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Abstract :

Microalgae, which are the foundation of aquatic food webs, may be the indirect target of herbicides used
for agricultural and urban applications. Microalgae also interact with other compounds from their
environment, such as natural dissolved organic matter (DOM), which can itself interact with herbicides.
This study aimed to evaluate the influence of natural DOM on the toxicity of three herbicides (diuron,
irgarol and S-metolachlor), singly and in ternary mixtures, to two marine microalgae, Chaetoceros
calcitrans and Tetraselmis suecica, in monospecific, non-axenic cultures. Effects on growth,
photosynthetic efficiency (®’M) and relative lipid content were evaluated. The chemical environment
(herbicide and nutrient concentrations, dissolved organic carbon and DOM optical properties) was also
monitored to assess any changes during the experiments.

The results show that, without DOM, the highest irgarol concentration (10.5: 0.5mgL-1) and the
strongest mixture (M2: irgarol 0.5ugL-1+diuron 0.5 pugL-1+ S-metolachlor 5.0 ygL-1) significantly
decreased all parameters for both species. Similar impacts were induced by 10.5 and M2 in C. calcitrans
(around -56% for growth, -50% for relative lipid content and —-28% for ®’'M), but a significantly higher
toxicity of M2 was observed in T. suecica (-56% and -62% with 10.5 and M2 for growth, respectively),
suggesting a possible interaction between molecules.

With DOM added to the culture media, a significant inhibition of these three parameters was also
observed with 10.5 and M2 for both species. Furthermore, DOM modulated herbicide toxicity, which was
decreased for C. calcitrans (—51% growth at 10.5 and M2) and increased for T. suecica (-64% and -75%
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growth at 10.5 and M2, respectively).

In addition to the direct and/or indirect (via their associated bacteria) use of molecules present in natural
DOM, the characterization of the chemical environment showed that the toxic effects observed on
microalgae were accompanied by modifications of DOM composition and the quantity of dissolved
organic carbon excreted and/or secreted by microorganisms. This toxicity modulation in presence of
DOM could be explained by (i) the modification of herbicide bioavailability, (ii) a difference in cell wall
composition between the two species, and/or (iii) a higher detoxification capacity of C. calcitrans by the
use of molecules contained in DOM. This study therefore demonstrated, for the first time, the major
modulating role of natural DOM on the toxicity of herbicides to marine microalgae.

Highlights

» Two marine microalgae were exposed to irgarol, diuron and S-metolachlor and DOM. » Influence of
natural DOM was evaluated on herbicide toxicity, singly and in mixtures. » Growth, photosynthetic
efficiency and lipid content were influenced by herbicides. » Excreted molecules (quantity and
composition) were influenced by herbicides. » Natural DOM modulated herbicide toxicity in a species-
dependent way.
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1. Introduction

Pesticides (herbicides, fungicides, insecticides, etc) are substances used to control, destroy and repel any
organism considered to be harmful (FAO, 2003). These substances are grouped into two categories according to
their use: phytosanitary, intended to protect plants or plant products against pests and mainly used in agriculture,
and biocides, intended for all other uses (sanitary, protection of materials, repellents, piscicides, insecticides)
(Directive n°98/8/CE, European Union, 1998). These molecules are transferred to nearby rivers by natural
phenomena such as soil leaching, runoff and drainage (Mai et al., 2013), down to estuaries and the coast, both of
which are areas with key ecological roles. Estuaries and coasts fulfil many services and functions, both economic
(tourism, fishing, aquaculture) and biological (areas of refuge, reproduction, spawning, nursery) (Boehlert and
Mundy, 1988; Dauvin et al., 2002). Their importance results from their ecotone position (transition zone)
between terrestrial, fluvial and marine ecosystems.

Coastal and estuarine areas are the ultimate recipients of both natural and anthropogenic inputs, including
pesticides and organic matter from continental ecosystems and rivers (Mitra and Zaman, 2016; Rajasekaran et
al., 2005). Terrestrial organic matter inputs (namely allochthonous), composed of particulate (>0.45 um) and
dissolved matter (<0.45 um), favour biological production. Indeed, organic matter, being mainly dissolved in
aquatic ecosystems (Findlay and Sinsabaugh, 2003), constitutes a significant source of organic nutrients
(composed of phosphorus, nitrogen and silica among other elements) essential for coastal and estuarine
phytoplanktonic blooms (Gailhard, 2003; Hansell and Carlson, 2014). In addition to terrigenous dissolved
organic matter (DOM) inputs, estuarine and coastal environments have a high production of autochthonous
DOM. Indeed, in temperate latitudes during spring (at the end of phytoplanktonic blooms), summer and autumn,
microalgal excretion together with decomposition of dead microalgae by bacteria, are the main sources of
autochthonous DOM production (Findlay and Sinsabaugh, 2003). DOM production, degradation and fate are
therefore tightly linked to microorganisms in coastal environments, including phytoplankton.



Phytoplankton play a key role in marine ecosystems. As primary producers, they synthesize organic carbon
through photosynthesis (Hall and Rao, 1999) and are thus at the base of aquatic food webs (Wetzel, 2001). These
planktonic organisms, whose development relies directly on the quality of their environment, are sensitive to key
parameters such as temperature, light and nutrient availability. They can be negatively affected by a high
concentration of coloured organic matter due to decreased light penetration through the water column (Karlsson
et al., 2009), but also by pesticides and more specifically by herbicides, due to the mode of action of these
chemicals (especially photosynthesis inhibition; Pesce et al., 2009).

Coastal areas, estuaries and bays, such as Arcachon Bay (southwest France), have been contaminated by a
diversity of pesticides, especially herbicides, due to large scale agriculture on the watersheds (Fauvelle, 2012;
SOeS, 2015). S-metolachlor (chloroacetanilide), one of the herbicides the most used for corn and other crops
(Sjollema et al., 2014), is the fourth most detected molecule in surface waters of French streams (SOeS, 2015).
In Arcachon Bay, the contamination footprint shows that, together with its metabolites (ESA and OA), S-
metolachlor is detected the most frequently and at the highest concentrations (peak concentration of 0.526 pg.L
1y (REPAR, 2015; Tapie et al., 2016). Because metolachlor occurrence is so widespread in waters, it should be
asked whether it is toxic towards aquatic organisms. Its mode of action is based on inhibition of fatty acid and
lipid synthesis (Fuerst, 1987; Schmalfull et al., 1998). Even though these biological compounds are major
components of cell walls and energy storage (Borowitzka et al., 2016), inhibition of their synthesis does not
seem to lead to high toxicity in microalgae, as most studies have only shown toxic effects in the mg.L* range.
For example, Ebenezer and Ki (2013) measured a 50% decrease of chlorophyll a levels with 0.423 mg.L* and
21.3 mg.L* metolachlor for the marine diatom Ditylum brightwellii and the marine chlorophyte Tetraselmis
suecica, respectively. Thakkar et al. (2013) showed a decrease in growth (-9%) and chlorophyll a fluorescence (-
35%) in the chlorophyte Dunaliella tertiolecta after exposure to 5.0 mg.L' metolachlor. However, some
sublethal effects were demonstrated at lower concentrations: Roubeix et al. (2011) observed a significant
increase in the quantity of deformed frustules of the microalga Surirella angusta (around 20%o) at 5 pg.L?* S-
metolachlor.

Nautical activities (recreation and fishing) also cause pollution, due to biocides such as diuron and irgarol that
are used as antifouling coating on boats (Fauvelle, 2012; REPAR, 2015) Diuron is a phenylurea, presently still
authorized as an antifoaming agent, but previously also used in agriculture and antifouling paints in France
(Biocides Directive 98/8/EC and Decree of 21/08/2008) and irgarol is a triazine used in antifouling paints that
has been prohibited in European Union since 2016 (Commission implementing decision n°2016/107 of
27/01/2016). For these two substances, environmental concentrations, including those in Arcachon Bay, are
usually in the ng.L* range (Munaron et al., 2012; REPAR, 2015; Tapie et al., 2016). However, Caquet et al.
(2013) found irgarol concentrations of up to of 1 pg.L? in the Vilaine River estuary, and Cozic and Durand
(2013) measured maximal irgarol and diuron concentrations of 0.82 ug.L* and 2.58 pg.L™, respectively, in
careening areas of several French ports. Both substances inhibit the photosynthesis, preventing electron transfer
between quinones Qa and Qg by fixing to the D1 protein in photosystem I (PSII) (Jones and Kerswell, 2003;
Nimbal et al., 1996). Their strong toxicity to microalgae has been documented for several species: Gatidou and
Thomaidis (2007) obtained a 96h-ECso for growth (the concentration that inhibits growth by 50% after 96h) of

0.6 pg.L? irgarol for the marine diatom Navicula forcipata and 5.9 pg.L* diuron for the marine chlorophyte
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Dunaliella tertiolecta. Buma et al. (2009) obtained 72h-ECs values for growth and effective quantum yield of
0.116 and 0.230 pg.L™ irgarol, respectively, for the marine chlorophyte Tetraselmis sp., and Bao et al. (2011)
obtained 96h-ECsp values for growth of 0.57 pg.L? irgarol and 5.9 pg.L? diuron for the marine diatom
Skeletonema costatum.

In the environment, other components like DOM can influence pesticides, microalgae and their relationships.
Indeed, DOM is well known to influence the transport, fate, bioavailability, biodegradation and toxicity of
pesticides in the aquatic environment (Bejarano et al., 2005). Several studies on animals have shown that
pesticide toxicity can be increased or decreased by the presence of DOM, depending on the molecules and
organisms tested (see review in Haitzer et al., 1998). For example, Bejarano et al. (2005) showed that a natural
DOM concentration around 12 mgC.L* increased the toxicity of fipronil to the estuarine copepod Amphiascus
tenuiremis, but decreased the toxicity of chlorpyrifos and chlorothalonil. In the same way, Zhang et al. (2016b)
showed an increase of monochlorobenzene and 1,2-dichlorobenzene toxicity and a decrease of
pentachlorobenzene and hexachlorobenzene toxicity to growth of the freshwater microalga Chlorella
pyrenoidosa with addition of Suwannee River Natural Organic Matter (SRNOM - reference material of the
International Humic Substances Society (IHSS)) (around 10 mgC.L™?). However, to our knowledge, no other
study has focused on the crossed impact of herbicides and natural DOM on microalgae. Therefore, the present
study aimed:

— to evaluate the influence of three herbicides (diuron, irgarol and S-metolachlor), singly and in ternary mixtures,
on two marine microalgae;

— to investigate the influence of natural DOM on herbicide toxicity.

Two marine microalgae species (Chaetoceros calcitrans and Tetraselmis suecica) were exposed for six days to
the three herbicides, either singly or in mixtures, and either with or without natural DOM concentrated from
marine water. Effects were evaluated on growth, photosynthetic efficiency and relative intracellular lipid
content. At the same time, the chemical environment (herbicide and nutrient concentrations, dissolved organic
carbon concentration (DOC) and DOM optical properties) was also characterized to evaluate any changes taking

place during the experiments.

2. Materials and methods

2.1. Chemical preparation

Irgarol (Pestanal®> 98.4%; 2-(tert-Butylamino)-4-(cyclopropylamino)-6-(methylthio)-s-triazine), diuron (>98%;
3-(3,4-dichlorophenyl)-1,1-dimethylurea), and S-metolachlor (Pestanal®>98.4%; 2-chloro-N-(2-ethyl-6-
methylphenyl)-N-[(1S)-2-methoxy-1-methylethyl]acetamide) were purchased from Sigma Aldrich. Stock
solutions of each (500 mg.L) were prepared in pure methanol and diluted in sterile ultrapure water to make
working solutions of 0.002 (0.0004% methanol), 0.02 (0.004% methanol), 0.006 (0.0012% methanol) and
0.06 mg.L* (0.012% methanol) for irgarol and diuron, and 0.02 (0.004% methanol), 0.2 (0.04% methanol), 0.06
(0.012% methanol) and 0.6 mg.L™ (0.12% methanol) for S-metolachlor.

2.2. Natural DOM

In order to obtain a final concentration of DOM in the experiment that was equal to twice the environmental

concentration at the date of DOM sampling (environmentally realistic), DOM was concentrated as follows. In
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spring 2015, 91 L of natural seawater were pumped from the Grand Banc site in Arcachon Bay (France) at
1.50 m depth at high tide to avoid the influence of freshwater inputs. Immediately on return to the laboratory, the
seawater was filtered through 0.45-um Teflon filter cartridges (Whatman, Polycap™ 75TF) to remove
particulate organic matter. All filters were pre-cleaned with methanol (0.4 L) then rinsed firstly with 5L
ultrapure water (Milli-Q, Millipore) and secondly with the water sample (1 L). The 0.45-um filtered seawater
was first desalted by electrodialysis (ED; EURODIA Aqualyzer pilot EUR2B-10P equipped with Neosepta
AMX/CMX membranes from the Tokuyama Corporation, Japan). The desalted water was then concentrated by
reverse osmosis (RO; TIA pilot equipped with FILMTEC™ SW30-2540 membrane) about ten times until a final
volume of 9.5 L was reached and finally desalted again to reach a salinity of 33 (corresponding to the salinity of
/2 culture medium (Guillard, 1975; Guillard and Ryther, 1962) used to grow marine microalgae). During the
steps of concentration (RO) and desalination (ED), the sample temperature was controlled in order to minimize
any possible change of DOM. The maximum temperature reached during the diverse experimental procedures
did not exceed 24°C. DOM quality was checked by excitation-emission-matrix (EEM) fluorescence before and
after concentration and desalination. Only slight differences in spectra were observed, pointing out that no
selective loss or modification of fluorescent organic compounds occurred during the RO/ED process (data not
shown). The final concentrated and desalted samples were thus representative of the original ones. More details
on the protocols and systems used can be found in Huguet (2007) and Huguet et al. (2009a). Finally, the
concentrations of the three herbicides studied were also measured in these seawater samples before and after
DOM concentration to confirm the absence of high herbicide concentrations. Details on the pesticide

measurement protocol are given in section 2.6.2.
2.3. Microalgal cultures
The microalgae Tetraselmis suecica (CCMP 904, Chlorophyta) and Chaetoceros calcitrans (CCMP 1315,

Bacillariophyta) were obtained from the Provasoli—Guillard National Center for Marine Algae and Microbiota
(NCMA). Microalgal cultures were maintained in sterile f/2 (for T. suecica) and f/2-silica medium (for C.
calcitrans) (Guillard, 1975; Guillard and Ryther, 1962) at 17°C, in a thermostatic chamber ST5+ (POL-EKO-
Aparatura®, Poland) at 106 = 0 umol.m2.s** with a dark:light cycle of 8:16 h. Cultures were non-axenic.

All cultures were grown in 100-mL round borosilicate sterile glass flasks previously heated to 450°C for 6 h and
autoclaved 20 minutes at 121°C. For the experiments, cultures (60 mL volume) were inoculated at

20,000 cell.mL* using stock cultures in exponential growth phase.
2.4. Experimental design

Two independent experiments (one per species) were run for six days, each with a biotic and an abiotic
component (with and without microalgae). For each experiment, the crossed influence of DOM (conditions with
and without DOM) and pesticides (nine treatments per condition, including a control) was tested on microalgae,
as follows. Half of the flasks were filled with culture medium while the other half were filled with culture
medium together with DOM added at twice the environmental concentration. Nutrient enrichment was adjusted
in conditions with and without DOM to obtain the same final concentration in all flasks. For flasks with culture
medium and culture medium + DOM, treatments included a control (no pesticide) in quadruplicate, plus eight
pesticide treatments in triplicate: irgarol at 0.05 (10.05) and 0.5 (10.5) pg.L™, diuron at 0.05 (D0.05) and 0.5

(D0.5) pg.L?, S-metolachlor at 0.5 (S0.5) and 5 (S5) pg.L™ and their mixtures: M1 (10.05+D0.05+50.5) and M2
5



(10.5+D0.5+S5). The highest methanol concentration reached in the flasks (for treatment M2) was 0.0012%.
This concentration had already been shown not to be harmful to the two microalgal species (Dupraz et al., 2016).
The same treatments were applied to the abiotic part of the experiments (without microalgae added to the flasks)
as to the biotic component. Here, one replicate was made for each treatment with “culture medium” alone and
two were made for each treatment with “culture medium + DOM”.

During each experiment, samples were taken for biological and chemical analyses: the protocols are detailed in
the following sections. The biological parameters monitored were: cell density (measured daily throughout the
experiments), photosystem Il effective quantum yield (measured on the last day) and relative intracellular lipid
content (measured on the last day). The chemical parameters monitored were: nutrient concentrations, herbicide
concentrations, dissolved organic carbon (DOC) concentrations and DOM optical properties, all of which were

measured on the first and last days of each experiment.
2.5. Biological endpoints

2.5.1. Measurements by flow cytometry

Culture samples were analysed on an Accuri C6 flow cytometer (Becton Dickinson Accuri™) equipped with a
blue (488 nm) and a red (640 nm) laser, as described in Dupraz et al. (2016).

25.1.1.  Growth rate
To measure the cell density, 300 pL from all the cultures were sampled daily and fixed in glutaraldehyde (final
concentration 0.25%). Tubes were mixed and left for 15 minutes at room temperature in the dark before analysis.
Cells were counted on a side scatter (SSC) versus FL3 (red fluorescence, >670 nm) cytogram for C. calcitrans
and a FL1 (green fluorescence, 530/30 nm) versus FL4 (red fluorescence, 675/25 nm) cytogram for T. suecica
(Dupraz et al., 2016). For each culture, the average growth rate (u, h?), corresponding to the slope of the
regression line of In(cell.mL™?) on time (h), was calculated.

25.1.2. Relative intracellular lipid content
The relative intracellular lipid content (FL1pipigs) Was estimated on the last day of the experiments using the
green lipophilic fluorochrome BODIPY®%%5%5 (Life Technologies®, Carlshad, CA, USA), following the protocol
used by Dupraz et al. (2016). Briefly, for each culture, 200-uL samples were stained with a BODIPY 505515
working solution at 3 mg.L? for C. calcitrans and 4.8 mg.L for T. suecica, leading to final BODIPY
concentrations of 75 pg.L? (2.5% DMSO) and 120 pg.L* (2.5% DMSO), respectively. Stained samples were
incubated at room temperature in the dark for 5 minutes for C. calcitrans and 6 minutes for T. suecica. FL1
values of cells (unstained cells and cells stained with BODIPY) were normalized using FL1 values of 2 um-
fluorescent polystyrene microspheres (Flow Check™ High Intensity Alignment Grade Particles 2.00 um,
Polysciences Inc., Warrington, PA, USA), added to all samples prior to analysis. The normalization is resumed
with the formula:
FL20ipids = (FL Lstained microalgae / FLLstained microsphere) / (FLL unstained microalgae / FL Lunstained microsphere)
2.5.2. Photosystem |1 effective quantum yield - Photosynthesis

The PSII effective quantum yield (operational PSII quantum yield, ®’m) was measured on the last day of the
experiments by Pulse-Amplitude Modulated (PAM) fluorescence using an Aquapen-C AP-C 100 fluorometer
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(Photon System Instruments®, Drasov, Czech Republic). Measurements were made in 1-cm wide cuvettes using
2 mL of microalgal cultures diluted (1:2) in culture medium. Three @’y measurements were made for each

culture, from which a mean was calculated.
2.6. Chemical analyses

Nutrient analyses were performed for all conditions and treatments. Pesticides were analysed in all control
replicates (no pesticide added), including abiotic flasks, and in the highest concentrations tested (10.5, D0.5, S5
and M2). DOM was characterized in all biotic and abiotic control replicates (no pesticides) and in the pesticide
treatments that significantly impacted the microalgae.
Chemical analyses were performed on the first and last days of each experiment, on filtered samples. 55-mL
samples were filtered using sterile filtration funnels containing a 0.45-um PES (polyethersulfone) filter (VWR,
USA), previously rinsed with ultrapure water (0.7 L). On the first day of each experiment, one additional flask
was prepared for each treatment in addition to the replicates in order to provide a sufficient volume for nutrient
analyses and DOM characterization. This additional flask was immediately entirely sampled.

2.6.1. Nutrient analyses
For nitrate and orthophosphate analyses, 15 mL (out of 55 mL) of the filtered culture samples were diluted 20-
fold with ultrapure water before injection. Analyses were performed by ionic chromatography with chemical
suppression (COMPACT 881 IC Pro, Metrohm, Switzerland) equipped with a Metrohm 850 IC Conductivity
Detector. The separation was performed with a Metrosep A Supp 4/5 Guard/4.0 pre-column followed by a
Metrosep A sup 5 -250/4.0 anion exchange column. The eluent was a solution of 3.2 mM Na,COs and 1 mM
NaHCOs, and the chemical suppressor was a solution of 10 mM H;SO,. Quantification limits were 0.010 mg.L™*
for nitrates and 0.005 mg.L™* for orthophosphates.
For silicate analysis, 20 mL were sampled from the additional flask of each treatment on the first day, and 5 mL
per replicate of each treatment were pooled on the last day of experiments. Soluble silicate concentrations were
determined by the colorimetric method with a Shimadzu UV-1800 spectrophotometer (Shimadzu Inc., Kyoto,
Japan) according to the French standard NF T90-007 (AFNOR, 2001). The quantification limit was 0.05 mg.L™.
Silicates were only analysed in samples from the experiment with C. calcitrans.

2.6.2. Pesticide analyses
One hundred microlitres of filtered culture samples were diluted 10-fold using ultrapure water. 40 uL of diluted
samples were directly analysed by liquid chromatography (1290 Infinity system from Agilent Technologies,
USA) coupled to a tandem mass spectrometer (6460 triple quadrupole LC/MS system from Agilent
Technologies, USA) and after adding internal standards (irgarol-D9, diuron-D6, metolachlor-D6). The separation
was performed using a Kinetex C18 column and a gradient of solvent A (solution of 5 mM acetate ammonium
and 0.1% acetic acid diluted in water ultrapure) and B (pure methanol) with a flow rate of 0.5 mL.min™.
Analyses of the three pesticides and their metabolites (only for diuron and S-metolachlor) were performed in
MRM (multiple reactions monitoring) mode. Quantification limits were 0.24 ng.L™ for irgarol, 1.19 ng.L? for
diuron, 4.43 ng.L'* for DCPMU (1-(3,4-dichlorophenyl)-3-methylurea), 5.29 ng.L* for 1,2,4-DCPU (1-(2,4-
dichlorophenyl)urea), 4.26 ng.L* for 1,3,4-DCPU (1-(3,4-dichlorophenyl)urea), 1.11 ng.L™* for S-metolachlor,
1.23 ng.L* for metolachlor OA ([(2-ethyl-6-methylphenyl)(1-methoxy-2-propanyl)amino](oxo)acetic acid) and



3.13ng.Lt for metolachlor ESA (2-[(2-ethyl-6-methylphenyl) (2-methoxy-1-methylethyl)amino]-2-oxo-
ethanesulfonic acid).

2.6.3. DOM characterization
After filtration at 0.45 pm, all experimental samples were stored at 4°C in the dark until DOM analyses. To
characterize DOM evolution over time in the control cultures and cultures exposed to 10.5 and M2, DOC
concentrations were determined and optical analyses (absorbance and fluorescence) were performed. In order to
compare the evolution of each parameter over time between the different conditions (with and without DOM),

results were expressed as the difference between the first and last days of the experiments (valueast day - Valuesirst

day) .

2.6.3.1. Dissolved organic carbon (DOC)
DOC concentrations were determined using a Total Organic Carbon analyzer (Shimadzu TOC-V CSN, Japan),
calibrated with solutions of potassium hydrogen phthalate (C¢H4(COOK)(COOH)) and run in non purgeable
organic carbon (NPOC) mode. Ten millilitres of filtered culture samples were acidified with 2 M hydrochloric
acid then sparged for 6 minutes with high purity (5.0) synthetic air (LINDE, France). The DOC concentration
result is the mean of the three to four injections that were the most satisfactory in terms of variation coefficient
(<2%). At least two certified reference waters (Environment Canada purchased by ANALAB, France) were
systematically analysed within each sample series in order to validate DOC measurements. Results of

concentration variations during the experiment were expressed per microalgal cell.

2.6.3.2.  Absorbance analyses
Four-millilitre samples of filtered cultures were used for absorbance measurements performed on a Jasco V-560
spectrophotometer (JASCO, France) equipped with deuterium and tungsten iodine lamps. Samples were placed
in a 1-cm path length fused silica cell (Hellma). The light absorbing properties of DOM were studied via two
optical indices: the Specific UV Absorbance (SUVA24) and the spectral Slope Ratio (Sg). The SUVAzs4
(L.mg.C’t.m) index provides information on the aromatic character of DOM (Weishaar et al., 2003); it is
calculated as the ratio between UV absorbance at 254 nm and DOC concentration (mg.L™?). The Sg parameter,
used as a proxy for molecular weight variation, corresponds to the ratio between the spectral slopes of the 275—

295 nm region and the 350-400 nm region of the absorbance spectrum (Helms et al., 2008).

2.6.3.3. EEM spectroscopy analyses

Four-millilitre samples of filtered cultures were used, after absorbance, for fluorescence measurement. The EEM
spectra were recorded using a Fluorolog FL3-22 fluorometer (Horiba Jobin Yvon, France) equipped with a
xenon lamp (450 W) and a double monochromator at both excitation and the emission sides. Samples were
contained in a 1-cm path length quartz cuvette (Hellma), thermostated at 20°C. The EEM spectra were composed
of seventeen emission spectra acquired from 260 to 700 nm (with an increment of 1 nm and an integration time
of 0.5 seconds) with excitation wavelengths in the range of 250 to 410 nm (with an increment of 10 nm). Each
spectrum obtained was corrected by subtracting an ultrapure water blank spectrum to eliminate water Rayleigh
and Raman scattering peaks. Spectra were also corrected instrumentally as previously detailed in Huguet et al.
(2009b). EEM spectra allowed the characterization of DOM and its evolution during the experiments. Two
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fluorescence parameters were more particularly monitored in this work: HIX (or humification index) and BIX
(or biological index). The HIX index, used to characterize DOM humification and related to aromaticity
(Zsolnay et al., 1999), was calculated as the ratio of the area from emission wavelength 435 to 480 nm divided
by the area from emission wavelength 300 to 345 nm for an excitation wavelength of 250 nm. The BIX index
(Huguet et al., 2009b) is an indicator of recent autochthonous production of DOM; it was calculated as the ratio

of emission intensity at 380 nm to emission intensity at 430 nm for an excitation wavelength of 310 nm.
2.7. Statistical analyses

For each experiment, one-way ANOVAs were performed separately on each condition (with and without DOM)
to detect significant differences in growth rate, FL1 iigs ratio and photosynthetic efficiency between control and
herbicide-exposed cultures (with a p-value <0.05 considered as statistically significant). When significant
differences were detected, a Tukey post-hoc test was performed.

Evolution of nutrient and pesticide concentrations over time were assessed with Student’s t-test or Welch’s t-test
(with a p-value <0.05 considered as statistically significant) after having checked the homoscedasticity with
Fisher’s F-test. The DOM characterization results of herbicide-exposed conditions were compared to control
conditions with the same statistical tests used for nutrients and pesticides.

When the result was not significant but the data suggested a trend, the type Il error f was calculated,
corresponding to the probability of wrongly accepting the null hypothesis.

Principal components analyses (PCA) were performed to illustrate the relationships between biological and
chemical endpoints characterizing DOM evolution in the controls and the herbicide treatments with the greatest
biological effects in conditions with and without DOM. These analyses, done on parameters statistically affected
by treatments with herbicides, were performed using the R package FactoMineR (L& et al., 2008).

All statistical analyses were performed with R 3.2.2. (Ihaka and Gentleman, 1996) and all graphs were drawn
with SigmaPlot® 12.0 software (Systat Software Inc., USA).

3. Results

3.1. Herbicide concentrations

Chemical analysis of the concentrated DOM sample showed no evidence of irgarol or diuron and its metabolites,
but did show the presence of S-metolachlor: a concentration of 9.7 ng.L™? in the extract, corresponding to
1.94 ng.L ! in the “culture medium + DOM” flasks. S-metolachlor metabolites were also quantified in the DOM
extract: 793 ng.L* for ESA and 393 ng.L™* for OA, corresponding to expected concentrations around 160 ng.L?
and 80 ng.L%, respectively, in the “culture medium + DOM” flasks.

On the first day of the experiments, irgarol, diuron and S-metolachlor were not found in the controls (biotic or
abiotic, data not shown), but ESA and OA metabolites were detected in all treatments containing DOM (around
150 ng.L™? for ESA and 127 ng.L* for OA, data not shown). In abiotic treatments, with and without DOM, the
measured concentrations of the three herbicides, singly and mixed, were in the same range in the highest
pesticide treatments: between 480 and 565 ng.L? for irgarol (Figure 1A), compared with the theoretical
concentration of 500 ng.L™; between 515 and 645 ng.L™* for diuron (Figure 1B), slightly above the theoretical
concentration of 500 ng.L%; and between 4680 and 4930 ng.L* for S-metolachlor (Figure 1C), close to the

theoretical concentration of 5000 ng.L™. In the flasks containing microalgae, the measured concentrations of the
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three herbicides at day 0 were significantly lower than concentrations in the abiotic flasks. Irgarol concentrations
were between 240 and 290 ng.L in 10.5 and M2 of both conditions for C. calcitrans (Figure 1A). For T. suecica
cultures without DOM, irgarol concentrations were 116 + 2 ng.L* in 10.5 and 212 + 1 ng.L™ in M2, and around
183 ng.L* with DOM. For diuron, concentrations were quite similar and ranged from 320 to 430 ng.L™ for the
two species in both treatments, with and without DOM (Figure 1B). No diuron metabolites were detected at day
0. S-metolachlor concentrations were similar with and without DOM for S5 and M2: around 3000 ng.L™ for C.
calcitrans and 2260 ng.L™ for T. suecica. ESA and OA metabolites were detected in cultures where DOM was
added, at concentrations in the same range as for controls (around 155 ng.L for ESA and 130 ng.L™ for OA,
data not shown) and remained similar until the end of the experiment.

A significant decrease in the concentrations of the three herbicides was observed over time in the abiotic
component without DOM: around -37% for irgarol, -25% for diuron and -15% for S-metolachlor in treatments
with single molecules. In the abiotic component with DOM, whereas a decrease of -22% over time was observed
for irgarol singly and in mixture, no significant difference was observed for diuron and S-metolachlor between
the first and last days. In flasks containing microalgae, no concentration variations over time were observed for
irgarol except in 10.5 with C. calcitrans cultures containing DOM (-49%). Diuron concentrations did not
significantly evolve over time with C. calcitrans cultures with or without DOM, while for T. suecica, a decrease
around -59% was observed in D0.5 only, both with and without DOM, but not in mixture. No diuron metabolites
were detected at the end of the experiments. Finally, for both species no decline in S-metolachlor concentration
was observed over time in S5 but a significant increase of the concentration was shown during the experiment
for M2 (concentration at the end of experiments was around 4270 ng.L!). No S-metolachlor metabolites were

detected over the experiment in abiotic or biotic components without DOM.
3.2. Nutrients

On the first day of the experiments, nutrient concentrations in conditions with and without DOM were in the
same range: around 60 mg.L™? nitrates, 1.6 mg.L™? orthophosphates and 22 mg.L™ silicates (Figure 2). Due to
conservation problems, no orthophosphate data are available for T. suecica.
Nutrient concentrations were similar and stable over time in the abiotic component (data not shown). In C.
calcitrans cultures at the end of experiment, nitrate (Figure 2A) and orthophosphate (Figure 2B) concentrations
decreased more in the control flasks with DOM addition than without it. In C. calcitrans cultures exposed to
pesticides without DOM, no significant difference was detected between controls and herbicide-exposed cultures
at the end of the experiment. In cultures with DOM, nitrate decrease over time was the same as in the controls,
except for 10.05 (-26% vs. -42% in controls compared with the first day), 10.5 and M2 (where no decrease was
observed over time). For orthophosphates, no significant difference from controls was observed without DOM.
With DOM, orthophosphates were almost entirely consumed, except for 10.5 and M2 (no variation over time).
For the silicates, the decrease was similar between controls with and without DOM (around 50%) (Figure 2C). In
the condition without DOM, this decrease seemed lower under pesticide exposure, especially for 10.5 and M2,
compared to the controls. With DOM addition, no difference with controls was observed after 7 days (-63% vs. -
50% for controls), except for M2, where no decrease occurred over the experiment.
In T. suecica cultures, a striking decrease in nitrates of at least 80% was observed over time in almost all
treatments, except in 10.5, D0.5 and M2 (Figure 2D).
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3.3. Pesticide effects on microalgae
3.3.1. Pesticide effects without DOM addition

Among the concentrations and mixtures tested, only 10.5 and M2 had significant effects on all physiological
parameters studied on C. calcitrans and these were similar: inhibition of growth rate (about -56%; growth curves
are available in the supplementary material, S1), decrease in the ratio of relative lipid content (-50%), and
inhibition of photosynthetic efficiency (-28%) (Figure 3A). Smaller effects were also observed on growth rate
and relative lipid content ratio in cultures exposed to 10.05. Likewise, for T. suecica (Figure 3B, growth curves
are available in the supplementary material, S2), 10.5 and M2 treatments showed significant decreases for p (-
56% and -63%, respectively), FL1piigs ratio (-32% and -26%, respectively) and ®’m (-22 and -28%,
respectively).
3.3.2. Pesticide effects with natural DOM addition

DOM addition to the control cultures of C. calcitrans significantly increased p (+9.6 £ 0.5%) and decreased
FL1ipigs ratio (-38.6 + 1.8%), compared with the controls without DOM (Table 1; growth curves are given in the
supplementary material S1). For T. suecica, no significant effects were detected (Table 1; growth curves are
given in the supplementary material S2). Exposure to 10.5 or to mixture M2 with DOM significantly inhibited
the growth rate of C. calcitrans by about 51% (Figure 3A). FL1,igs ratio decreased with 10.5 and M2 (around -
27% for each); @’y was significantly affected in the 10.5 treatment (-24.1 £ 0.4%) and M2 (-27.3 + 0.8%). For T.
suecica with DOM, p and FL1iigs ratio decreased significantly with the highest concentrations of diuron, irgarol
and mixture M2: -9 to -75% for growth rate, -10 to -18% for FL1ipigs ratio and -25 to -35% for @’w, the
strongest effects being due to M2, except for lipids (Figure 3B).

3.4. DOM characterization in the treatments with the strongest effects on

microalgae

For both microalgal species, the treatments that induced significant inhibition of the three biological parameters
studied (10.5 and M2), were selected for DOM characterization.

First, the change in DOC concentration was measured over the experiments. In C. calcitrans (Figure 4A) and T.
suecica controls (Figure 4B) with and without DOM, ADOC concentration per algal cell increased in the same
way over the experiments. Under pesticide exposure without DOM, ADOC was only significantly higher than in
the controls for the 10.5 treatments (+18.5 pgC.cell™* for C. calcitrans and +10.8 pgC.cell* for T. suecica). No
such significant increase was demonstrated with DOM addition in C. calcitrans exposed to 10.5 or M2. For T.
suecica, ADOC was not statistically different from the controls for 10.5 exposure with DOM, whereas a high and
significant increase of ADOC concentration per cell was measured for M2 exposure (+31.8 ngC.cell?).

The SUV Az index decreased between the first and last day of the experiments in all cultures (controls and 10.5
and M2 exposures) for both microalgal species (Figure 4C and D). With or without DOM, pesticide exposure did
not significantly impact ASUVAzss in C. calcitrans cultures. In T. suecica cultures without DOM and exposed to
10.5 and M2, ASUV As4 was significantly reduced (to about -2.24 L.mgC*.m™* while the mean control result was
-2.55 + 0.03 L.mgCt.m?). No significant difference was observed in ASUVAzs4 between herbicide-exposed

cultures and controls when DOM was added.
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The Sr index increased over the experiment in all treatments for both species (Figure 4E and F). Without DOM,
ASr increase with irgarol exposure (10.5) was significantly lower than the control for both species: -81% for C.
calcitrans and -88% for T. suecica; no significant difference was observed between control and M2, although a
similar trend can be suspected (B risk = 0.74 and 0.49 for C. calcitrans and T. suecica, respectively). With DOM
addition, Sg only differed significantly for C. calcitrans under M2 exposure.

The HIX index (humification index) decreased during the experiments in all treatments without DOM, and no
significant difference was observed between control and pesticide-exposed cultures (high B errors for M2
treatments: 0.81 for C. calcitrans and 0.86 for T. suecica; Table 2). With DOM in the cultures, this index also
decreased in the controls over time for both species, while it increased significantly (positive AHIX values) in C.
calcitrans cultures exposed to M2 and in T. suecica exposed to 10.5 and M2. Finally, BIX index (biological
index) increased for all C. calcitrans treatments with and without DOM, with no difference between controls and
pesticide-exposed cultures, while no variation occurred over time in T. suecica cultures, whatever the condition

and treatment.

3.5. Relationships between biological and chemical parameters in the

treatments with the strongest effects on microalgae

Principal component analyses (PCA), illustrating the relationships between biological and chemical parameters,
showed that the first two axes explained around 80% of the total variance for C. calcitrans (Figure 5A and B)
and T. suecica (Figure 5C and D), respectively. The first axis explained most of the total variance for both
species. It expressed the influence of herbicide treatments (Figure 5B and D), as demonstrated by the control
cultures grouped on the right-hand side, discriminated from the exposed cultures by a high growth rate that was
positively correlated with high photosynthetic efficiency and ASr index for both species (Figure 5A and C). On
the left side, cultures exposed to irgarol (10.5) or to mixture 2 (M2) were opposite to these parameters. Growth
rate, photosynthetic efficiency and ASg index were negatively correlated with ADOC for the two species and in
addition to ASUV Ayss for T. suecica.

The second axis, on which AHIX (uncorrelated with any biological parameter for either species) seemed to be
better represented, allowed to slightly discriminate the conditions with and without DOM for T. suecica (Figure

5D), contrary to C. calcitrans for which no differentiation could be made.
4. Discussion

The aim of this study was to investigate the influence of natural DOM on the toxicity of three herbicides: irgarol,
diuron and S-metolachlor, singly and in mixtures, to two marine microalgae, Chaetoceros calcitrans and
Tetraselmis suecica, in non-axenic conditions. The effects were assessed on growth, intracellular lipid content
and operational photosynthetic yield. In parallel, chemical parameters were also monitored to characterize

pesticide exposure and DOM.
4.1. Pesticide concentrations

Pesticide analyses on concentrated DOM, which showed the absence of irgarol and diuron (and its metabolites)
and the presence of S-metolachlor and its metabolites (ESA and OA), were in accordance with results of parent-
molecule analyses made on water samples (before the concentration and desalination), where only S-metolachlor

was found (2.8 ng.L1). These results also agree with those in the literature, which showed that the chemical
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footprint in Arcachon Bay was dominated by S-metolachlor and its metabolites due to the agricultural practices
on the watershed (Dagens, 2012; REPAR, 2015; Tapie et al., 2016). However, due to previously reported
occurrence of various other molecules in the sampling area (such as acetochlor, not analysed in this study;
REPAR, 2015), we cannot exclude their presence in our concentrated DOM sample.

In our experimentation, pesticide analyses were performed on samples from maximal concentration treatments
on the first and last days of the experiments. Results showed that measured concentrations were in accordance
with nominal ones in abiotic experiments with and without DOM. However, concentrations measured in flasks
containing microalgae and their associated bacteria both with and without DOM were lower than expected:
around -38% for diuron, -46% for S-metolachlor, and -50% (C. calcitrans) to -67% (T. suecica) for irgarol
relative to the concentrations in the abiotic experiments. Two hypotheses could explain these results: an almost
instantaneous adsorption of the molecules to the cell walls of microalgae and bacteria and/or a very fast
internalization into cells. Indeed, these three substances have high log Kow: 2.9 for diuron, 3.4 for S-metolachlor
and 4.0 for irgarol (Belles, 2012; Tetko et al., 2005). This parameter, namely the octanol/water partition
coefficient, is the measurement of differential solubility of a given molecule in octanol and water. Cell walls are
composed of lipids (phospholipids, lipoproteins and free fatty acids), the polarity of which is similar to octanol.
For this reason, log Kow is used to assess the lipophilic character (affinity with cell walls) of molecules (Amiard,
2011). Based on their log Kow, the three molecules studied can be considered as nonpolar, lipophilic and
bioaccumulative. The cell-wall affinity of these three molecules can thus be ranked as follows: diuron < S-
metolachlor < irgarol and seems to correspond well with the differences observed between abiotic and biotic
flasks. The variation observed for irgarol between the two species can be explained by the differing composition
of the microalgal cell walls. Indeed, the cell wall of the chlorophyte T. suecica has a smooth surface rich in lipids
in direct contact with the environment (Chrétiennot-Dinet, 1990), suggesting a higher affinity of irgarol for these
cells. This contrasts with C. calcitrans, which is a diatom with a cell wall (namely a frustule) essentially
composed of silicate and covered in an organic coating (Round et al., 2007; Tesson and Hildebrand, 2013) for
which irgarol would have a lower affinity. This adsorption to the cells could also be combined with a fast
internalization of the molecules into them. Indeed, Nestler et al. (2012) showed that an inhibition of ®pg) took
place only 1-2 minutes after addition of diuron to Chlamydomonas reinhardtii cultures, suggesting a very rapid
internalization of the molecule. Given the lapse of time between the addition of herbicides to the cultures,
sampling and filtration (up to 2-3 hours), we can hypothesize that molecules of diuron could have been, at least
partly, internalized already. No quantitative estimate of loss due to this phenomenon can be given, but Chaumet
et al. (2016) showed that the equilibrium between diuron concentrations internalized into cells (in biofilms) and
in the water can be reached within 2 hours. For the two other molecules, there are no data available in the
literature to support this hypothesis of very fast internalization. The variation observed for irgarol could also
partly be due to the presence of bacterial communities naturally associated with T. suecica and C. calcitrans
cultures, which could be different as demonstrated by Nicolas et al. (2004). To verify these hypotheses, it would
be necessary to do (i) similar experiments including axenic conditions and non-axenic conditions, (ii) additional
analyses of bacterial composition (isolation and identification by phylogenetic analysis based on 16S rDNA,
Nicolas et al., 2004).
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At the end of the experiments, losses over time were observed for all molecules in the abiotic component without
DOM, which could be due to adsorption of compounds to the walls of the borosilicate glass flasks and/or to their
volatilization in the headspace of the flasks. In the abiotic component with DOM, no variations were observed
for diuron and S-metolachlor concentrations compared with initial concentrations. The pesticide analyses were
performed on the total dissolved fraction, including the part of the pesticides possibly adsorbed to DOM. Given
the results, it seemed therefore that pesticides and DOM were associated in some way, which prevented their
adsorption to glass walls (higher affinity of pesticides for DOM components) or their volatilization. Losses of
irgarol over time were also observed with DOM, although to a lesser extent than without DOM (-21% with
DOM vs. -36% without DOM). In the same way, interaction with DOM could have occurred and probably
limited adsorption and volatilization, although less efficiently than for diuron and S-metolachlor. As no
metabolites were found at the end of experiments for the latter (apart from S-metolachlor metabolites from the
natural DOM), the losses were probably also due to an abiotic degradation of parent compounds
(photodegradation and/or hydrolysis). As for irgarol, although metabolites were not analysed, its decrease with
DOM could result from a photodegradation of the molecule: several studies have shown that irgarol degradation
under sunlight was more rapid than that of diuron (Okamura, 2002) and was catalysed/promoted by humic-type
substances (= photosensitizer; Okamura and Sugiyama, 2004; Sakkas et al., 2002).

In the biotic flasks, decreases in diuron concentrations over the experiments were only measured in the D0.5
treatment applied to T. suecica in conditions with and without DOM. Diuron losses were not due to
biodegradation (metabolites not detected) or photodegradation (the decrease was only observed for the single
molecule with this species). Diuron molecules were thus probably on or inside the microalgal and bacterial cells,
corresponding to the continuation of the adsorption/internalization phenomenon already noticed on the first day,
and amplified with the growing number of cells. This decrease was not shown in T. suecica cultures exposed to
M2 and it can be hypothesized that diuron molecules in mixture M2 would be less bioavailable for microalgal
cells, or outcompeted by the other herbicides for adsorption. Alternatively, the strong growth inhibition induced
by mixture M2 prevented the continuation of the adsorption/internalization phenomenon observed from the first
day. No such diuron decrease over time was observed in C. calcitrans cultures, perhaps due to a lower affinity
for the diatom frustule (and/or its organic coating; Round et al., 2007; Tesson and Hildebrand, 2013) leading to
an adsorption equilibrium being reached from the beginning of experiment. DOM did not exert any influence on
diuron concentrations in the cultures.

As for irgarol, decrease was only shown in 10.5 treatment with DOM in C. calcitrans cultures. Irgarol
metabolites were not analysed, consequently it cannot be excluded that a degradation (by bacteria and/or
microalgae) of irgarol occurred over the experiment, possibly promoted by DOM. Another hypothesis would be
an interaction between irgarol and DOM in the 10.5 treatment, favouring an adsorption/internalization, together
with a lowered toxicity due to changes in irgarol bioavailability. In this case, DOM would play a protective role
against irgarol toxicity. Surprisingly, no such decrease was observed in mixture M2, but in this case the other
herbicides could have competed with irgarol for complexation with DOM and/or adsorption. However, there are
no data available in the literature to validate or refute these hypotheses.

Finally, whereas no variation of S-metolachlor concentrations was observed in the single molecule treatments for

either species, with or without DOM, an increase of concentration over time was seen in all mixture treatments,
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reaching +57% of the S-metolachlor concentration added at day O in the flasks (a concentration similar to the
abiotic flasks). As shown by the results from day O compared to the abiotic flasks, a fast
adsorption/internalization of S-metolachlor occurred in the cultures of both species. In treatment S5, where there
was no growth impairment, concentrations did not change significantly over the experiment. However when
growth was strongly inhibited in treatment M2, the increased concentration probably indicates desorption from
cell walls, independently from DOM addition. It can be supposed that irgarol effects induced changes in

structure, composition or permeability of cell walls that would have diminished S-metolachlor affinity.
4.2. Herbicide toxicity without natural DOM addition

For all cultures, nutrient analyses performed on the first and last days of experiments showed that nitrates,
orthophosphates and silicates were not limiting for algal growth. When a strong growth inhibition occurred, as
with treatments 10.5 and M2, no variation was observed over time in nitrate or orthophosphate concentrations,
meaning that, as expected, there was almost no consumption.
Exposure to 0.5 pg.L? irgarol was highly toxic to the two species compared with diuron, which induced almost
no effects at the same concentration, as already reported by Dupraz et al. (2016).
This stronger toxicity of irgarol towards microalgae has also been shown in other studies (Devilla et al., 2005;
Gatidou and Thomaidis, 2007), although these two herbicides share the same metabolic target (protein D1 of the
photosystem ). The difference is likely due to a higher hydrophobicity of irgarol compared with diuron
(allowing it to cross cell membranes more easily) and to a higher affinity of irgarol for the Qg niche on the D1
protein (Chesworth et al., 2004). Given that no significant effects were detected with treatments DO.5 or S5, the
effects observed on C. calcitrans after exposure to mixture M2, which was similar to 10.5, can thus probably be
attributed to irgarol. For T. suecica, toxic effects were slightly greater on growth and photosynthesis with
treatment M2 than with 10.5: growth -63 £ 1% vs. -56 £ 1% and photosynthesis -28 £ 0% vs. -22 + 0%,
respectively. This could possibly be due to an interaction between herbicides that increased the toxicity, as
already observed with diuron and irgarol by Koutsaftis and Aoyama (2006). However, this hypothesis remains to
be demonstrated by specific experiments devoted to studying mixtures (Cedergreen et al., 2007). Despite the
sublethal effects previously detected by Roubeix et al. (2011) such as deformed frustules in the freshwater
diatom Surirella angusta after exposure to 5 pg.L* S-metolachlor (20%o for exposed cells vs. around 0%o for
controls) and by Coquillé et al. (2015) on the linearity of movements for the freshwater diatom Gomphonema
gracile after exposure to 1 pg.L™* S-metolachlor (increase of linearity compared with controls), no effects of S-
metolachlor were shown in the present study, even on the relative lipid content. Indeed, because the mode of
action targets elongases involved in the synthesis of fatty acids and lipids, an effect of this kind might be
expected (Fuerst, 1987). Our results, which are in agreement with the literature (Juneau et al., 2001; Ma et al.,
2006; Thakkar et al., 2013), show no toxicity at these environmental concentrations.
In addition to the severe physiological effects of 10.5 and mixture M2, other effects on microalgae were also
deduced from analyses of autochthonous DOM produced in the cultures where no natural DOM was added.
Indeed, the increase in dissolved carbon per cell in the culture medium over time, was higher for 10.5 than for the
controls: +370 + 40% for T. suecica and around +4000 + 900% for C. calcitrans. It is generally accepted that
such extracellular DOC increase in microalgal cultures is linked to either cell excretion or cell death (Findlay and
Sinsabaugh, 2003). In the present study, analysis of cultures by flow cytometry indicated very slow growth
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rather than cell death (a single population showing very well grouped cells, data not shown). This increase of
DOC can thus be linked to excretion of microalgal cells and their associated bacteria. Bacteria play a key role in
algal growth and survival in culture and, reciprocally, the algae contribute to bacterial development (Amin et al.,
2015; Kim et al., 2014; Ramanan et al., 2016; Windler et al., 2014). Bacteria contribute to the bioavailability of
various compounds such as vitamins (necessary for the development of microalgae), which some species are
unable to synthesize (Croft et al., 2005; Croft et al., 2006; Droop, 2007). Based on ASUV Azs4 results, the DOC
increase was not accompanied by a modification of aromaticity for C. calcitrans, as these were no different to
the controls. For T. suecica, however, decrease of ASUV Azss Was lower in 10.5 and M2 exposed cells. Here the
microalgae and their associated bacteria might have (i) secreted/excreted more aromatic molecules than controls;
and/or (ii) secreted/excreted less non-aromatic molecules than controls; (iii) secreted/excreted molecules that
were more easily transformed by chemical reaction (e.g. condensation, polymerization) and/or by the bacteria,
thus forming more aromatic molecules. In the three cases, the differential excretion or secretion between controls
and herbicide-exposed cultures could reflect stress effects. Indeed, several studies have shown that the
composition of excreted substances (protein, lipids or sugars) can vary depending on microalgal species, growth
phase and physico-chemical conditions (de Brouwer et al., 2003; Hellebust, 1965; Urbani et al., 2012; Zhang et
al., 2016a) including metal contaminations (Herzi, 2013; Taylor et al., 2016). In the case of T. suecica exposed to
10.5 and M2, this enhanced excretion associated with very low growth remains to be explained, but could result
from ageing of cells between each doubling, detoxification mechanisms and/or cell impairment.

Neither the results on autochthonous DOM production index BIX, nor those of HIX, related to
humification/aromaticity, showed differences between treatments for either species. Control and exposed cells
probably excreted similar quantities and types of fluorescent molecules and/or underwent processes such as
polymerization, polycondensation or polyaddition leading to the formation of similar fluorescent molecules. The
increase in Sgr (inversely correlated with average molecular weight) in control cultures of both species during the
experiments reflected a decrease in molecular weight of molecules present in autochthonous DOM. In the 10.5
treatment for both species, Sgr also increased over time but significantly less than in the controls, suggesting that
the types of molecules excreted were different. These variations in excretion by microalgal cells exposed to
pesticides were also observed by Bester et al. (1995). In this previous study, which is to our knowledge the only
one on the subject to date, the authors obtained a positive correlation between the increase of amino acid
excretion, dissolved organic phosphorus and nitrogen concentrations, and the increase of atrazine concentration
in mesocosms containing four species of marine diatoms (Thalassiosira punctigera, Thalassiosira rotula,
Nitzschia pungens and Skeletonema costatum) and one prymnesiophyte (Phaeocystis globosa). At the same time,
they observed a decrease of primary production during the growth phase. They hypothesized that this increase in
excretion was linked to stress exerted by the atrazine, resulting either in cell wall damage (causing losses) or cell
lysis. In the present study, as this latter hypothesis was excluded, the differential excretion (quantity and quality)
of cells could potentially be linked to stress caused by the irgarol and perhaps also to a modified degradation of
DOM by bacteria. However, to pinpoint a possible reason for this excretion, analyses would be necessary on the
composition of the excreted substances and cell wall, cell mechanisms (metabolic waste, detoxification of cells,

cell damage, etc..) and the relative contribution of bacteria to these changes.
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4.3. Modulation of herbicide toxicity in the presence of natural DOM

DOM addition to the culture media on the first day of experiments did not modify nutrient concentrations
(nitrates, orthophosphates or silicates) in the cultures. Similarly to the conditions without DOM, the absence of
variation or a lower consumption of nutrients over time was observed in treatments where algal growth was
inhibited.
DOM addition to the cultures boosted C. calcitrans growth (+10% for average growth rate in controls) while no
significant effect was shown on T. suecica average growth rate, although final cellular concentration was
significantly enhanced with DOM: 751,500 *+ 25,500 cell.mL™* vs. 660,500 * 20,700 cell.mL* respectively
(Figure S1 and S2 in supplementary material). Therefore, it can be hypothesized that microalgae used/consumed
molecules resulting from bacterial metabolism on DOM, as the cultures were non-axenic or ii) used molecules
directly from the natural DOM. Indeed, bacteria release extracellular enzymes (hydrolases such as proteases,
polysaccharidases and glucosidases), which hydrolyse polymeric matter (Nagata, 2008). This hydrolysis releases
inorganic and organic compounds such as vitamins (B12, B1 or B7) that some microalgal species are unable to
synthesize (Croft et al., 2005, 2006; Droop, 2007). Several other studies have also shown the ability of
microalgae in axenic conditions to use organic molecules such as sugars (e.g. glucose; Liu et al., 2009), acetate
(Laliberté and de la Nodie, 1993), or humic substances (Campbell et al., 1997; Millour, 2011; Vigneault, 2000),
which are components of natural DOM (Benner, 2003; Kujawinski, 2011). In order to provide further insights on
the quantity and type of molecules available and consumed by microalgae, experiments in axenic environment
(without bacteria) would be needed, as would more in-depth analyses of DOM composition at the beginning and
end of experiments.
With DOM addition, biological results of herbicide-exposed cultures showed, for C. calcitrans, a slight but
significant decrease of the effect induced by 10.5 and M2 on growth rate and FL1 i gs ratio compared to results
without DOM. For T. suecica, however, DOM addition exacerbated the toxicity of pesticides: in D0.5 where no
effect was found on growth rate or FL1,ipgs ratio without DOM, an inhibition of around -10% for both
parameters appeared with natural DOM addition. For 10.5 and M2, DOM addition resulted in a more pronounced
toxic effect on growth rate and photosynthetic efficiency. These variations of herbicide toxicity with and without
DOM were not due to differences in exposure concentrations, as these were similar. In the same way, the
presence of metolachlor metabolites (around 150 ng.L* metolachlor ESA and 127 ng.L* metolachlor OA) with
DOM cannot explain such variations. Indeed, additional tests performed with metolachlor ESA and OA at
concentrations up to 500 pg.L* showed no toxic effect on the growth of these two microalgal species (personal
communication). The absence of toxicity of both metabolites at a very high concentration (75 mg.L!) towards
Nitzschia nana has already been reported by Roubeix et al. (2012). Changes in toxicity of organic chemicals
towards microalgae induced by organic matter were also observed by Zhang et al. (2016b), who are to our
knowledge the only authors who published a study combining microalgae, natural organic matter and
contaminants. These authors showed that the presence of natural organic matter from Suwannee River (IHSS)
increased acute toxicity of monochlorobenzene and 1,2-dichlorobenzene, while it decreased toxicity of
pentachlorobenzene and hexachlorobenzene on the growth of the freshwater microalga Chlorella pyrenoidosa.
The authors linked these toxicity changes to complex relationships between organic matter and chlorine
substitutions of chlorobenzenes promoting or inhibiting their passage into the cells. In our study, three
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hypotheses could perhaps explain the results. The first hypothesis is that herbicides could be adsorbed on
specific DOM substances such as humic compounds (Campbell et al., 1997; Millour, 2011; Vigneault, 2000),
that are less consumed/used in diatom cultures than in chlorophyte cultures (by microalgae and/or bacteria),
which could explain the lesser toxicity to C. calcitrans than to T. suecica. The second hypothesis could be linked
to the difference in the nature and composition of cell walls. The cell wall of chlorophytes is in direct contact
with herbicides and DOM substances in contrast to that of diatoms, which have siliceous walls (frustule) covered
in an organic coating (Round et al., 2007; Tesson and Hildebrand, 2013) that could have a protective role.
Indeed, this organic coating could favour the adsorption of irgarol to diatoms, linked to organic molecules on the
cell wall (which would explain the greater decrease in irgarol concentration), but inhibit internalization, in a
manner that does not occur in T. suecica. Parent et al. (1996) showed that fulvic acids increased the membrane
permeability of Chlorella pyrenoidosa (Chlorophyta). Therefore, we hypothesize that this phenomenon of
increased membrane permeability, which would facilitate the passage of herbicides (adhered to the wall in our
treatments without DOM), could have happened for T. suecica and not for C. calcitrans or to a lesser extent.
Measurements of membrane permeability (Parent et al., 1996) and the determination of the partition of
herbicides between free and bound to DOM (log Kpoc), would be necessary to answer this. Finally, the third
hypothesis concerns the decrease of herbicide effects, especially for irgarol, on C. calcitrans in the presence of
DOM. Our hypothesis is that this species could consume DOM constituents directly or indirectly (through the
action of bacteria) more efficiently than T. suecica, using them as an additional source of energy (e.g. carbon,
glucose, vitamins) and would allocate a part of this extra energy (not available without DOM) to detoxification.
Indeed, microalgae have enzymatic equipment such as cytochrome P450 (Mthakathi et al., 2015; Thies et al.,
1996) or antioxidant enzymes (e.g. superoxide dismutase, catalase; Liu et al., 2017), and can synthesize
protective substances (such as carotenoids; Demmig-Adams, 1990; Rowan, 1989). To confirm this last
hypothesis, complementary analyses would be needed, such as measurement of enzymatic activity in conditions
with and without DOM (Liu et al., 2017).

The toxic effects of 10.5 and M2 were accompanied by a strong increase in the level of extracellular carbon
produced per cell over time compared with controls (up to +855% for T. suecica exposed to M2). This carbon
increase, as observed by Bester et al. (1995), likely corresponded to excretion or secretion by cells, reflecting
stress or cell wall damage, rather than cell death. It was not accompanied by changes in DOM aromaticity (there
was no significant difference in ASUV Azss 0r HIX between control and herbicide-exposed cultures). On the one
hand, it can be hypothesized that the microalgae in controls and treatments 10.5 and M2 secreted the same
proportion of aromatic and fluorescent molecules and/or that the consumption of DOM by bacteria was the same.
On the other hand, this increase of carbon was accompanied by a modification of average molecular weight (Sg)
and DOM humification/aromaticity (HIX) not observed in conditions without DOM. Indeed, the decrease in
average molecular weight seemed lower in 10.5 and M2 than in controls, and DOM aromaticity increased over
time for T. suecica exposed to 10.5 and M2 and for C. calcitrans exposed to mixture M2, while it decreased in
the controls. These results could be explained by an excretion/secretion of more humified molecules with a
higher molecular weight than in the controls, a secretion of more reactive molecules and/or a less efficient
consumption by the bacteria and microalgae. Complementary analyses on the nature of excreted molecules

would be necessary to validate these hypotheses.
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As a whole, the results show that DOM stimulated growth of microalgae slightly for T. suecica and strongly for
C. calcitrans, as well as their excretion (as indicated by the plus signs in Figure 5B and D), compared with
controls (indicated by zeros in Figure 5B and D). The presence of natural DOM in the cultures profoundly
modified the biological and chemical responses of microalgae exposed to 0.5 pg.L™ irgarol and to the mixture
M2. The exposure of the two species to the herbicides without DOM induced an inhibition of the biological
parameters together with a higher production of DOC and more humified molecules of higher molecular weight
(as indicated by the bold minus signs in Figure 5B and narrow minus signs in Figure 5D). When DOM was
added to the T. suecica cultures, the overall effects were amplified (as indicated by the bold minus signs in
Figure 5D). In contrast, for C. calcitrans the effects with DOM were lower: growth was less affected, with a
lower excretion closer to control values (as indicated by the narrow minus signs in Figure 5B). However, due to
the non-axenic environment of the present study, the possible contribution of bacteria to this toxicity modulation

still needs to be investigated.
5. Conclusions

The aim of this study was to investigate the influence of natural DOM on the toxicity of three herbicides (irgarol,
diuron and S-metolachlor), singly and in mixtures, to two marine microalgae, Chaetoceros calcitrans and
Tetraselmis suecica. The concentrations (herbicides and DOM) tested in this study are representative of those
found in natural environments under anthropogenic pressure. Results showed that, for both species, irgarol has
the most toxic effect on growth, relative intracellular lipid content and operational photosynthetic efficiency, and
the differential excretion in terms of composition and quantity of dissolved organic carbon, compared with
controls, could be related to this toxicity. They also showed that (i) microalgae are likely able to use molecules
present in natural DOM directly or indirectly (made available in non-axenic conditions by bacterial metabolism),
(i) addition of DOM to cultures modulates herbicide toxicity, and (iii) this toxicity modulation is species-
dependent: the toxicity decreases for the diatom, but increases for the chlorophyte. This study therefore
highlights the importance of considering DOM as a possible major factor involved in toxicity modulation in the

environment.
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Figure captions

Figure 1: Herbicide concentrations in the highest treatments of irgarol (A), diuron (B) and S-metolachlor (C),
singly and in mixture M2, in abiotic and biotic components on the first and last days of the experiments. All
values are mean values (+ standard error, SE). Abiotic means (n=2) without DOM include the non-DOM abiotic
systems from each experiment (one from the C. calcitrans experiment and one from the T. suecica experiment);
abiotic means with DOM (n=4) include the DOM abiotic systems from both experiments (two from the C.
calcitrans experiment and two from the T. suecica experiment). For the biotic systems, n=3. t indicates
significant differences between biotic and abiotic conditions on day 0 and * indicates significant differences

between day 0 and day 6 for a given treatment (t-test, * and + p<0.05). The numeric value indicates the f value.
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Figure 2: Mean ( SE) concentrations of nitrates, orthophosphates and silicates on the first (Day 0) and last days
of experiments for C. calcitrans (A, B and C) and T. suecica (D) without DOM (white bars) and with DOM
(grey bars) for all biotic cultures: control, irgarol at 0.05 (10.05) and 0.5 (10.5) pg.L™, diuron at 0.05 (D0.05) and
0.5 (D0.5) pg.L?, S-metolachlor at 0.5 (S0.5) and 5 (S5) ug.L* and the mixtures: M1 (10.05+D0.05+S0.5) and
M2 (10.5+D0.5+S5) (for NO3™ and PO4 on the last day, n=4 for controls and n=3 for herbicide-exposed cultures;
otherwise n=1). * and t indicate significant differences (t-test, p<0.05) between controls and herbicide-exposed

treatments for conditions without DOM and with DOM, respectively. The numeric values indicate § values.
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Figure 3: Percentage variation in biological endpoints (mean £ SE) of C. calcitrans cultures (A) and T. suecica
cultures (B) exposed to herbicides, compared with their respective controls (without and with DOM). Only
significant effects (ANOVAs, p<0.05) on growth rate (u), relative lipid content (FL1,ipias) and photosynthetic
efficiency (®’w) after exposure to irgarol (1) at 0.05 (10.05) and 0.5 (10.5) pg.L™?, diuron (D) at 0.05 (D0.05) and
0.5 (D0.5) pg.L? and S-metolachlor (S) at 0.5 (S0.5) and 5 (S5) pg.L, alone and in mixtures (M: M1
(10.05+D0.05+S0.5) and M2 (10.5+D0.5+S5)) are shown. Negative values correspond to inhibition, while
positive values indicate stimulation, compared with the controls.
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Figure 4: Evolution, over the experiments (A), of dissolved organic carbon concentration (DOC, in pgC.cell’}; A
and B), SUVAs, (in L. mgCt.m?; C and D) and Sg (E and F) parameters for controls, 10.5 (irgarol at 0.5 pg.L™?)

and M2 (irgarol at 0.5 pg.L* + diuron at 0.5 pg.L* + S-metolachlor at 5 pg.L™) treatments in C. calcitrans (A, C
26



and E) and T. suecica (B, D and F) cultures without DOM (white bars) and with DOM (grey bars). All values are
the mean change between day 0 (n=1) and day 6 (n=4 for controls and n=3 for 10.5 and M2, £ SE). * and 1
indicate significant differences (t-test, p<0.05) between controls and cultures exposed to herbicides in conditions

without DOM and with DOM addition, respectively. The numeric values indicate  values.
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Figure 5: Principal component analyses (PCA) illustrating the relationships between biological (W: growth rate;
FL1 ipias: relative intracellular lipid content; Yield: photosynthetic efficiency) and chemical parameters
characterizing DOM evolution over the experiments (ADOC: concentration of dissolved organic carbon per cell;
ASR: spectral slope ratio; AHIX: humification index; ASUVA254: specific UV absorbance ratio) in control (C),
10.5 (irgarol at 0.5 pg.LY) and M2 (irgarol at 0.5 pg.L* + diuron at 0.5 pg.L* + S-metolachlor at 5 pg.L™)
treatments in conditions with and without DOM for C. calcitrans (A and B) and T. suecica (C and D) cultures.
Only parameters statistically affected by herbicides were used for analyses. A and C correspond to the factor
map of variables on the two first axes. B and D correspond to the projection of individuals; arrows and signs
(plus, minus and “0”") were added afterwards in order to symbolize the overall trends observed in the biological

and chemical parameters.
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Table 1 — Growth rate (p), relative intracellular lipid content (FL1iisigs ratio) and operational yield (®’m)

obtained on the last day of experiments for control cultures of C. calcitrans and T. suecica with and without

DOM. All values are mean values (x standard error, SE; n=4) and * indicates significant differences between
treatments (t-test, * p<0.05; ** p<0.01; *** p<0.001). The values in brackets indicate B values.

Chaetoceros calcitrans

Tetraselmis suecica

Without DOM With DOM Without DOM With DOM
p(hh 0.035 £ 0.000 0.038 £ 0.000 ***  0.026 + 0.001 0.026 * 0.000
FL1Lipics ratio 248 =20 153 £5 ** 75%3 79+ 2 (0.84)
O} 0.76 £ 0.01 0.74 £ 0.00 (0.78) 0.78 £0.00 0.78 £ 0.00
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Table 2 — Evolution (A) of DOM fluorescence parameters (HIX: humification index and BIX: biological index) between the last and first days of experiments for controls,

10.5 (irgarol at 0.5 pg.L %) and M2 (irgarol at 0.5 pg.L™* + diuron at 0.5 pg.L* + S-metolachlor at 5 pg.L™) treatments. All values are mean variations between day 6 (n=4 for

controls and n=3 for 10.5 and M2 + standard error) and day 0 (n=1). * indicates significant differences with their respective controls (t-test, * p<0.05; ** p<0.01). The values

in brackets indicate [ values.

Chaetoceros calcitrans

Tetraselmis suecica

Without DOM With DOM Without DOM With DOM
Controls -0.37£0.15 -0.76 £ 0.40 -1.11 +£0.06 -0.54 £0.10
A HIX 10.5 -0.37 £0.06 -0.55 + 0.26 (0.95) -1.07 £0.08 0.44 +0.17 **
M2 -0.62 £ 0.11 (0.81) 0.66+0.14 * -1.01 +0.06 (0.86) 0.58 +0.23 **
Controls 0.11+0.01 0.10 +0.03 -0.04 +0.05 0.01 +£0.01
A BIX 10.5 0.10 +£0.01 0.06 + 0.01 (0.65) -0.02+0.01 0.01 £ 0.00
M2 0.08 +0.01 (0.70) 0.06 + 0.01 (0.65) -0.03+0.01 0.01 £ 0.00
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