3. Experimental set-up

For each Pseudo-nitzschia species, 12 glass Erlenmeyer flasks, con-
taining 2 L culture medium, were prepared and autoclaved. Before their
use the flasks have been rinsed with 10% HCI solution. After steriliza-
tion, 3 pl of each PAH stock solution (see before) were added to three
Erlenmeyer flasks to obtain four contaminated treatments in triplicates;
C1, C2, C3 and C4 which received respectively 0.1%, 0.5%, 1% and 4%
of PAH cocktails. Initial concentration of individual PAHs as well as
properties of each one are reported in Table 1. Three flasks without
PAHs were used as control treatment (C) and three others received only
DMSO (at 0.05% vol/vol). This control treatment with DMSO (Cpmso)
was prepared to test its potential toxicity on the diatom species. Pseudo-
nitzschia cells in exponential growth phase were then inoculated to each
flask to get an initial concentration of 27 107 cells 1. The 36 Erlen-
meyer flasks, prepared for both species, were finally incubated for 144 h
in a thermostatic chamber under the same environmental conditions
described above. The light intensity and the temperature within the
incubator were checked throughout the experiment using a spherical
quantum mini-recorder LI-250 A and Thermometer (Model TH-020),
respectively. Sub-samples were taken from all treatments during incu-
bation period for several measurements, as described below.
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Table 1

Properties of PAHs used in experimentation, in situ concentrations in sediment and initial concentrations in deferent mixtures.
PAH name Concentrations in sediment (mg kg™)* Initial concentrations (ug 17) Properties

4% 1% 0.5% 0.1% MW" SWE (mg 1) N¢

Anthracene 22.2-85.5 1.180 0.295 0.147 0.029 178.24 0.434 3
Benzo(a)anthracene 151.2-616.4 5.441 1.361 0.680 0.136 228.30 0.0094 4
Benzo(a)pyrene 51.0-788.1 6.721 1.680 0.840 0.168 252.32 0.0016 5
Benzo(b)fluoranthene 191.3-1048.0 4.560 1.141 0.571 0.114 252.31 0.0008 5
Benzo(g,h,i)perylene 199.9-598.8 3.400 0.850 0.425 0.085 276.34 0.0003 6
Benzo(k)fluoranthene 33.2-165.2 3.308 0.827 0.413 0.082 252.32 0.0008 5
Chrysene 147.9-619.5 5.240 1.310 0.655 0.131 228.30 0.002 4
Fluoranthene 168.5-537.4 10.060 2.650 1.325 0.265 202.26 0.26 4
Indeno (1,2,3-cd)pyrene 185.6-558.7 4.160 1.040 0.520 0.104 276,33 0,0025 6
Naphtalene 47.7 0.377 0.094 0.047 0.009 128.18 31 2
Phenanthrene 234.6-342.7 4.400 1.100 0.550 0.110 178.24 1.15 3
Pyrene 141.1-492.6 8.200 2.050 1.025 0.205 202.26 0.135 4
Acenaphthyene 10.4-26.1 0.236 0.059 0.029 0.005 152.20 16.1 3
Fluorene 22.6-32.4 0.273 0.068 0.034 0.006 166.23 1.69 3
Dibenzo(a,h)anthracene 121.8-191.0 1.524 0.381 0.190 0.038 278.36 0.0002 5
2 From Bancon-Montigny et al. (2019).
b Molecular weight.
¢ Water solubility.
4 Number of benzene rings.

2.4. Sampling and analyses et al., 1984).

2.4.1. PAH measurement

PAHs were analyzed in all treatments at the beginning, 72 h and 144
h and every day in treatment C3. Samples were filtered on glass fiber
filters and the filtrates were used to analyze the dissolved phase PAHs in
Pseudo-nitzschia culture. For this, each filtrate sample was gathered by
solid-phase extraction (SPE) with a C18 column (preconditioned with
10 ml dichloromethane (DCM), 10 ml methanol and 10 ml ultrapure
water two times) at a flow rate of 5 ml min™. Then, PAHs were eluted
from the column with 12 ml DCM. The extraction was concentrated to
0.5 ml using Termovap Sample Concentrator in a water bath (45 °C) and
analyzed with GC-MS. To analyze particulate PAHs, the GF/F glass fiber
filters were freeze-dried and weighed. The dried filters were extracted
with 150 ml of the mixed solvent n-hexane and DCM (1:1, vol/vol) for
24 h. Extractions were purified by a self-packet silica-alumina column
(from top to bottom: anhydrous sodium sulfate, 1 cm; the mixture of
silicone and n-hexane, 10 cm; anhydrous sodium sulfate, 1 cm; a few
glassfiber). Then, The PAHs eluent was concentrated to 0.5 ml for GC-
MS analysis (Lei et al., 2007). The method detection limits (MDLs),
defined as mean blank value + 3 x standard deviation (SD), ranged
from 0.04 to 3 ng ml"! for individual PAHs.

2.4.2. Domoic acid measurement

A certificate calibration solution of DA (CRM-DA-f, 101.8 + 2.1 pg
ml 1) was obtained from the Measurement Science and Standards, Na-
tional Research Council of Canada. HPLC gradient grade and LC-MS
hypergrade acetonitrile, methanol and formic acid were purchased
from Merck (Darmstadt, Germany). Milli-Q water was obtained from a
Millipore water purification system (Bedford, MA, USA).

For particulate domoic acid (pDA), samples (100 ml) were taken at
the beginning and the end of incubation and filtered through GF/F filters
(Whatman) and processed according to a rapid resolution liquid
chromatography-tandem mass spectrometry (LC-MS/MS) method (de la
Iglesia et al., 2008), with slight modifications (see Melliti Ben Garali
et al., 2016). The instrumental limit of quantification (LQA) was 0.1 ng
ml?.

2.4.3. Chlorophyll a analysis and cell counting

Samples (20 ml) were taken every day and filtered on Whatman GF/F
filters. Chl a was extracted at 90% acetone (vol/vol) for 30 h in the dark
at 4 °C. The pigment concentration was measured using the spectro-
photometric method and following the procedure given by (Parsons

Other samples (1 ml) were taken every day of the incubation and
were fixed with Lugol’s acid solution (3% final concentration). Cell
counting was performed in triplicate, on aliquots of 5 pl, deposited be-
tween slide - coverslip and observed under light microscopy BX-102 A at
x40 magnification (Lundholm et al., 2004).

2.4.4. Photosynthetic efficiency of PSII

Samples (10 ml), collected throughout the experiment, were incu-
bated for 20 min in the dark. The maximum quantum efficiency of PSII
(Fv/Fm) was analyzed by Aqua-Pen C (manufactured by Photon System
Instruments, www.psi.cz). A blue LED (450 nm) excites a sample of
suspended cell by a saturating flash (2000 pE m™2 s). The induction of
chlorophyll fluorescence (680 nm) was then measured for 1 s at a time
scale from 10 to 100 ps, depending on OJIP protocol of the manufac-
turer. This protocol allows the parameters FO and Fm to be obtained,
which represent, respectively, the minimum and maximum yield of Chl
a fluorescence measured on dark-adapted samples. Then, both param-
eters were used to calculate the potential photosynthetic efficiency (Fv/
Fm, with Fv = Fm - FO0).

2.5. Calculation

2.5.1. Growth rate

For the various treatments, the net growth rates of Pseudo-nitzschia
species were estimated using the exponential model of (Landry and
Hassett, 1982),

N¢ = NgeM (@)
Ln (N, /Np) =put )

Where Ny and N; were the abundance of Pseudo-nitzschia at the
beginning and at 72 h of incubation, respectively; p (d}) is the net cell
growth rate; and t (d) is the incubation time. p is the slope of the line
from the linear regression of In (N¢/Ny) against time of the form y = a x.

2.5.2. Biovolume

The length (L, um) and the width (W, pm) of diatoms (at least 50 cells
for each species) were measured using a calibrated ocular micrometer
and cell volumes (V, um®) were calculated by applying standard geo-
metric formulae to each species, as proposed by Hillebrand et al. (1999)
and modified by Lundholm et al. (2004). We assumed that P. mannii and
P. hasleana have a shape of a prism on a parallelogram-based:
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V (um?) = (0.6 x L x W) + (0.4 x 0.5 x W)

2.5.3. Percentages of PAHs accumulation, biodegradation and in the
medium

The percentages of dissolved PAHs (i.e. in the medium, %PAHjss)
and accumulated in the cells (%PAH,.) as well as degraded (%PAHgeg)
were calculated as follows (Chan et al., 2006),

%PAHgiss = (amount of PAHs remaining in the medium/amount of PAHs
added) x 100%

PAH,.. = (amount of PAHs accumulated in the cells/amount of PAHs added) x
100%

PAHge; = (amounts of PAHs added — amount of PAHs remaining in the me-
dium - amount of PAHs accumulated in the cells)/amount of PAHs added x
100%

2.5.4. Ecotoxicological values

EC50s (concentrations inducing a response halfway between the
control and the maximum toxicity effect) were determined using the
REGTOX macro for Excel developed by E. Vindimian (Arzul et al., 2006).
Optimal EC50s were selected and 95% confidence limits were given for
each calculated value.

2.6. Statistical analysis

A two-factor parametric variance analysis (ANOVA) (treatment and
time) was used to test the effect of PAH contaminations on all variables

a. P hasleana

Chl a ( % of control)
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measured for both species. When the effect was significant, a multiple
comparison posterior test (Tukey test) was performed to identify the
significant contamination relative to control. A two-factor ANOVA
(species and time) was also used to compare the decrease in biomass and
cell abundance and percentage of PAH accumulation and degradation
between the two species. A student test was used to compare the cellular
biovolumes of species after 144 h relatively to the initial value in each
treatment. When the normality of the data distribution (Kolmogorov-
Smirnov test) and/or the homogeneity of the variances (Bartlett-Box
test) were not verified, a non-parametric ANOVA analysis (Kruskal-
Wallis) or a non-parametric student-test (test z) was used. All statistical
analyzes were performed using SPSS 18.0 Software.

3. Results
3.1. Impact of PAHs on growth of Pseudo-nitzschia species

The cell abundances of Pseudo-nitzschia species and Chl a concen-
trations measured throughout the incubation did not vary significantly
between DMSO treatment (Cpyso) and control C (Fig. 1). Furthermore,
both species showed similar growth rates (Table 2) between the two
control treatments, their abundance increasing gradually throughout
the experiment. For the four PAH concentrations tested, the diatoms
were able to maintain continuous growth throughout the incubations,
but with significant (p < 0.05) lower rates compared to the control
(Table 2). For both species, the PAH-treated cells did not totally lose
their viability as fluorescence was still observed. However, the diatom
abundance was significantly reduced (p < 0.05) compared to that of the
control (Fig. 1). A dose-dependent effect was observed, as the decrease
of Chl a and cell abundance was inversely proportional to the level of
contamination (Fig. 1). The percentages of inhibition increased with the
incubation time. The treatment C1 induced a final reduction in Chl a of

b. P mannii

0 , , , . , 0 , , . , , ,
= 8 d. P mannii
& c. P hasleana - C
E R DMSO
=
3
80 4 |
5]
2
o
~ 60 - —O—Cz
Q
2
o

§ w0 £
b=
28 C4
< a0
-
©
© . ‘ ‘ : ‘ . 0 ‘ . : . . :

0 24 48 72 96 120 144 0 24 48 72 96 120 144

Fig. 1. Evolution of Chl a concentrations (a, b) and cell abundances (c, d) in contaminated treatments [C1: 0.1% (3 pg I'h; €2: 0.5% (15 pgl 1): C3: 2% (30 ng ;
C4: 4% (120 pg I'1)] relatively to the control (C) during the experiments performed for P. hasleana and P. mannii (Mean + SD). *significantly (p < 0.05) lower than

the control (C) based on Tukey test.
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Table 2
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Exponential growth rate (d™) of P. hasleana and P. mannii in the controls (C and Cpyso) and contaminated treatments with PAH cocktails [C1: 0.1% (3 ug 1'1); €2: 0.5%
(15 pg I™; C3: 2% (30 ug I'h; C4: 4% (120 ug I'H] (Mean =+ SD, n = 3). *Significantly lower (p < 0.05) than control (C) based on Tukey test.

C Cpmso C1 c2 c3 c4
P. hasleana 2.04 £ 0.01 1.80 + 0.04 0.83 + 0.02* 0.53 + 0.00* 0.55 + 0.09* 0.39 + 0.02*
P. mannii 1.83 + 0.01 1.85 + 0.03 1.08 + 0.02* 0.82 + 0.05* 0.66 + 0.09* 0.44 + 0.02*

40% and 23% for P. hasleana and P. mannii, respectively. In the other
treatments, Chl a decreased rapidly, reaching 50-90% less than control
at the end of incubation (Fig. 1a, b). The lowest PAH contamination (i.e.
C1) was followed by 35% final decrease of P mannii abundance, but >
50% for P. hasleana (Fig. 1c, d). Similarly, the C2 and C3 treatments
induced more reduction in final cell concentrations (p < 0.05) for
P. hasleana (75%) than P. mannii (55%). At the end of the C4 contami-
nations, cell reductions of 79% was noted for P. hasleana and P. mannii,
which proliferated four and three times less than control (Table 1).

3.2. Impact of PAHs on the physiology of Pseudo-nitzschia species

As observed for growth, 0.05% DMSO did not have a significant ef-
fect on the efficiency of the PSII, since similar values of Fv/Fm were
measured in control with or without DMSO throughout the incubation
(Fig. 2). When P. hasleana was exposed to C1 and C2 contaminations, the

a. P. hasleana

100

Fv/Fm did not show a significant difference (p > 0.05) compared to
control. On the contrary, under higher contamination (C3, C4), the Fv/
Fm dropped abruptly during the first 24 h, with a 100% reduction
compared to the control (Fig. 2a). For P. mannii, only the highest
contamination (C4) induced a negative effect on the PSII efficiency.
During the first 48 h of this treatment, the Fv/Fm was reduced by 24%
relatively to the control, but by 100% after 72 h (Fig. 2b). The EC50s
measured for this photosynthesis parameter after 72 h of contamination
were 135 and 115 pg PAHs 11 for P. mannii and P. hasleana,
respectively.

The two species showed similar cell biovolume (~ 210 um®) in both
control treatments (C and Cpyso) at the beginning (0 h) and at the end
(144 h) of the incubation. After 144 h of PAH exposure, the biovolumes
of both species were significantly enhanced (Fig. 3). This increase was
more pronounced in P. mannii (16-35% of the initial volume) than in
P. hasleana (11-17% of initial volume). Note that for each species, the

—o—CDMSO
-===Cl
—0-C2
-o- 3

e C4

?

100 ¢

l?. P. mannii
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Fv/Fm (% of control)
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Fig. 2. Evolution of the efficiency of photosystem II (Fv/Fm) in contaminated treatments [C1: 0.1% (3 ug I'h; €2: 0.5% (15 ng I'; €3: 2% (30 ug I'h; C4: 4%
(120 pg I')] relatively to the control (C) during the experiments performed for P. hasleana and P. mannii (Mean =+ SD). *significantly (p < 0.05) lower than the

control (C) based on Tukey test.
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Fig. 3. Effects of PAH cocktails on cellular biovolume of P. hasleana (a) and
P. mannii (b) in different treatments [C; Cpymso; C1: 0.1% (3 pug 1I'Y); C2: 0.5%
(15 pg I'); €3: 2% (30 pg I'Y); C4: 4% (120 pg 1)1 (Mean + SD). *significant
increase (p < 0.05) after 144 h based on Student test.

biovolume has increased proportionally with the level of contamination.

Each Pseudo-nitzschia strain was tested negative for the production of
domoic acid. The concentrations of this neuro-toxin measured at the end
of the incubation in the different contaminations including the control
were below the instrumental limit of quantification (LQA = 0.1 ng ml

1y
3.3. Fate of PAHs during incubation

The measured concentrations of the sum of PAHs in each treatment
at the beginning of the experiment were not significantly different to the
nominal expected concentrations (Table 1). Concentration were close to
95% of the theoretical concentrations. In addition, the measured and the
theoretical concentrations were proportional with a slope close to 1
(0.983 and 0.996 for P. hasleana and P. mannii, respectively) for the
concentration range used (n = 12). Therefore, the measured concen-
trations were used in the remainder of the results.

The daily monitoring of PAHs in the C3 treatment showed a gradual
drop in dissolved PAH concentrations from the beginning (28-28.7 pg I
1) to the end of incubations (Fig. 4a). Despite this gradual decrease, the
final concentrations of dissolved PAHs were 2.3-5.1 pg 17, indicating
that both Pseudo-nitzschia species were maintained in contaminated
media until the end of the experiments. Concomitantly, concentrations
of particulate PAHs increased throughout the experiments (from 2.1 to
14 pg 1! for P. hasleana and from 0.8 to 15.5 pg 1! for P. mannii)
(Fig. 4b). Significance difference (p < 0.05) was observed between both
species for the gradual decrease of PAH in the dissolved phase, with a
higher rate for P hasleana (Table 3).

In each treatment, the percentage of dissolved PAHs (%PAHjjss),
accumulated PAHs (%PAH,..) and degraded PAHs (%PAHgeg) varied
significantly throughout the incubation time for both species (Fig. 5).
The % PAH,jss dropped significantly (p < 0.05) from the start to the end
of incubation, in all treatments. It decreased from 100% to 21-45% and
to 17—29% for P. hasleana and P. mannii, respectively (Fig. 5b). In all
treatments, there were more PAHs accumulated in the cells at 144 h

Ecotoxicology and Environmental Safety 214 (2021) 112082
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Fig. 4. Concentration of dissolved (a) and particulate PAHs (b) in the treatment
C3 contaminated by 2% of PAHs cocktail (means + 91% confidence intervals,
n = 3). *significant decrease/increase (p < 0.05) from the initial value based on
two-factor ANOVA.

Table 3
Theoretical and measured concentrations (ug 1I'Y) of PAHs mixtures in Pseudo-
nitzschia cultures (n = 3).

Theoretical concentrations

Cl C2 Cc3 C4

3 15 30 120
Measured concentrations
Culture of P. hasleana 2.1 +0.1 13.8 £0.7 28.0+1.2 117.0 £ 3.5
Culture of P. mannii 2.4+0.2 13.7 £ 0.5 287 +23 118.6 + 4.4

(30-57% and 25-59%) than at 72 h (12-26%and 10-35%) (Fig. 5a). The
PAH degradation generally increased over time in most treatments and
for both species. The highest %PAHgeg (51%) was observed for P. mannii
contaminated by C4 cocktail at the end of incubation (Fig. 5c).

4. Discussion
4.1. Impact of PAHs on the growth of Pseudo-nitzschia species

The DMSO concentration (0.05%) used for the dissolution of PAH did
not affect cell growth and physiology, since specific growth rates and
Fv/Fm values in C and Cpyso treatments were not significantly different
(Table 2). This was already observed in previous ecotoxicological
studies with phytoplankton culture exposed to PAH contamination (Ben
Othman et al., 2018).

The contamination of the two species by the different concentrations
of the PAH cocktails induced a decrease in their growth (Table 2)
resulting in a significant reduction in their biomasses and abundances
(Fig. 1). A previous work on the toxicity of PAHs mixtures on natural
phytoplankton communities from Bizerte and Thau Lagoons has shown
pronounced changes in algal composition and significant decrease in
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Fig. 5. Percentages of PAHs accumulated in the cells (PAH,c, a), remaining dissolved in the culture medium (PAHg;s,, b) and degraded (PAHgeg, c) in the P. hasleana
and P. mannii cultures over time in the different contaminated treatments [C1: 0.1% (3 pg I'h; €2: 0.5% (15 ng I; €3: 2% (30 ng I, C4: 4% (120 ng '
(Mean =+ SD). *significant decrease (p < 0.05) from the initial value (at 0 h), ’signiﬁcant increase (p < 0.05) from the value at 72 h based on two-factor ANOVA.

phytoplankton abundance (Ben Othman et al., 2018). Our results are
also consistent with other ongoing work on the adverse effects of PAHs
in mixture on phytoplankton in general (Djomo et al., 2004; Vieira and
Guilhermino, 2012) and more particularly on diatoms (Nayar et al.,
2005). It seems that single PAHs or in mixture can strongly repress genes
of diatoms involved in the transport of silicon and the formation of silica
shell (Bopp and Lettieri, 2007; Carvalho et al., 2011). This can provoke
the alteration of the cell membrane by these molecules and therefore
their penetration into the cytoplasm, resulting in a decrease in cell
growth.

The negative effect of PAHs was dose-dependent, as both species
proliferated with rates that were lower as the level of contamination
increased (Table 1). In addition, decrease in Chl a and cell abundance

was proportional to the PAH concentrations (Fig. 1). The dose-
dependent impact of PAHs on microalgae has been previously re-
ported by several authors (Echeveste et al., 2010a, 2010b; Ben Othman
et al., 2018). Previous work that examined the impact of increasing
concentrations of PAH cocktails on different microalgal species, often
reported complete inhibition of phytoplankton growth and even lethal
status under high levels of contamination (Ben Othman et al., 2018).
This was not observed during our experiment, indeed, both
species-maintained growth even under the highest concentration of
PAHs tested (i.e. C4). Moreover, after 144 h, there were approximately
50 10° mI™! cells of each species in the C4 microcosms, suggesting that P.
mannii and P. hasleana can tolerate these organic pollutants. Moreover,
the PAH cocktails used in the experiment were mainly dominated by
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fluoranthene and pyrene, which could be less toxic than others PAHs.
However, the first species seemed to be a little more tolerant than the
second. P mannii had lower initial growth rate but proliferated a little
more quickly under contaminations than P. hasleana. The P. mannii
growth was less reduced by the high contaminations (three times rela-
tively to control) than that of P. hasleana (four times relatively to con-
trol) (Table 2). Furthermore, the C1, C2 and C3 treatments, induced
significant lower decrease in cell abundance for P. mannii than
P. hasleana (p < 0.05; Fig. 1). The tolerance of both Pseudo-nitzschia
species to various PAH cocktails and the difference in the degree of this
tolerance between them may be related to physiological adaptations
that allowed the microalgae to overcome the toxic effects of PAHs.

4.2. Impact of PAHs on physiology of Pseudo-nitzschia species

In addition to significant toxic effects on biomass and growth, our
results revealed that PAHs had also an impact on the physiology of both
species, as the effectiveness of their photosystem II was negatively
affected by PAH exposure. However, the effects was variable among
PAH cocktails and between species. The treatments C1 and C2 did not
elicit by any significant effect (p > 0.05) on the Fv/Fm variable, sug-
gesting that both species were physiologically unaffected (Fig. 2). In
contrast, the highest contaminations (i.e. treatments C3 and C4) resulted
in a sharp drop in the maximum quantum yield of the PSII during the
first 48 h (Fig. 2). These results are consistent with those of other studies
showing that pronounced PAH cocktail concentrations (i.e. 14-75 pg 1)
strongly reduce the photosynthetic efficiency of phytoplankton (Eche-
veste et al., 2010a, 2010b; Ben Othman et al., 2018). Hydrocarbons,
known by their hydrophobic character, tend to accumulate in chloro-
plasts whose structure is rich in lipids (Sorigué Damien et al., 2016).
These pollutants can be introduced by altering the membrane of chlo-
roplasts (Patrick et al., 2007), then that of thylakoids, where the PSII is
located (Sargian et al., 2005). By subsequently interfering with photo-
synthetic electron transport (Duxbury et al., 1997), PAHs can affect the
efficiency of PSII. Nevertheless, diatom cells are physiologically able to
tolerate low PAH concentration, by increasing, for example, the PSII
absorption cross-section (increase in the size of the antennas) in order to
maintain an efficient photosynthetic function (Moore et al., 2006). This
mechanism of adaptation can be envisaged to explain the lack of sig-
nificant impact observed for the low concentration (C1 and C2) in both
species.

For P. mannii, the photosynthetic efficiency was reduced only by the
highest PAH level (C4 contamination) and was totally deteriorated after
48 h, whereas for P. hasleana, even the C3 treatment provoked a marked
fall and total deterioration in the first 24 h (Fig. 2). In addition, the
measured EC50 for Fv/Fm was higher for P. mannii (135 pg PAHs 1)
than for P. hasleana (115 pg PAHs 1'). This suggests that P. mannii was
physiologically better adapted to PAHs, which may explain the less in-
hibition of final abundance and growth observed for P. mannii (Table 2,
Fig. 1). The measured EC50 exceed the concentrations found in the
water of the Bizerte lagoon (Bancon-Montigny et al., 2019). However,
high amounts of PAHs could be released from sediment resuspension
(Cornelissen et al., 2008), or deposited by atmospheric aerosol (Bar-
houmi et al., 2018) or loaded by oil spill (Wang et al., 2014). All these
phenomena could lead to the contamination of water column by PAHs,
which would be toxic for algal species.

Cell biovolume has been identified as a factor in the resistance or
sensitivity of species to PAHs (Echeveste et al., 2010a, 2010b; Breth-
erton et al., 2020). The Pseudo-nitzschia species have increased their
biovolumes after 144 h’ exposure to all PAH cocktails. This increase was
all the more important as the level of contamination increased (Fig. 3).
The exposure of diatoms to abiotic stresses (like PAH contaminations)
could boots lipid synthesis and yield (Zulu et al., 2018), leading to an
increase in cell size to reduce the toxicity of PAHs. The size enhancement
strategy allows the large microalgae to better tolerate PAHs (Ben Oth-
man et al, 2012) and hence to maintain their growth under
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contamination by toxic molecules. The biovolume of P. mannii increased
from 16% to 35% compared to the baseline, whereas the increase in
P. hasleana was significantly lower (11-17%). This could therefore
reinforce the good tolerance of P. mannii to PAHs compared to that of the
other species.

The production of domoic acid by Pseudo-nitzschia species can be
involved in their resistance against metallic contaminants (Lelong et al.,
2011). This amino acid can chelate ETMs and subsequently decrease
their bioavailability for diatoms, thereby reducing metal toxicity to
cells. Unlike ETMs, Pseudo-nitzschia defense strategies against organic
pollutants are not known and the role that DA could play in this resis-
tance is still unknown. Strains of P. mannii and P. hasleana, used in our
experiments, were tested negative for the production of DA. The moni-
toring of this toxin during the incubation showed that the species
remained non-toxic throughout the experiment under the different
contaminant concentrations. This indicates that either the two species
were physiologically and genetically incapable of producing DA, or that
even though they had the toxic potential, PAH contamination did not
stimulate DA production. Consequently, the release of DA by the di-
atoms can’t be envisaged as a potential strategy to face PAH
contamination.

4.3. Accumulation and degradation of PAHs by Pseudo-nitzschia species

In addition to their physiological adaptation, the Pseudo-nitzschia
species could tolerate PAHs thanks to their ability to remove these toxic
compounds. Effectively, both species were capable to uptake the PAHs
from the culture medium and accumulating them, as the percentages of
PAHs remaining in each treatment decreased in parallel with the in-
crease in accumulation percentages (Fig. 5). Furthermore, under C3
contamination, concentrations of particulate PAHs increased over days
in a linear pattern (Fig. 4b). This is in agreement with previous reports of
the ability of several microalgal species, including diatoms to accumu-
late several individual PAHs or in mixture (Hong et al., 2008;
Gonzalez-Gaya et al., 2019). P. mannii showed a slight lower accumu-
lation than P. hasleana (Fig. 5a). The bioaccumulation of organic con-
taminants by microalgae can be related to the initial cell concentration
used in the inoculum (Chan et al., 2006). In our experiment, the same
cell density was used for both species at the beginning of incubation. The
bioaccumulation of PAHs is however species-dependent (Lei et al.,
2007), since the size and shape of cells could affect the adsorption and
accumulation of these molecules. So, P. mannii, by increasing much
more its biovolume in all contaminations treatments (Fig. 3) relative to P
hasleana, could limit the PAH absorbance, resulting in less accumulated
PAHs.

In the C3 treatment, a gradual drop in dissolved PAH concentrations
was observed over time in cultures of both species (Fig. 4a). Several
abiotic processes, including volatilization, photooxidation and adsorp-
tion could contribute to PAH elimination (Lekunberri et al., 2010;
Ghosal et al., 2016), but the biodegradation may be the main factor of
PAHs removal in microalgae culture (Hong et al., 2008; Kumari et al.,
2016; Garcia de Llasera et al., 2017). Phytoplankton, included diatoms,
had the ability to degrade individual and mixed PAHs (Hong et al., 2008;
Echeveste et al., 2010a, 2010b; Gonzalez-Gaya et al., 2019; Liu et al.,
2019) and bacteria are the dominant biodegraders of PAHs (Jiménez
et al., 2011). Moreover, hydrocarbonoclastic bacteria were commonly
found associated with diatoms in culture (attached or free-living)
(Thompson et al., 2018, Severin et al., 2019). Thus, there may be a
metabolic synergy between the Pseudo-nitzschia and their associated
bacteria in the degradation of PAHs (Kumari et al., 2016), as the cultures
used in the present study were not axenic. Moreover, our previous work
showed that a diatom and associated bacteria, isolated from the Bizerte
lagoon, were efficient in the degradation of benzo(a)pyrene and fluo-
ranthene (Kahla et al., 2021), both PAHs are among the most molecules
present in the cocktails used in this study (Table 1). The biodegradation
was significantly higher for P. mannii than P hasleana, (p < 0.05,
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Fig. 5¢). This difference may be linked to the change in the composition
of associated bacteria between the two Pseudo-nitzschia species, as the
bacterial community structure associated to microalgae is known to be
species-dependent (Bagatini et al., 2014; Severin and Erdner, 2019).

5. Conclusion

The study provided new data on PAH toxicity on potentially toxic
diatoms. Exposure of non-axenic cultures of P. mannii and P. hasleana
during 144 h to increased concentrations of PAH mixture induced sig-
nificant decrease in cell growth, biomass and cell abundance of both
species and an alteration of their photosynthetic efficiency. These effects
were dose-dependent, with a more pronounced decrease as the level of
contamination increased. However, the two diatoms were able to
tolerate these pollutants, by adopting strategy based on the increase of
their biovolume, to limit the absorption of PAHs and consequently
reducing their toxicity. The PAH tolerance of the diatoms has been
strengthened by their ability to accumulate PAHs and degrade them
probably in synergy with their associated bacteria. High degradation
was found in culture of P. mannii, which showed also the highest bio-
volume increase and then appeared to be more tolerant to PAHs than
P. hasleana. These findings could help to understand the increase of
Pseudo-nitzschia spp. blooms in contaminated PAHs coastal waters. The
diversity of associated bacteria of potentially toxic diatoms and the
interaction between both components should be investigated in the
future studies, since associated bacteria could strongly influence the
pollutants response of these species and hence their occurrence and
dynamics.

CRediT authorship contribution statement

Sondes Melliti Ben Garali: Conceptualization, Methodology,
Investigation, Writing - original draft. Ines Sahraoui: Conceptualiza-
tion, Methodology. Hiba Ben Othman: Investigation. Abdessalem
Kouki: Investigation. Pablo De La Iglesia: Investigation. Jorge Dio-
gene: Investigation. Céline Lafabrie: Investigation. Karl B. Andree:
Writing - review. Margarita Fernandez-Tejedor: Investigation.
Kaouther Mejri: Investigation. Marouan Meddeb: Investigation.
Olivier Pringault: Conceptualization, Methodology, Writing - original
draft. Asma Sakka Hlaili: Conceptualization, Methodology, Investiga-
tion, Writing - original draft, Supervision.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This work was supported by IRD through the Laboratoire Mixte In-
ternational (LMI) COSYS-Med (Contaminants et Ecosystemes Sud
Méditerranéens).

References

Arzul, G., Quiniou, F., Carrie, C., 2006. In vitro test-based comparison of pesticide
induced sensitivity in marine and freshwater phytoplankton. Toxicol. Mech.
Methods 16, 431-437.

Bagatini, I.L., Eiler, A,, Bertilsson, S., Klaveness, D., Tessarolli, L.P., Vieira, A.A.H., 2014.
Host-specificity and dynamics in bacterial communities associated with bloom-
forming freshwater phytoplankton. PLoS One 9, e85950. https://doi.org/10.1371/
journal.pone.0085950.

Bancon-Montigny, C., Gonzalez, C., Delpoux, S., Avenzac, M., Spinelli, S., Mhadhbi, T.,
Mejri, K., Sakka Hlaili, A., Pringault, O., 2019. Seasonal changes of chemical
contamination in coastal waters during sediment resuspension. Chemosphere 235,
651-661.

Barhoumi, B., Jiménez, J.C., Guigue, C., Goutx, M., Simpéré, R., Derouiche, A.,
Achour, A., Touil, S., Driss, M.R., Tedetti, M., 2018. Levels and risk assessment of

Ecotoxicology and Environmental Safety 214 (2021) 112082

hydrocarbons and organochlorines in aerosols from a north African coastal city
(Bizerte, Tunisia). Environ. Pollut. 240, 422-443,

Ben Othman, H., Leboulanger, C., Le Floch, E., Mabrouk, H.H., Sakka Hlaili, A., 2012.
Toxicity of benz(a)anthracene and fluoranthene to marine phytoplankton in culture.
J. Hazard. Mater. 243, 204-211.

Ben Othman, H., Pringault, O., Louati, H., Sakka Hlaili, A., Leboulanger, C., 2017. Impact
of contaminated sediment elutriate on coastal phytoplankton community (Thau
lagoon, Mediterranean Sea, France). J. Exp. Mar. Biol. Ecol. 486, 1-12.

Ben Othman, H., Lanouguere, E., Got, P., Sakka Hlaili, A., Leboulanger, C., 2018.
Structural and functional responses of coastal marine phytoplankton communities to
PAH mixtures. Chemos 209, 908-919.

Berrojalbiz, N., Lacorte, S., Calbet, A., Saiz, E., Barata, C., Dachs, J., 2009. Accumulation
and cycling of polycyclic aromatic hydrocarbons in zooplankton. Environ. Sci.
Technol. 43, 2295-2301.

Bopp, S.K., Lettieri, T., 2007. Gene regulation in the marine diatom Thalassiosira
pseudonana upon exposure to polycyclic aromatic hydrocarbons (PAHs). Gene 396,
293-302. https://doi.org/10.1016/j.gene.2007.03.013.

Bouchouicha Smida, D., Sahraoui, 1., Grami, B., Hadj Mabrouk, H., Sakka Hlaili, A.,
2014. Population dynamics of potentially harmful algal blooms in Bizerte Lagoon.
Afr. J. Aquat. Sci. 39, 177-188.

Bretherton, L., Hillhouse, J., Kamalanathan, M., Finkel, Z.V., Irwin, A.J., Quigg, A., 2020.
Trait-dependent variability of the response of marine phytoplankton to oil and
dispersant exposure. Mar. Pollut. Bull. 153, 110906 https://doi.org/10.1016/j.
marpolbul.2020.110906.

Carvalho, R.N., Burchardt, A.D., Sena, F., Mariani, G., Mueller, A., Bopp, S.K.,

Umlauf, G., Lettieri, T., 2011. Gene biomarkers in diatom Thalassiosira pseudonana
exposed to polycyclic aromatic hydrocarbons from contaminated marine surface
sediments. Aquat. Toxicol. 101, 244-253. https://doi.org/10.1016/j.
aquatox.2010.10.004.

Chan, S.M.N., Luan, T.G., Wong, M.H., 2006. Removal and biodegradation of polycyclic
aromatic hydrocarbons by Selenastrum capricornutum. Environ. Toxicol. Chem. 25,
1772-1779.

Cornelissen, G., Arp, H., Pettersen, A., Hauge, A., Breedveld, G., 2008. Assessing PAH
and PCB emissions from the relocation of harbour sediments using equilibrium
passive samplers. Chemosphere 72, 1581-1587.

Croxton, A.N., Wikfors, G.H., Schulterbrandt-Gragg, R.D., 2015. The use of flow
cytometric applications to measure the effects of PAHs on growth, membrane
integrity, and relative lipid content of the benthic diatom, Nitzschia brevirostris.
Mar. Pollut. Bull. 91, 160-165.

Djomo, J.E., Dauta, A., Ferrier, V., Narbonne, J.F., Monkiedje, A., Njine, T., Garrigues, P.,
2004. Toxic effects of some major polyaromatic hydrocarbons found in crude oil and
aquatic sediments on Scenedesmus subspicatus. Water Res. 38 (7), 1817-1821.

Duran, R., Cravo-Laureau, C., 2016. Role of environmental factors and microorganisms
in determining the fate of polycyclic aromatic hydrocarbons in the marine
environment. FEMS Microbiol. Rev. 40, 814-830. https://doi.org/10.1093/femsre/
fuw031.

Duxbury, C.L., Dixon, D.G., Greenberg, B.M., 1997. Effects of simulated solar radiation
on the bioaccumulation of polycyclic aromatic hydrocarbons by the duckweed
emnagibba. Environ. Toxicol. Chem. 16, 1739-1748.

Echeveste, P., Dachs, J., Berrojalbiz, N., Agusti, S., 2010a. Decrease in the abundance and
viability of oceanic phytoplankton due to trace levels of complex mixtures of organic
pollutants. Chemos 81, 161-168.

Echeveste, Pedro, Agusti, Susana, Dachs, Jordi, 2010b. Cell size dependent toxicity
thresholds of polycyclic aromatic hydrocarbons to natural and cultured
phytoplankton populations. Environ. Pollut. 158, 299-307.

Garcia de Llasera, M.P., Leon Santiago, M., loera Flores, E.J., Bernal Toris, D.N.,
Covarrubias Herrera, M.R., 2017. Mini-bioreactors with immobilized microalgae for
the removal of benzo(a)anthracene and benzo(a)pyrene from water. Ecol. Eng. 121,
89-98.

Gargouri, B., Karray, F., Mhiri, N., Aloui, F., Sayadi, S., 2011. Application of a
continuously stirred tank bioreactor (CSTR) for bioremediation of hydrocarbon-rich
industrial wastewater. J. Hazard. Mater. 189, 427-434.

Ghosal, D., Ghosh, S., Dutta, T.K., Ahn, Y., 2016. Current state of knowledge in microbial
degradation of polycyclic aromatic hydrocarbons (PAHS): a review. Front. Microbiol.
7 (7), 1369. https://doi.org/10.3389/fmicb.2016.01369.

Giménez, G.P., Casanova, A., Fernandez-Tejedor, M., de la Iglesia, P., Diogene, J., 2013.
Management of domoic acid monitoring in shellfish from the Catalan coast. Environ.
Monit. Assess. 85, 6653-6666.

Gonzélez-Gaya, B., Martinez-Varela, A., Vila-Costa, M., Casal, P., Cerro-Gélvez, E.,
Berrojalbiz, N., Lundin, D., Vidal, M., Mompean, C., Bode, A., Jiménez, B., Dachs, J.,
2019. Biodegradation as an important sink of aromatic hydrocarbons in the oceans.
Nat. Geosci. 12, 119-125.

Guillard, R.R.L., 1975. Culture of phytoplankton for feeding marine invertebrates. In:
Smith, W.L., Chanley, M.H. (Eds.), Culture of Marine Invertebrate Animals. Plenum
Publishing Corporation, New York, pp. 29-60.

Gutierrez, T., 2010. Searching for new bacterial species that break down polyaromatic
hydrocarbons in coastal and oceanic waters. Rev. Environ. Sci. Biotechnol. 9,
205-209.

Hillebrand, H., Diirselen, C.D., Kirschtel, D., Pollingher, U., Zohary, T., 1999. Biovolume
calculation for pelagic and benthic microalgae. J. Phycol. 35, 403-424.

Hong, Y.W., Yuan, D.X., Lin, Q.M., Yang, T.L., 2008. Accumulation and biodegradation
of phenanthrene and fluoranthene by the algae enriched from a mangrove aquatic
ecosystem. Mar. Pollut. Bull. 56, 1400-1405.

de la Iglesia, P., Gimenez, G., Diogene, J., 2008. Determination of dissolved domoic acid
in seawater with reversed-phase extraction disks and rapid resolution liquid


http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref1
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref1
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref1
https://doi.org/10.1371/journal.pone.0085950
https://doi.org/10.1371/journal.pone.0085950
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref3
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref3
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref3
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref3
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref4
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref4
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref4
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref4
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref5
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref5
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref5
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref6
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref6
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref6
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref7
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref7
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref7
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref8
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref8
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref8
https://doi.org/10.1016/j.gene.2007.03.013
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref10
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref10
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref10
https://doi.org/10.1016/j.marpolbul.2020.110906
https://doi.org/10.1016/j.marpolbul.2020.110906
https://doi.org/10.1016/j.aquatox.2010.10.004
https://doi.org/10.1016/j.aquatox.2010.10.004
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref13
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref13
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref13
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref14
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref14
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref14
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref15
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref15
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref15
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref15
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref16
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref16
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref16
https://doi.org/10.1093/femsre/fuw031
https://doi.org/10.1093/femsre/fuw031
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref18
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref18
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref18
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref19
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref19
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref19
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref20
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref20
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref20
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref21
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref21
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref21
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref21
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref22
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref22
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref22
https://doi.org/10.3389/fmicb.2016.01369
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref24
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref24
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref24
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref25
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref25
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref25
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref25
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref26
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref26
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref26
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref27
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref27
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref27
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref28
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref28
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref29
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref29
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref29
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref30
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref30

S. Melliti Ben Garali et al.

chromatography tandem mass spectrometry with head column trapping.
J. Chromatogr. A1215, 116-124.

Jiménez, N., Vinas, M., Guiu-Aragonés, C., Bayona, J.M., Albaigés, J., Solanas, A.M.,
2011. Polyphasic approach for assessing changes in an autochthonous marine
bacterial community in the presence of Prestige fuel oil and its biodegradation
potential. Appl. Microbiol. Biotechnol. 91, 823-834.

Joseph, D.L., Newman, D.A., 2010. Emotional intelligence: An integrative meta-analysis
and cascading model. J. Appl. Psychol. 95, 54-78.

Kahla, O., Melliti Ben Garali, S., Karra, F., Ben Abdallah, M., Kallel, N., Mhiri, N.,
Zaghden, H., Barhoumi, B., Pringault, O., Quémeneur, M., Tedetti, M., Sayadi, S.,
Sakka Hlaili, A., 2021. Efficiency of benthic diatom-associated bacteria in the
removal of benzo(a)pyrene and fluoranthene. Sci. Total Environ. 751, 141399.

Kumari, M., Ghosh, P., Thakur, L.S., 2016. Landfill leachate treatment using bacto-algal
co-culture: an integrated approach using chemical analyses and toxicological
assessment. Ecotoxicol. Environ. Saf. 128, 44-51.

Lafabrie, C., Sakka Hlaili, A., Leboulanger, C., Tarhouni, I., Ben Othmen, H., Mzoughi, N.,
Chouba, L., Pringault, O., 2013. Contaminated sediment resuspension induces shifts
in the structure and the functioning of phytoplankton in an eutrophic Mediterranean
lagoon. Knowl. Manag. Aquat. Ecosyst. 410, 1-16.

Landry, M.R., Hassett, R.P., 1982. Estimating the grazing impact of marine
microzooplankton. Mar. Biol. 67, 283-288.

Lei, A.P., Hu, Z.L., Wong, Y.S., Tam, N.F.Y., 2007. Removal of fluoranthene and pyrene
by different microalgal species. Bioresour. Technol. 98, 273-280.

Lekunberri, 1., Calvo-Diaz, A., Teira, E., Moran, X.A.G., Peters, F., Nieto-Cid, M.,
Espinoza-Gonzalez, O., Teixeira, I.G., Gasol, J.P., 2010. Changes in bacterial activity
and community composition caused by exposure to a simulated oil spill in
microcosm and mesocosms experiments. Aquat. Microb. Ecol. 59, 169-183.

Lelong, A., Hégaret, H., Soudant, P.H., 2011. Cell-based measurements to assess
physiological status of Pseudo-nitzschia multiseries, a toxic diatom. Res. Microb. 162,
969-981.

Lelong, A., Hégaret, H., Soudant, P.H., Bates, S.S., 2012. Pseudo-nitzschia
(Bacillariophyceae) species, domoic acid and amnesic shellfish poisoning: revisiting
previous paradigms. Phycologia 51, 68-216.

Liu, F., Tu, T., Li, S., Cai, M., Huang, X., Zheng, F., 2019. Relationship between plankton-
based B-carotene and biodegradable adaptablity to petroleum-derived hydrocarbon.
Chemosphere 237, 124430. https://doi.org/10.1016/j.chemosphere.2019.124430.

Loureiro, S., Jauzein, C., Garcé, E., Collos, Y., Camp, J., Vaque, D., 2009. The significance
of organic nutrients in the nutrition of Pseudo-nitzschia delicatissima
(Bacillariophyceae). J. Plankton Res. 31, 399-410.

Lundholm, N., Hansen, P.J., Kotaki, Y., 2004. Effect of pH on growth and domoic acid
production by potentially toxic diatoms of the genera Pseudo-nitzschia and Nitzschia.
Mar. Ecol. Prog. Ser. 273, 1-15.

Maldonado, M.T., Hughes, M.P., Rue, E.L., Wells, M.L., 2002. The effect of Fe and Cu on
growth and domoic acid production by Pseudo-nitzschia multiseries and Pseudo-
nitzschia australis. Limnol. Oceanogr. 47, 515-526.

Manviri, R., Rachnab, Uma, S., 2020. Metal oxide-chitosan based nanocomposites for
efficient degradation of carcinogenic PAHs. J. Environ. Chem. Eng. 8, 103810.
Melliti Ben Garali, S., Sahraoui, I., de la Iglesia, P., Chalghaf, M., Diogene, J., Ksouri, J.,
Sakka Hlaili, A., 2016. Effects of nitrogen supply on Pseudo-nitzschia calliantha and

Pseudo-nitzschia cf. seriata: field and laboratory experiments. Ecotoxicology 25,
1211-1225.

Moore, C.M., Suggett, D.J., Hickman, A.E., Kim, Y.N., Tweddle, J.F., Sharples, J.,
Geider, R.J., Holligan, P.M., 2006. Phytoplankton photoacclimation and
photoadaptation in response to environmental gradients in a shelf sea. Limnol.
Oceanogr. 51, 936-949.

10

Ecotoxicology and Environmental Safety 214 (2021) 112082

Nayar, S., Goh, B.P.L., Choue, L.M., 2005. Environmental impacts of diesel fuel on
bacteria and phytoplankton in a tropical estuary assessed using in situ mesocosms.
Ecotoxicology 14, 397-412.

Niehus, M.C., Floeter, C., Hollert, H., Witt, G., 2018. Miniaturised marine algae test with
polycyclic aromatic hydrocarbons —comparing equilibrium passive dosing and
nominal spiking. Aquat. Toxicol. 198, 190-197.

Parsons, E.R., Takahashi, M., Hargrave, B., 1984, third ed. Biological Oceanographic
Processes. Pergamon Press, Oxford, p. 330.

Patrick, Y., O’Brien, Dixon, Peter S., 2007. The effects of oils and oil components on
algae: a review. Br. Phycol. J. 11 (2), 115-142. https://doi.org/10.1080/
00071617600650161.

Perez, P., Fernandez, E., Beiras, R., 2010. Use of fast repetition rate fluorometry on
detection and assessment of PAH toxicity on microalgae. Water Air Soil Pollut. 209,
345-356.

Sakari, M., Zakaria, M.P., Lajis, N.H., Mohamed, C.A.R., Bahry, P.S., Anita, S.,
Chandru, K., 2008. Characterization, distribution, sources and origins of aliphatic
hydrocarbons from surface sediment of Prai Strait, Penang, Malaysia: a widespread
anthropogenic input. Environment Asia 2, 1-14.

Sakka Hlaili, A., Sahraoui, 1., Bouchouicha-Smida, D., Melliti Ben Garali, S., Ksouri, J.,
Chalghaf, M., Bates, S.S., Lundholm, N., Kooistra, W.H.C., de la Iglesia, P.,
Diogene, J., 2016. Toxic and potentially toxic diatom blooms in Tunisian (SW
Mediterranean) waters: review of ten years of investigations. In: Daniels, J.A. (Ed.),
Advances in Environmental Research, vol. 48. Nova Publisher, New York, NY,
pp. 51-70.

Sargian, P., Mostajir, B., Chatila, K., Ferreyra, G.A., Pelletier, E., Demers, S., 2005. Non-
synergetic effects of water-soluble crude oil and enhanced ultraviolet-B radiation on
a natural plankton assemblage. Mar. Ecol. Prog. Ser. 294, 63-77.

Schwarzenbach, R.P., Escher, B.L., Fenner, K., Hofstetter, T.B., Johnson, C.A., von
Gunten, U., Wehrli, B., 2006. The challenge of micropollutants in aquatic systems.
Science 313, 1072-1077.

Severin, T., Erdner, D.L., 2019. The Phytoplankton taxon-dependent oil response and its
microbiome: correlation but not causation. Front. Microbiol. 10, 385. https://doi.
org/10.3389/fmicb.2019.00385.

Sorigué Damien, Bertrand L.égeret, Stéphan Cuiné, Pablo Morales, Boris
Mirabella, Genevieve Guédeney, Yonghua Li-Beisson, Reinhard Jetter, Gilles
Peltier1, Fred Beisson, 2016. Microalgae synthesize hydrocarbons from long-chain
fatty acids via a light-dependent pathway. Plant Physiol. 171, 2393-2405. https://
doi.org/10.1104/pp.16.00462.

Teng, S.T., Lim, H.C., Lim, P.T., Dao, V.H., Bates, S.S., Leaw, C.P., 2014. Pseudo-nitzschia
kodamae sp. nov.(Bacillariophyceae), a toxigenic species from the Strait of Malacca,
Malaysia. Harmful Algae 34, 17-28.

Thompson, H.F., Lesaulnier, C., Pelikan, C., Gutierrez, T., 2018. Visualisation of the
obligate hydrocarbonoclastic bacteria Polycyclovoran salgicola and Algiphilusaroma
ticivorans in co-cultures with micro-algae by CARD-FISH. J. Microbiol. Methods 152,
73-79.

Trainer, V., Bates, Stephen S., Lundholm, Nina, Thessen, Anne E., Cochlan, William P.,
Adams, Nicolaus G., Trick, Charles G., 2012. Pseudo-nitzschia physiological ecology,
phylogeny, toxicity, monitoring and impacts on ecosystem health. Harmful Algae 14,
271-300.

Vieira, L.R., Guilhermino, L., 2012. Multiple stress effects on marine planktonic
organisms: influence of temperature on the toxicity of polycyclic aromatic
hydrocarbons to Tetraselmis chuii. J. Sea Res. 72, 94-98.

Wang, H., Xu, J., Zhao, W., Zhang, J., 2014. Effects and risk evaluation of oil spillage in
the sea areas of changxing island. Int. J. Environ. Res. Public Health 11, 8491-8507.

Zulu, N.N., Zienkiewicza, K., Vollheyde, K., Feussner, 1., 2018. Current trends to
comprehend lipid metabolism in diatoms. Prog. Lipid Res. 70, 1-16.


http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref30
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref30
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref31
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref31
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref31
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref31
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref32
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref32
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref33
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref33
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref33
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref33
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref34
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref34
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref34
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref35
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref35
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref35
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref35
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref36
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref36
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref37
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref37
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref38
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref38
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref38
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref38
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref39
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref39
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref39
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref40
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref40
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref40
https://doi.org/10.1016/j.chemosphere.2019.124430
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref42
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref42
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref42
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref43
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref43
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref43
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref44
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref44
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref44
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref45
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref45
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref46
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref46
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref46
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref46
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref47
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref47
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref47
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref47
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref48
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref48
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref48
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref49
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref49
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref49
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref50
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref50
https://doi.org/10.1080/00071617600650161
https://doi.org/10.1080/00071617600650161
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref52
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref52
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref52
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref53
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref53
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref53
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref53
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref54
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref54
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref54
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref54
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref54
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref54
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref55
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref55
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref55
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref56
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref56
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref56
https://doi.org/10.3389/fmicb.2019.00385
https://doi.org/10.3389/fmicb.2019.00385
https://doi.org/10.1104/pp.16.00462
https://doi.org/10.1104/pp.16.00462
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref59
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref59
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref59
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref60
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref60
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref60
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref60
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref61
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref61
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref61
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref61
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref62
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref62
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref62
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref63
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref63
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref64
http://refhub.elsevier.com/S0147-6513(21)00193-7/sbref64

	Capacity of the potentially toxic diatoms Pseudo-nitzschia mannii and Pseudo-nitzschia hasleana to tolerate polycyclic arom ...
	1 Introduction
	2 Materials and methods
	2.1 Isolation, identification and culture of phytoplankton species
	2.2 Preparation of PAH mixtures
	2.3 Experimental set-up
	2.4 Sampling and analyses
	2.4.1 PAH measurement
	2.4.2 Domoic acid measurement
	2.4.3 Chlorophyll a analysis and cell counting
	2.4.4 Photosynthetic efficiency of PSII

	2.5 Calculation
	2.5.1 Growth rate
	2.5.2 Biovolume
	2.5.3 Percentages of PAHs accumulation, biodegradation and in the medium
	2.5.4 Ecotoxicological values

	2.6 Statistical analysis

	3 Results
	3.1 Impact of PAHs on growth of Pseudo-nitzschia species
	3.2 Impact of PAHs on the physiology of Pseudo-nitzschia species
	3.3 Fate of PAHs during incubation

	4 Discussion
	4.1 Impact of PAHs on the growth of Pseudo-nitzschia species
	4.2 Impact of PAHs on physiology of Pseudo-nitzschia species
	4.3 Accumulation and degradation of PAHs by Pseudo-nitzschia species

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	References


