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Measurement of cyclic electron transport of R. subcapitata showed that electron 

transport around PSI upon illumination was slightly higher after exposure to 10 11g L-1 

and significantly higher following treatment with 40 11g L- 1 (P < 0.0001) fomesafen 

formulation compared to control (Table 1.3). Results for C. snowii and M aeruginosa 

revealed no clear trends (Data not shown). 

Table 1.3 Cyclic electron transport for R. subcapitata following 72h exposure to 

increasing concentrations of fomesafen-based herbicide (Reflex®; 0, 5, 10 and 40, 320 

11g L- 1 fomesafen). N.d. stands for not determined since no signal was obtained at high 

fomesafen concentration. Mean± SD; n = 9. 

[Exposure] 

0 llg L-1 

5 llg L-1 

10!-lgL-1 

40 11g L- 1 

320 11g L-1 

1.6.2 Pigment content 

% Cyclic electron transport 

7.5 (6.0) 

4.5 (6.6) 

16.5 (4.3) 

31.7 (15.6) 

N.d. 

Chlorophyll a content of phytoplanktonic cultures significantly changed upon 

fomesafen-based herbicide treatment (Fig 1.5a). For R. subcapitata, Chl a content 

diminished following exposure to 40 11g L- 1 (18%, P < 0.05) and 320 11g L- 1 (26%, P < 

0.001). For C. snowii, concentration of Chi a was significantly decreased after exposure 

to 10 (15%, P < 0.01), 40 (11%, P < 0.05) and 320 11g L- 1 (18%, P < 0.001). M 

aeruginosa Chi a content was not significantly affected by the fomesafen-based 

herbicide at the tested concentrations. Pigment analysis also showed that carotenoid 
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content was impacted by the herbicide-contaminated culture media (Fig. 1.5b ). Lower 

concentration of carotenoids was detected in R. subcapitata cultures fo llowing 

exposure to 320 flg L- 1 (31%, P < 0.0001) . C. snowii carotenoid content was also 

significantly decreased fo llowing treatment with 10 (16%, P < 0.001), 40 (14%, P < 

0.01) and 320 flg L-1 (20%, P < 0.0001) fomesafen-based herbicide treatment. At tested 

concentrations, exposure of M aeruginosa to the fomesafen-based herbicide produced 

no significant impact on the cyanobacteria carotenoid content. 
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Figure 1.5 a) Chlorophyll a and b) carotenoid content normalized by cell density and 

cell volume for R. subcapitata, C. snowii and M aeruginosa after 72h exposure to 

increasing concentrations of fomesafen (0, 5, 10, 40 and 320 flg L- 1
) . Mean± SD; n = 

9. 



34 

1.6.3 Oxidative stress and cell complexity 

To investigate the impact of the fomesafen-based herbicide on intracellular ROS 

content we measured DCFH conversion to the fluorescent DCF by reactive oxygen 

species (Fig. 1.6a). Exposure to the fomesafen-based herbicide caused a significant 

increase in ROS content for the green microalgae R. subcapitata at 320 J.lg L-1 (185%, 

P < 0.0001). We also showed that the fomesafen formulation caused no increase of 

cellular ROS content for C. snowii and M aeruginosa. The relationship between the 

fomesafen-based herbicide and ROS-induced intracellular complexity (interpreted as a 

rise in the mean SSC parameter) was also investigated. Cellular complexity of R. 

subcapitata was found to be affected by the herbicide treatment (Fig. 1.6b) with a 

significant increased intracellular complexity when exposed to 320 J.lg L- 1 (33%, P < 

0.001). The fomesafen-based herbicide treatment did not produce any significant 

change in mean SSC for the green microalgae C. snowii and M aeruginosa. 
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Figure 1.6 a) Intracellular ROS content and b) cell complexity of R. subcapitata, C. 

snowii and M aeruginosa after 72h exposure to increasing concentrations offomesafen 

(0, 5, 10, 40 and 320 11g L"1
). ROS content was measured as mean FLl fluorescence of 

DCF positive cells divided by background mean FLl fluorescence of fresh control 

culture. Cell complexity is represented by the mean side scatter parameter (SSC). Mean 

±SD; n=9. 

1.6.4 Cell biovolume 

Exposure to the fomesafen-based herbicide-induced changes in cell volume for R. 

subcapitata cultures (Fig. 1. 7). Interestingly, cells of R. subcapitata were significantly 

larger after 72h exposure to 40 (31 %, P < 0.01) and 320 11g L-1 (51%, P < 0.0001) 
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fomesafen. On the other hand, the tested concentrations did not produce variation in 

cell volume for C. snowii and M aeruginosa. 
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Figure 1.7 Cell volume of R. subcapitata, C. snowii and M aeruginosa after 72h 

exposure to increasing concentrations offomesafen (0, 5, 10, 40 and 320 J.lg L' 1
). Cell 

volume is expressed as mean femtoliter in relation to the control. Mean± SD; n = 9. 

1. 7 Discussion 

This ex periment was conducted to study the impact of increasing concentrations of the 

fomesafen-based herbicide Reflex® on the physiology two green microalgae and one 

cyanobacteria. Results presented in this paper showed that the physiological impacts 

of environmentally relevant concentrations (5 -1 0 J-Lg L' 1)_and rugher (40-320 J.lg L' 1) of 

fomesafen vary among phytoplanktonic species. While exposure to the fomesafen­

based herbicide significantly impaired the growth of R. subcapitata and C. snowii, the 

growth of the cyanobacteria M aeruginosa remained unaffected (Fig. 1.1). These 

results are in accord ance with US EP A literature which describes inhibition of growth 

offreshwater phytoplankton by fomesafen. Indeed, it was reported by MRID46673804 
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(cited in EPA (2009)) that R. subcapitata growth-NOAEC was 10 Jlg L- 1 for sodiwn 

salt of fomesafen. 

More insight of the physiological impact of the fomesafen-based herbicide on the 

growth of phytoplankton was obtained through analysis of photosynthetic efficiency 

and related physiological processes. Indeed, inhibition of growth is most likely related 

to the known impacts of PPO-inhibitors, like fomesafen, on photopigment production 

(Caquet et al. , 2005; Wakabayashi, 1999). As observed, exposure of R. subcapitata to 

the fomesafen-based herbicide induced a significant decrease in Chl a concentration. 

Chl a being an essen ti al constituent of photosystems antennas and reaction centers, any 

decrease in their concentrations may have impacts on the photosynthetic yields. 

Another consequence of the exposure to fomesafen is that inhibition of PPGIX leads 

to the producti~m ROS (Wakabayashi, 1999). As we can expect, our results demonstrate 

that exposure to high concentrations of fomesafen-based mixture enabled strong 

intracellular generation of ROS for R. subcapitata. If ROS production overpasses the 

oxidative stress defense mechanisms usually triggered under stress conditions (Ledford 

and Ni yogi, 2005; Ni yogi, 1999, 2000), the already synthesized chlorophylls, pro teins 

and lipids will suffer oxidative damages leading to destruction of the reaction centers, 

disruption of the photosynthetic (and ultimately cell) membrane integrity, decreased in 

photosynthetic activity and, eventually, to the phytoplankton death (Matringe et al. , 

1989). The rise in relative cell complexity measured for R. subcapitata exposed to high 

concentrations of fomesafen further suggests oxidative degradation of intracellular 

components. Similar results of higher complexity and degradation of intracellular 

components (interpreted from higher cell complexity) in presence of ROS was 

observed in Tetraselmis suecica exposed to 5 Jlg L-1 diuron, a concentration 

representative of a highly polluted environment (Stachowski-Haberkom et al., 2013). 

While there is a clear physiological response from the studied phytoplanktonic species 

following exposure to the fomesafen-based herbicide, it is important to note that most 

effects resulted from exposure to very high pesticide concentration unlikely to be found 
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m large bodies of water. Indeed, the aforementioned effect of fomesafen on the 

freshwater phytoplanktonic species studied thus may be detected where pesticides 

largely exceed expected environmental concentrations as in agricultural drainage 

ditches although, to our knowledge, there is no available data on fomesafen field run­

offs concentration. 

Concomitantly to the decrease in pigment concentrations and the increase in ROS 

content, we observed an inverse correlation between herbicide concentration and 

maximal and operational PSII quantum yields (<!>M and <!>'M) following exposure of R. 

subcapitata to the fomesafen-based formulation. This response may be due to the 

previously detailed fomesafen inhibitory effects on physiological processes linked to 

the photosynthetic activity of the phytoplankton. Genty et al. (1989) established that 

quantum yield oflinear electron transport is relative to the efficiency at which the open 

PSII reaction centers capture and use trapped excitation energy. The lower 

photochemical quantum yields recorded following the fomesafen treatment may be due 

to a decrease in light capture efficiency from open PSII RCs, this is further evidenced 

by an increase in ABS/RC which may result from a higher number of inactivated 

reaction centers (Strasser et al. , 2000). Similarly, the lower TRo/RC and Dio/RC 

observed in our exposure conditions could also have originated from a lower density 

of active reaction centers (Force et al. , 2003). For R. subcapitata, electron transport in 

an active RC (ET o/RC) remained unchanged for ali tested concentrations. As the 

ETo/RC parameter is influenced by TRo/RC (Force et al. , 2003), this result can be partly 

explained by a reduction in open reaction centers which proportionally reduce the 

influx of electrons through the electron transport chain (ETC). This phenomenon 

coupled with a relative increase in the maximum electron trapping rate of the PSU can 

explain the stability ofETo/RC. 

The study of relative quenching coefficients can effectively reveal the propo11ion in 

which each quenching mechanisms are being actively solicited by the photosynthetic 
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organism in a stressful situation (Buschmann, 1995; Juneau et al. , 2005). Perturbations 

of the energy distribution pathways following exposure of R. subcapitata to the 

fomesafen herbicide is evidenced by the recorded lower qprel value and increase in qnrel 

and UQFrel- As we observed with ~'M, qprel was only affected when treated with the 

higher concentrations of the fomesafen-based herbicide. Furthermore, the recorded 

increase in qnrel for R. subcapitata can be attributed to the phytoplankton ubiquitous 

response to physiological stress (Niyogi , 1999, 2000). Indeed, phytoplankton under 

physiological stress will dissipate excessive light energy through non-photochemical 

quenching rnechanisms such as the xanthophyll cycle, state transition and 

photoinhibition (Allen and Forsberg, 2001 ; Govindjee, 2002). Higher UQFrel values 

following herbicide exposure suggest the inability of the PSI photosystern to drain 

electrons from the PSII (Juneau and Harrison, 2005). Overall, the fomesafen-induced 

changes in photochemical yields, PSII energy fluxes and quenching pararneters may be 

attributed, in part, to structural modification at the PSII antenna level (Strasser et al. , 

1999). 

In freshwater phytoplankton, the various roles of cyclic photophosphorylation are not 

yet full y understood but enhancement of this process is often observed in response to 

a rise in physiological stress such as with the presence of an herbicide which limits 

electron flow from the PSII (Alric, 201 Oa; Alric et al. , 201 Ob; Bendall and Manasse, 

1995; Finazzi et al. , 1999). It is suggested th at to main tain proper electron output from 

the ETC to balance ATP and NADPH, hampered electron transfers between PSII and 

PSI can be compensated by an increase in cyclic electron flow. This is also to prevent 

over excitation of the PSII. Thus, in response to light-induced stress, on top of non­

photochemical quenching mechanisms, phytoplankton may up regulate cyclic electron 

transport to main tain stoichiometric requirements of the Calvin cycle (Alric, 201 Oa). 

Our results did reflect this principle as the green microalgae R. subcapitata exhibited 

higher cyclic electron transport around PSI after being exposed to increasing 

concentrations of fomesafen-based herbicide (Table 1) 
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Together with the previous effects ofincreasing concentrations ofthe fomesafen-based 

herbicide, this herbicide significantly increased cell volume for R. subcapitata, 

compared to the control. Cell biovolume increase in the presence of a toxicant was 

previously reported for sorne phytoplanktonic strains, including R. subcapitata 

(Y amagishi et al., 20 17). Comparable results have been observed in multiple studies 

with a focus on microalgae sensitivity to photosynthesis-inhibiting herbicides such as 

diuron (Stachowski-Haberkom et al., 2013) and atrazine (Delorenzo et al., 2004; Tang 

et al., 1998). Our results suggest that median biovolume of R. subcapitata cells was 

shifted toward larger cells under the toxic pressure from fomesafen. This can be 

explained by the fact that a lower surface/volume ratio (obtained with larger cells) 

decreases the relative contact of the intracellular machinery to the pollutant. Kent et 

Currie (1995) established that cell biovolume play a significant role in the interaction 

between various phytoplanktonic species and lipophilic pesticides which subsequently 

affect the microorganism sensitivity. This may explain the difference in sensitivity to 

fomesafen between Chlamydomonas snowii and R. subcapitata, both green microalgae 

but with contrasting morphology and growth dynamics. Although other mechanisms 

may explain the higher resistance to the tested concentrations of the fomesafen-based 

herbicide, we showed that the intrinsic large cells of C. snowii (low surface/volume 

ratio compared to R. subcapitata) were more resistant than the other green algal 

species. Caquet et al. (2005) demonstrated that chlorophytes and cyanobacteria react 

differently to fomesafen using exposures in mesocosms that were supplemented five 

times (once every three weeks for three months) with nominal concentrations of 

fomesafen (40 flg L- 1) and a mixture of fomesafen and the polyethoxylated 

nonylphenol-based adjuvant Agral 90 ( 40 and 90 flg L-1
, respectively) . Results for 

Caquet et al. (2005) showed that exposure to fomesafen with or without adjuvant 

caused a similar significant decrease in cell density for chlorophytes while abundance 

of cyanobacterial cells continued to increase after three months exposure. Moreover, 

Yu et al. (2014) reported that three-day exposure of Microcystis aeruginosa (FACHB-

905) to concentrations offomesafen of20 mg 1- 1 was needed to induce more than 40% 
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inhibition of growth rate. USEPA (2008) reported a vast discrepancy for fomesafen 

ECso between green microalgae (92 !J.g L-1, MRID 46673804) and cyanobacteria (71 0 

!J.g L- 1
) . Although fomesafen targets the PPO which is an essential enzyme for 

photopigment biosynthesis in both green microalgae and cyanobacteria, Kato et al. 

(20 1 0) suggested that a unique and unidentified bacterial gene encoding PPO in 

cyanobacteria may confer a natural resistance to the impact of PPO-inhibiting 

herbicides. As most results observed in this study resulted from exposure to very high 

concentration of the herbicide, it would be necessary to study the possibility of 

bioaccurnulation and/or biodegradation of the contaminant. Moreover, the potential 

toxicity of fomesafen degradation by-products should be assessed if biodegradation of 

this chemical by the phytoplankton is discovered. 

1.8 Conclusion 

This study shows that exposure to the fomesafen-based herbicide Reflex® provokes 

different physiological responses among the three species of chlorophyte and 

cyanophyte studied. Indeed, only the green microalga R. subcapitata was significantly 

affected by this diphenyl ether herbicide. Fomesafen-induced inhibition of growth in 

R. subcapitata was linked to a decrease in photosynthetic efficiency, which originated 

from the herbicide mode of action: inhibition of photo pigments biosynthesis pathway 

and subsequent ROS generation. Differences in sensitivity between chlorophytes could 

be associated to morphological distinctions as pesticide absorption rate is expected to 

decrease as the cell radius increase. Lack of sensitivity to fomesafen for M aeruginosa 

is suspected to originate from its small size and/or a genetic discrepancy in the PPO 

enzyme between cyanobacteria and green microalgae, but further studies need to be 

done to elucidate the mechanism involved in this high resistance. Although significant 

results presented in this paper originated from exposure to fomesafen concentrations 

undocumented and unlikely to be found in large aquatic ecosystems, similar result may 
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be expected to be found in areas close by point source pollution such as in a pipe ditch 

in an agricultural field . 
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résultats et la rédaction, alors que Philippe Juneau a participé à la conception du plan 

d' expérience, effectué la supervision des travaux de laboratoire et participé à la 

rédaction et la révision du texte. Disney Izquierdo et Catherine Ayette ont participé aux 

tests en laboratoire et l' analyse des résultats concernant la longue dépuration. 

2.2 Abstract 

Massive use of pesticides such as glyphosate led to the emergence of resistance in 

weeds (e.g. Palmer amaranth). This phenomenon was successfully counteracted by 

tank-mixing or additional application of herbicides which inhibit protoporphyrinogen 

oxidase (PPO) such as fomesafen (5-[2-chloro-4-(trifluoromethyl) phenoxy ]-N­

(methylsulfonyl)-2-nitrobenzamide). This spike in fomesafen usage also raised the 

probability that this molecule leaks to freshwater bodies near agricultural fields. The 

presence ofPPO-inhibitors in aquatic ecosystems is known to hamper the chlorophyll 

synthesis pathway in eukaryotic and prokaryotic phytoplankton thus having impact on 

growth. Additionally, control of glyphosate-resistant weeds by means of fomesafen 

treatments led to the recent development ofPPO-inhibitor resistant strains of numerous 

weeds. From this context, we investigated the impact of multigenerational exposure to 

increasing concentrations (Reflex®; 5, 10, 40, 320 J.lg L-1) of a commonly used 

fomesafen-based formulation on the physiology of two algal species (Raphidocelis 

subcapitata, FACHB271 and Chlamydomonas snowii) and one cyanobacteria 

(Microcystis aeruginosa, CPCC632). Also, the persistence of potential changes in 

physiology following fomesafen pre-exposure was explored after a few growth cycles 

in clean media. For R. subcapitata, pretreatment to high concentrations of fomesafen 

herbicide led to the complete restoration of every physiological biomarker evaluated 

(growth, pigment content, photosynthesis, ROS content and morphology). While 

growth of C. snowii was naturally unaffected by this herbicide, fomesafen-induced 
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pigment content inhibition was still noted for this species and was entirely restored by 

fomesafen pretreatment. Altogether, changes in phytoplankton physiology following 

multigenerational exposure remained after a short and long term depuration period 

which suggests the emergence of a fomesafen-resistant strain of Rs and, to a lesser 

extent, C. snowii. 

Keywords: multigenerational exposure, fomesafen, Reflex®, microalga, 

cyano bacteria 

Highlights 

• Multigenerational pre-exposure ta high concentrations of a fomesafen-based 

herbicide (Reflex®) induced lasting resistance in R. subcapitata FACHB271 

2.3 Résumé 

L'utilisation massive de pesticides tels que le glyphosate a mené à l'émergence de 

résistances chez certaines mauvaises herbes (e.g. Palmer amaranth) . Ce phénomène a 

été contrebalancé avec succès par un mélange en cuve ou une application 

supplémentaire d 'herbicides inhibiteurs de la protoporphyrinogène oxydase (PPO) 

comme le fomésafène (5- [2-chloro-4- (trifluorométhyl) phénoxy] -N­

(méthylsulfonyl) -2-nitrobenzamide). Cette hausse dans l'utilisation du fomésafène 

augmente également la probabilité de retrouver cette molécule dans les sources d'eau 

douce en bordure des champs à forte activité agricole. La présence d' inhibiteurs de la 

PPO dans les écosystèmes aquatiques entrave la voie de synthèse des pigments 

photosynthétiques chez le phytoplancton eucaryote et procaryote. De plus, le contrôle 

des mauvaises herbes résistantes au glyphosate à l'aide de traitements au fomésafène a 

conduit à l'émergence de plusieurs souches photosynthétiques résistantes à l ' impact 

d' inhibiteurs de la PPO. De ce contexte, cette étude vise à étudier l' impact d ' une 
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exposition multigénérationnelle à des concentrations croissantes (Reflex®; 5, 10, 40, 

320 j.lg L- 1) d'une formulation à base de fomésafène couramment utilisée sur la 

physiologie de deux espèces de microalgues vertes (Raphidocelis subcapitata, 

FACHB271 et Chlamydomonas snowii) et une cyanobactérie (Microcystis aeruginosa, 

CPCC632). De plus, la persistance de potentiels changements physiologiques suite à 

une pré-exposition au fomésafène a été explorée après quelques cycles de croissance 

dans un milieu de culture non contaminé. Dans l' ensemble, un prétraitement au 

fomésafène a mené à la restauration complète de tous les biomarqueurs physiologiques 

évalués pour R. subcapitata (croissance, teneur en pigments, photosynthèse, teneur en 

ROS et morphologie) . Bien que la croissance de C. snowii ne fût naturellement pas 

affectée par le traitement, une diminution de la teneur en pigment a été notée et un 

retour à la normale du contenu pigmentaire a été observé suite à une pré-exposition au 

fomésafène. Dans l' ensemble, les changements dans la physiologie du phytoplancton 

suite à une exposition multigénérationnelle au fomésafène sont restés présents suite à 

une courte et une longue période de dépuration ce qui suggère l' émergence d' une 

souche phytoplanctonique résistante au fomesafène chez R. subcapitata et, dans une 

moindre mesure, chez C. snowii. 

Mots-clés: exposition multigénérationnelle, fomésafène, Reflex®, microalgue, 

cyanobactérie 
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2.4 Introduction 

The agricultural field has seen a recent renewed interest for fomesafen (5-[2-Chloro-4-

(trifluoromethyl) phenoxy ]-N-(methylsulfonyl)-2-nitrobenzamide), a 

protoporphyrinogen oxydase (PPO) inhibitor, following positive results in controlling 

unwanted weeds which developed resistance to glyphosate (Aulakh et al. , 20 16; Chahal 

et al., 2017; Ganie and Jhala, 2017; Knezevic et al., 2009). As a diphenyl ether 

herbicide, fomesafen competitively inhibits the activity of the PPO, a key enzyme in 

the biosynthesis ofphotosynthetic pigments, thus preventing the growth ofproblematic 

glyphosate-resistant weeds (Saran~i et al., 20 17). The application of herbicides 

invariably led to their migration into aquatic ecosystems through leaching or direct 

runoffs and may affect non-target organisms such as phytoplankton (Chekroun et al., 

2013; Guo et al., 2003; Potter et al. , 2011 ). In addition, the repeated use of pesticides 

can lead to the emergence of pesticide-resistant plants as seen with glyphosate (Powles 

et al., 1998; Pratley et al., 1999), atrazine (Gustavson and Wangberg, 1995; Ryan, 

1970) and, more recently, fomesafen (Salas et al., 2016; Wuerffel et al., 2015). To our 

knowledge, no study focused on the outcome of multigenerational exposures to this 

chemical on the physiology of phytoplankton. Widespread use of fomesafen also 

increases the potential of this chemical to be found in rivers and streams nearby 

agricultural fields. In fact, very little is known on the impact offomesafen on freshwater 

phytoplankton. Caquet et al. (2005) exposed phytoplanktonic communities to pure 

fomesafen ( 40 J.lg L-1) and fomesafen mixed with the polyexothylated nonylphenol­

based adjuvant Agral90® (40 and 90 J.lg L- 1
, respectively) in mesocosms and noted the 

persistence of fomesafen in aquatic bodies, together with a phytoplankton community 

shifts and high fomesafen-sensitivity of chlorophytes. We also shown recently that 

Raphidocelis subcapitata was more sensitive than Chlamydomonas snowii and 

Microcystis aeruginosa to a fomesafen-based herbicide from a series of physiological 

and biochemical indicators (Naoum and Juneau, 2018). Due to the potential for 

phytoplankton physiology to be altered by long-term exposure to pesticides (Huertas 
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et al., 2010; Pennington and Scott, 2001; Stachowski-Haberkorn et al., 2013), we 

aimed to better understand under which fomesafen concentration exposure we may 

detect changes in the physiology of photosynthetic microorganisms to alter its 

sensitivity to fomesafen. 

In this study, we aim to compare the impact of multigenerational exposure to a 

fomesafen-based herbicide (Reflex®) on growth, photosynthetic activity, pigment 

content. Oxidative stress and morphology of two green microalgae (Raphidocelis 

subcapitata FACHB271 , Chlamydomonas snowii isolated from the Choinière 

reservoir) and one cyanobacteria (Microcystis aeruginosa CPCC632). We therefore 

evaluate if long-term pre-exposure to fomesafen herbicide caused an increase or a 

decrease in the sensitivity of the phytoplanktonic species to this toxicant. If present, we 

aimed to con:firm the persistence ofthose changes in sensitivity by re-evaluating every 

physiological parameters following a short and long term depuration period. 

2.5 Material and Methods 

2. 5 .1 Test conditions 

Three phytoplanktonic species (Raphidocelis subcapitata (F ACHB271 ), 

Chlamydomonas snowii and Microcystis aeruginosa (CPCC632)) were maintained 

axenicaly in semi-batch culture and grown at 24oC in 250 ml Erlenrneyer flasks with 

100 ml Bold ' s Basal Medium growth medium (Stein, 1973). The illumination cycle 

was 14/lOh (light/dark; 100 f..Lmol photon m-2s-1
) provided by white fluorescent lamps 

(Philips F72T8/TL841/HO, USA) and incandescent bulbs (Philips 60W). All 

phytoplanktonic cultures were maintained in exponential growth phase by periodic 

transfers when cell density reached 1.0 x 106 cells/ml for R. subcapitata to preserve 

exponential growth. C. snowii and M aeruginosa were transferred at normalized cell 

density (R. subcapitata mean biovolume) to maintain exponential growth while taking 

into consideration total pigment and enzymatic content differences between species. 
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2.5.2 Fomesafen exposure 

The herbicide fomesafen was obtained from Syngenta (Sodium salt of fomesafen ; 

Reflex® 22.8% a.i ., 240g fomesafen l- 1
) (thereafter called fomesafen-based herbicide) 

and was prepared in nanopure water and kept in darkness until use. The toxic impact 

of fomesafen on phytoplanktonic cultures was screened at three points in time during 

this ex periment: at the beginning to establish the sensitivi ty baseline of the 

phytoplankton to this herbicide, following multigenerational exposure and subsequent 

to a short depuration period. Each time, cultures were submitted for 72h to increasing 

concentrations offomesafen treatment (Reflex®; 0, 5, 10, 40 and 320 )lg L-1 a. i. sodium 

salt of fomesafen) before sampling. 

2.5.3 Multigenerational pre-exposure period 

The multigenerational pre-exposure was adapted from (Stachowski-Haberkorn et al. , 

2013). For each species tested, a daughter culture was maintained in exponential 

growth phase prior ofbeing split into five fomesafen pre-treatments (Reflex®; 0, 5, 10, 

40 and 320 )lg L- 1 a. i. sodium salt of fomesafen) . Each treatment was maintained in 

exponential growth phase by periodic transfers in medium containing the same 

fomesafen concentration for up to 55 generations. The number of generations (Ng) was 

determined as: Ng = Td/2; where Td =Ln (2)/)l (Stachowski-Haberkorn et al. , 2013). 

Pre-exposed cultures are thereafter referred as Speciesr[fomesafen; ll g L-ll (e.g. R. 

subcapitatar32o). 

2.5.4 Physiological measurements 

2.5.4.1 Growth rate and cell size 

Following exposure, cell concentration and cell size was determined using a Coulter 

Counter particle analyzer (Multisizer 3, Beckman Coulter Inc. , Fullerton, USA). From 

the plot of ln (cell ml-1
) in relation to time (days), the growth rate ()l, days- 1) was 
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calculated using f.!= ln·(Dt/Do)/t; D = cell ml-1 at time (t); Do= cell ml-1 when the 

exposure started. Mean cell biovolume was recorded in femtoliter (fl). 

2.5.4.2 Pigment content analysis 

The procedure for chlorophyll a and carotenoid content determination was taken from 

Lichtenthaler (1987). After each fomesafen exposure period, cultures were sampled 

under dim light and cells were separated from the growth media on a 0.2 f.!m 

nitrocellulose filter (Xingya Puryfying Materials factory, Shanghai, China). For the 

extraction, a minimum of 12 million cells were filtered for R. subcapitata. For C. snowii 

and M aeruginosa, the number of cells collected was normalized from the mean 

biovolume of R. subcapitata to take into consideration enzymatic and pigment content 

differences between species. Pigments were extracted with ethanol 95% in a dry-heat 

bath at 78°C for 5 min. The pigment extracts were kept in the dark at -20°C ovemight 

to complete the extraction. Absorbance of the pigment extract was measurement with 

a Cary 300 ultraviolet-visible (UV-Vis) spectrophotometer (Varian Autralia Pty Ltd, 

Mulgrave, VIC, Australia). The pigment contents were calculated according to 

Lichtenthaler (1987) and expressed as % of the control. 

2.5.4.3 Photosynthesis measurements 

2.5.4.3.1 Pulse amplitude modulated fluorescence evaluation 

Photosynthetic electron transport yield was obtained according to Schreiber et al. 

(1986). Cultures were sampled then dark-acclimated for 15 minutes prior to the 

analysis to allow complete oxidation of PSII reaction centers. Under extremely weak 

modulated light (2 J.!mol m-2 s- 1
) , we recorded the minimum fluorescent yield (Fo) of 

the sample, then maximum fluorescent yield of PSII (FM) was obtained after a 

saturating flash was triggered (700 ms, 3000 f.!mol m-2s- 1
) . To record chlorophyll a 

fluorescence rise resulting from electron exchanges between PSII and PSI we 

maintained continuous actinie light exposure (125 f.!mol m-2 s- 1
). Simultaneously, the 
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maximal fluorescence yield for a light-acclimated culture (F 'M) was induced under 

saturating flashes (700 ms, 3000 j.lmol m-2s- 1
) applied at 60-second intervals. Actinie 

light was turned off when fluorescence yield reached steady state (Fs). Background 

fluorescence of a light-acclimated sample (F' o) is measured subsequent to a brief dark 

period. The equations used to calculate chlorophyll a fluorescence parameters were as 

follows: 

2.5.4.3.2 Chl a fluorescence quenching parameters 

Table 2.1 

Parameter 

qprel 

qnrel 

UQF(rel) 

Chl a quenching parameters with their respective formula. 

Formula 

(FM - F 0 )IF M = F viF M 

(F'M- Fs)IF' M 

(F'M- Fs)I(FM- F'o) 

(FM- F' M)I(FM - F'o) 

(Fs - F 'o)I(FM- F'o) 

Reference 

(Kitajima and Butler, 1975) 

(Genty et al. , 1989) 

(Buschrnann, 1995) 

(Buschrnann, 1995) 

(Juneau et al. , 2005) 

As previously stated, samples were dark-acclimated for 15 minutes prior to the analysis 

of the fast polyphasic chlorophyll fluorescence kinetics using a liquid-compartment 

adapted Plant Efficiency Analyzer fluorometer (PEA, Hansatech Ltd., King ' s Lynn, 

Norfolk, UK). Parameters resulting from this analysis permitted to evaluate the PSU 

energy fluxes (Force et al. , 2003 ; Strasser et Srivastava, 1995): 
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Table 2.2 PSII energy fluxes parameters calculated from the rapid rise m 

fluorescence of Chi a with their respective formula. 

Parameter Formula Reference 

ABS/RC (TRo/RC)/(TRo/ ABS) 

TRo/RC (MoNJ) 

ETo/RC (TRo/RC) x (ETo/TRo) 

Dio/RC (ABS/RC) - (TRo/RC) 
(Force et al. , 2003) 

Mo (F2ms- Fsolls)I(FM- Fso1-1s) 

VJ 4 X (F 3001-!s - F 501-!s)/(F M - F 501-!s) 

2.5.4.3.3 Cyclic electron flow measurements 

To obtain an estimation of the proportion of cyclic electron flow during photosynthesis, 

we adapted a procedure taken from Joliot and Joliot (2005). Cyclic electron flow 

around PSI was measured using a Joliot Type Spectrophotometer (JTS-10, BioLogie, 

France). The apparatus was affixed with a light-emitting-diode (LED) which 

periodically radiates detection flashes in the 705 -740 nm range. Actinie far-red LED 

(720 nm) provided excitation flashes through a 705 nm interference fi l ter. Filtered light 

then goes thought the culture sample and hit a measurement photodiode which records 

the light absorbance. Cut-off filters are placed in front of the measurement and 

referénce photodiode to ensure only the recording of wavelengths over 695 nm. This 

analysis was first done on cultures which were dark-acclimated for 15 min prior to the 

experiment. Then, these same samples were light-acclimated for 3 min at 630 nm 

before another round of measurements. Light acclimation is needed to activate the 

Benson-Calvin cycle where during this state the linear electron flow is predominant 

over cyclic transport (Joliot and Joliot, 2002). The measured absorbance variations are 

interpreted as the change in rates of oxidation and reduction of the PSI (M/1 P1oo). 



58 

Following 5s illumination, actinie light is then switched off and we recorded T112 at 

which P1oo absorption changes retum to baseline levels. From this measurement, the 

half-time difference between light adapted and dark-adapted-samples is used to 

estimate the proportion of cyclic electron flow during photosynthesis of the 

phytoplankton following exposure to fomesafen. The fraction of cyclic electron flow 

is expressed in percentage compared to the control. 

2.5.4.4 Reactive oxygen species content and cell complexity determination 

The effect of fomesafen exposure on ROS content and intracellular damage was 

determined following Stachowski-Haberkorn et al. (2013). The oxidative stress probe 

2' ,7' -dichlorodihydrofluorescein diacetate (H2DCF-DA) was used to quantify 

intracellular ROS. The results were normalized through division of mean FLl results 

of H2DCF-DA- stained cells by FLl fluorescent of fresh cells. Cell complexity (SSC) 

was also analyzed to determine the impact of fomesafen-induced oxidative stress on 

phytoplanktonic membrane integrity. Cell complexity results were expressed as SSC 

ratio (SSCtrcatcd cells/SSCcontroi) to normalize results. 

2.5 .5 Statistical analysis 

In order to test for significant difference in fomesafen ' s impact on the phytoplankton, 

data was expressed as a mean ± standard deviation (n = 6~9) and statistical analyses 

were performed using GraphPad Prism 7.0 (GraphPad, San Diego, CA, USA). To 

compare the impact of the herbicide between treated and control populations for each 

species and pre-exposed cultures, the data was analyzed with a one-way ANOV A 

followed up by post-hoc Dunnett' s multiple comparisons test when significant 

differences were found. 
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2.6 Results 

2.6.1 Growth rate and photosynthesis 

Change is expressed in percentage of the difference between control (not pre-exposed 

to fomesafen) and pre-exposed cultures submitted to corresponding herbicide 

concentrations. We previously determined that the growth of R. subcapitata is 

significantly affected by an exposure to over 10 jlg L-1 fomesafen (Naoum and Juneau, 

2018). Multigenerational pre-exposure of R. subcapitata to over lü jlg L- 1 fomesafen 

induced a higher resistance to the herbicide as shown by a reduced impact of the 

herbicide on growth rate after a 72h exposure to corresponding concentrations (Fig. 

2.1a). On the other hand, pre-exposure of C. snowii (Fig. 2.lc) and M aeruginosa (Fig. 

2.1 e) to the highest experimental concentration induced no significant change in 

growth rate. A second exposure following a short term depuration had no significant 

impact on the sensitivity to fomesafen for ali three pre-exposed species (Figs. 2.1 b, 

2.1 d and 2.1 f). The pre-exposed phytoplankton growth response to fomesafen exposure 

did not change following a short term (Figs. 2.1 b, 2.1 d and 2.1 f) and a long term 

depuration period (Fig. 2.13a). 
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Figure 2.1 Effect of pre-exposure to increasing concentrations of fomesafen (0, 5, 10, 

40 and 320 1-1-g L- 1
) and subsequent 72h exposure on growth rate (1-l) - The exposurem 

was performed before and after a short-depuration period on a) R. subcapitata, b) R. 

subcapitatapost-depuration, c) C snowii, d) C snowiipost-depuration, e) M aeruginosa and f) 

M aeruginosapost-depuration- Mean± SD; n = 6~9. 

Our results also indicate that pre-exposure to fomesafen had a significant impact on 

fomesafen-induced photosynthesis sensitivity m phytoplankton. Fomesafen 

pretreatment of R. subcapitata to the highest experimental concentration (320 1-1-g L- 1
) 

diminished fomesafen-induced photosynthesis inhibition as shown by a reduced impact 
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of 40 and 320 f.lg L-1 fomesafen on <PM and <P 'M after 72h exposure (Figs. 2.2a and 2.3a). 

The herbicide pretreatment and subsequent exposure showed no sensitivity to the 

herbicide and no significant change in photosynthesis fo llowing pre-exposure for C. 

snowii (Figs. 2.2c and 2.3c) and M aeruginosa (Figs. 2.2e and 2.3e). The pre-exposed 

phytoplankton photosynthesis response to fomesafen exposure did not change 

following a short term (Figs. 2.2b, 2.2d and 2.2f) and a long term depuration period 

(Fig. 2.13c). 
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Figure 2.2 Effect of pre-exposure to increasing concentrations of fomesafen (0, 5, 10, 

40 and 320 f.lg L-1) and subsequent 72h exposure on maximal photochemical yield (<J>M). 

The exposure72h was performed before and after a short-depuration period on a) R. 
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subcapitata, b) R. subcapitatapost-depuration, c) C. snowii, d) C. snowiipost-depuration, e) M 

aeruginosa and f) M aeruginosapost-depuration. Mean± SD; n = 6~9. 
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Figure 2.3 Effect ofpre-exposure to increasing concentrations offomesafen (0, 5, 10, 

40 and 320 !-tg L- 1
) and subsequent 72h exposure on operational photochemical yield 

( <!>M). The exposurenh was performed before and after a short-depuration period on a) 

R. subcapitata, b) R. subcapitatapost-depuration, c) C. snowii, d) C. snowiipost-depurat ion, e) M 

aeruginosa and f) M aeruginosapost-depuration. Mean± SD; n = 6~9. 

More precisely, multigenerational exposure induced significant changes in the way the 

phytoplankton used light energy (Fig. 2.4a) . Our results demonstrate that R. 

subcapitatapto no longer showed variations in light energy fluxes , as observed in 
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N aoum and Juneau (20 18), in response to herbicide ex po sure at every tested 

concentration. Indeed, pre-exposure of R. subcapitata to over 10 ~g L-1 fomesafen 

significantly reduced ABS/RC to a level matching unexposed cultures as shown by a 

subsequent exposure to corresponding concentrations ofthe herbicide. Photon-trapping 

of R. subcapitata was also affected by fomesafen pre-exposure. As seen, TRo/RC for 

cultures of R. subcapitata pre-exposed to over 10 ~g L- 1 herbicide showed no 

significant change following exposure to these san1e herbicide concentrations. Every 

culture, beside R. subcapitatar1o submitted to 320 ~g L -l, showed no significant impact 

of the herbicide on ETo/RC. Our results showed that C. snowii and M aeruginosa were 

naturally insensitive to fomesafen (Naoum and Juneau, 2018) and pre-exposure led to 

minor changes in PSU energy fluxes following exposure to the herbicide (Fig. 2.4b and 

2.4c). While being inherently resistant to tested concentrations of fomesafen (Naoum 

and Juneau, 20 18), a small but significant decrease in ETo/RC between C. snowiir32o 

and the control was seen after treatments to every fomesafen concentration. 

Furthermore, while being intrinsically resistant to fomesafen (Naoum and Juneau, 

20 18), M aeruginosar32o dissipated three times Jess energy than control cultures when 

exposed at every concentration of the herbicide. The pre-exposed phytoplankton PSII 

energy fluxes response to fomesafen exposure did not change following a short term 

depuration period (Figs. 2.5a, 2.5b and 2.5c). 
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Figure 2.4 Impact of pre-exposure and subsequent 72h exposure of a) R. subcapitata, 

b) C. snowii and c) M aeruginosa to increasing concentrations of fomesafen (Reflex®; 

0, 5, 10, 40 and 320 11g L-' fomesafen) on PSII energy fluxes (ABS/RC; TRo/RC; 

ETo/RC; Dlo/RC). Mean± SD; n = 6~9 . 
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Figure 2.5 Impact of short term depuration and subsequent 72h ex po sure of pretreated 

cultures of a) R. subcapitata, b) C. snowii and c) M aeruginosa to increasing 

concentrations of fomesafen (Reflex®; 0, 5, 10, 40 and 320 j...lg L- 1 fomesafen) on PSII 

energy fluxes (ABS/RC; TRo/RC; ETo/RC; Dlo/RC) . Mean± SD; n = 6~9. 

Our data showed that energy dissipation pathways of R. subcapitata were significantly 

affected by a long-term multigenerational exposure to the fomesafen fonnulation (Fig. 

2.6). Indeed, pre-exposure induced significant changes in the way R. subcapitata 

photochemically dissipate light energy. As we previously determined in Naoum and 

Juneau (20 18), control cultures of R. subcapitata showed a significant increase and 

decrease in qprel following exposure to 10 and 320 j...lg L-' fomesafen, respectively. Pre-
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treatment of R. subcapitata with 5~g L-1 fomesafen (Fig. 2.6b) induced a small but 

significant rise in qprei for cultures subsequently submitted to 5 and 40 ~g L-1 fomesafen 

and exposure to 320 ~g L-1 revealed a restoration of qprei to levels comparable with 

unexposed cultures. Meanwhile, cultures pre-exposed to over 5 ~g L- 1 (Figs. 2.6c, 2.6d 

and 2.6e) now showed no variation in qprei following exposure to every concentration 

of fomesafen. On the other hand, qprei of C. snowii (Figs. 2.6f and 2.6g) and M 

aeruginosa (Figs. 2.6h and 2.6i), previously determined as a fomesafen-insensitive 

parameter for these species (Naoum and Juneau, 2018), showed no change in sensitivity 

foliowing pre-exposure to fomesafen. For all three species, our results showed that the 

non-photochemical quenching pathway was slightly affected by fomesafen exposure 

(Naoum and Juneau, 20 18) and subsequent pre-exposure. R. subcapitataps (Fig. 2.6b) 

and R. subcapitatap4o (Fig. 2.6d) showed an overall significant reduction in qnrei after 

exposure to the herbicide. The same species, but pretreated to 10 (Fig. 2.6c) and 320 

~g L-1 (Fig. 2.6e), showed no change in qnrei foliowing exposure to all concentrations 

of fomesafen . In contrast, qnrei of C. snowii was generally unsolicited foliowing contact 

with the herbicide (Figs. 2.6f and 2.6g). Indeed, only pre-exposure and subsequent 

exposure to 320 ~g L- 1 (Fig. 2.6g) of C. snowii induced a small but significant increase 

in qnreJ. A slight but significant decrease in qnrei following exposure to 10 and 40 ~g L-

1 fomesafen was previously established for M aeruginosa (Naoum and Juneau, 20 18). 

Pre-exposure of M aeruginosa to the highest concentration of fomesafen resto red this 

paran1eter wh en exposed to 10 ~g L- 1 (Fig. 2.6i). As seen in Naoum and Juneau, (20 18), 

fomesafen ex po sure different! y affected UQF rel for ali three species. Pre-ex po sure of 

R. subcapitata showed no UQFrei response following fomesafen pre-exposure to ali 

concentrations, except the highest (320 ~g L- 1
) (Figs. 2.6a, 2.6b, 2.6c and 2.6d). Indeed, 

pre-exposure of R. subcapitata to 320 ~g L-1 (Fig. 2.6e) led to a significant rise in 

UQFrei when exposed to concentrations higher than 5 ~g L-1• Pre-exposure of C. snowii 

to the tested concentrations of fomesafen completely restored herbicide-induced 

decrease in UQFrei following the exposure at all concentrations (Figs. 2.6f and 2.6g). 
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UQFrel for M aeruginosa was not affected by exposure and pre-exposure to fomesafen 

(Figs. 2.6h and 2.6i). 

Pre-treated cultures submitted to a short depuration period exhibited changes in 

previously observed herbicide-induced variations in light energy quenching for ali 

three species (Fig. 2.7). Short term depuration restored qprel for R. subcapitataps (Fig. 

2.7b) and subsequently grown in contaminated media. Non-photochemical quenching, 

qnrel, showed the most change fo llowing the short term depuration. Growth of R. 

subcapitataps (Fig. 2.7b) and R. subcapitataP40 (Fig. 2.7d) in clean media for a week 

completely restored qnrel as evidenced by the insensitivity of this parameter following 

exposure to every concentration offomesafen. For both C snowii (Figs. 2.7fand 2.7g) 

and M aeruginosa (Figs. 2. 7h and 2. 7i), no change in qnrel response to fomesafen 

treatment was observed for pre-exposed cultures following a short term depuration 

period. For UQFrel, short term depuration of R. subcapitataP320 (Fig. 2.7e) restored 

previously seen rise in unquenched fluorescence following exposure to over 5 11g L-1 

fomesafen. 
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Figure 2.6 Relative photochemical quenching (qprel) , relative non-photochemical 

quenching ( qnrei) and relative unquenched fluorescence (UQF rel) of a) R. subcapitatapo. 

320, b) C. snowiiP0-320 and c) M aeruginosapo-320 after 72h exposure to increasing 

concentrations of fomesafen-based herbicide (Reflex®; 0, 5, 10, 40 and 320 11g L-1 

fomesafen). Mean± SD; n = 6~9 . *Significant difference compared to the control; one­

way ANOVA followed by post-hoc Dunnett' s multiple comparisons test. 
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Figure 2. 7 Effect of a short-term depuration period on relative photochemical 

quenching ( qprei), relative non-photochemical quenching ( qnre!) and relative 

unquenched fluorescence (UQFrei) of a) R. subcapitatapo-320, b) C. snowiiP0-320 and c) 

M aeruginosapo-320 after 72h exposure to increasing concentrations offomesafen-based 

herbicide (Reflex®; 0, 5, 10, 40 and 320 IJ.g L- 1 fomesafen) . Mean± SD; n = 6~9. 

*Significant difference compared to the control; one-way ANOV A followed by post­

hoc Dunnett's multiple comparisons test. 

For R. subcapitata, pre-exposure to every concentration of herbicide reduced the cyclic 

transport response by a significant margin in the presence of fomesafen (Table 2.3). 

Exposure of C. snowii and M aeruginosa to fomesafen produced no significant 

response or trend concerning cyclic electron transport and subsequent pre-exposure to 

the herbicide did not produce noticeable changes in cyclic electron transport response 

(Data not shown). The pre-exposed phytoplankton cyclic electron transport ratio to 
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linear transport response to fomesafen exposure did not change following a short term 

depuration period (Table 2.4). 

Table 2.3 Effect of pre-exposure and subsequent 72h exposure of R. subcapitata to 

increasing concentrations offomesafen (Reflex®; 0, 5, 10,40 and 320 j.lg L-1 fomesafen) 

on the solicitation of cyclic electron transport over linear transport. N.d. stands for not 

determined since no signal was obtained at high fomesafen concentration. Mean± SD; 

n = 6~9. 

Non Pre-ex Pre-ex Pre-ex Pre-ex 

[Exposure] pre-exposed 5 !J.g L-1 10 !J.g L- 1 40 !J.g L-1 320 !J.g L-1 

0 !J.g L- 1 7.5 (6 .0) 13 .5 (8.4) 9.5 (4.7) 5.4 (5.4) 0(5.1) 

5 !J.g L- 1 11.1 (10.9) 11.3 (9.5) 17.8 (13.6) 2.1 (3 .8) 1.7 (1.4) 

10 !J.g L-1 16.5 ( 4.3) 16.2 (8.7) 16.3 (6.6) 11.6 (8 .0) 0 (5.4) 

40 !J.g L-1 31.7 (15.6) 33.4 (8.5) 22.1 (5.6) 17.6 (9.8) 2.4 (6.3) 

320 !J.g L-1 n.d. n.d. n.d. n.d. n.d. 
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Table 2.4 Impact of short term depuration period and subsequent 72h exposure of 

pretreated cultures of R. subcapitata to increasing concentrations of fomesafen 

(Reflex®; 0, 5, 10, 40 and 320 J..Lg L-1 fomesafen) on the solicitation of cyclic electron 

transport over linear transport. N.d. stands for not determined since no signal was 

obtained at high fomesafen concentration. Mean± SD; n = 6- 9. 

[Exposure] Non Pre-ex Pre-ex Pre-ex Pre-ex 

pre-exposed 5 J..Lg L- 1 10 J..Lg L- 1 40 J..Lg L-1 320 J..Lg L·' 

0 J..LgL·' 7.2 (5 .2) 9.8 (8.2) 6 (5 .3) 4.9 (3.6) 0.9 (2.3) 

5 J..Lg L- 1 10.5 (7.8) 8.2 (11.4) 13.7 (7.0) 3.4 (3.0) 2.4 (5 .0) 

10 J..Lg L·' 15.6 (5.0) 12.7 (4.9) 12.1 (5.9) 16 (9.5) 0.9 (2 .1 ) 

40 J..LgL· ' 28.5 (12.4) 21.7 (7.7) 17.3 (6 .9) 26.1 (8.0) 5.9 (5.1) 

320 J..Lg L-1 n.d. n.d. n.d. n.d. n.d. 

2.6.2 Pigment content 

Photosynthetic pigment determination showed that pre-exposure of R. subcapitata to 

fomesafen induced changes in pigment content following exposure to increasÎ11g 

concentrations of the herbicide formulation (Figs. 2.8a and 2.9a) . 

Chl a content of R. subcapitata pre-exposed to fomesafen remained unchanged by an 

exposure to 40 J..Lg L·' and, in the case of R. subcapitatapt o and R. subcapitataP320, to 

the highest herbicide concentration tested (Fig. 2.8a). For C. snowii, our results showed 

that Ch! a content was restored by a pre-treatment to fomesafen (Fig. 2.8c). M 

aeruginosa pigment content was previously determined to be unaffected by fomesafen 

exposure (Naoum and Juneau, 20 18), and showed no changes in sensitivity to 

fomesafen toxicity following pre-exposure to the highest concentration of the herbicide 

(Fig. 2.8e). The same pattern observed for Chl a content was also observed for 



72 

carotenoids of pre-exposed cultures of R. subcapitata (Fig. 2.9a) and M aeruginosa 

(Fig. 2.9e). However, inhibition of carotenoids content we observed in Naoum and 

Juneau (2018) for C. snowii exposed to 10 and 320 llg L-1 was restored following pre­

exposure to 320 llg L-1 fomesafen (Fig. 2.9c). The pre-exposed phytoplankton pigment 

content response to fomesafen exposure did not change following a short term (Figs. 

2.8b, 2.8d and 2.8f; Figs. 2.9b, 2.9d and 2.9f) . and a long term depuration period (Fig. 

2.13b). 
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Figure 2.8 Effect of pre-exposure and subsequent 72h exposure to increasing 

concentrations of fomesafen (0, 5, 10, 40 and 320 llg L- 1
) on chlorophyll a (Chl a) 

content. The exposurenh was performed before and after a short-depuration period on 
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a) R. subcapitata, b) R. subcapitatapost-depuration, c) C. snowii, d) C. snowiipost-depuration, e) 

M aeruginosa and f) M aeruginosapost-depuration. Results are normalized by cell density 

and size. Mean± SD; n = 6- 9. 
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Figure 2.9 Effect of pre-exposure and subsequent 72h exposure to increasing 

concentrations of fomesafen (0, 5, 10, 40 and 320 flg L- 1
) on carotenoid (chl x+c) 

content. The exposurem was performed before and after a short-depuration period on 

a) R. subcapitata, b) R. subcapitatapost-depuration, c) C. snowii, d) C. snowiipost-depuration, e) 

M aeruginosa and f) M aeruginosapost-depuration. Results are normalized by cell density 

and size. Mean± SD; n = 6- 9. 
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2.6.3 Oxidative stress and cell complexity 

Pre-exposure of R. subcapitata to concentrations over 10 ~g L- 1 of fomesafen 

significantly reduced ROS production, as shawn by a decrease in intracellular ROS 

concentration after 72h exposure to the same concentrations of this herbicide (Fig. 

2.10a). Long-term pre-exposure of R. subcapitata to 10 ~g L-1 fomesafen led to a very 

large increase in ROS content following exposure to 320 ~g L-1
. On the other hand, 

cultures of C. snowii and M aeruginosa did not produce a significant amount of ROS 

following exposure to fomesafen (Naoum and Juneau, 20 18) and pre-exposure did not 

alter this intrinsic resistance to the herbicide (Fig. 2.1 Oc and 2.1 Oe ). With the exception 

of R. subcapitataps, the pre-exposed phytoplankton ROS-response to fomesafen 

exposure did not change following a short term (Figs. 2.1 Ob, 2.1 Od and 2.1 Of) and a 

long term depuration period (Fig. 2.13d). 

The rise in intracellular complexity we observed following exposure of R. subcapitata 

to fomesafen in Naoum and Juneau (20 18) was also significantly altered by pre­

exposure to fomesafen . Pre-treatment of this specie to over 10 ~g L- 1 was enough to 

restore cell complexity to levels comparable to unexposed cultures following exposure 

to 40 and 320 ~g L- 1 fomesafen (Fig. 2.11a). For C. snowii (Fig. 2.11c) and M 

aeruginosa (Fig. 2.11e), pre-exposure to fomesafen induced no change in cell 

complexity following treatment to fomesafen. The pre-exposed phytoplankton cell 

complexity response to fomesafen exposure did not change following a short term 

depuration period (Figs. 2.11 , 2.11 b, 2.11 d and 2.11 f) . 
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Figure 2.10 Effect of pre-exposure and subsequent 72h exposure to increasing 

concentrations offomesafen (0, 5, 10, 40 and 320 11g L-1
) on intracellular ROS content 

(CellocF+ICellocF-) . The exposurenh was performed before and after a short-depuration 

period on a) R. subcapitata, b) R. subcapitatapost-depuration, c) C. snowii, d) C. snowiipost­

depuration, e) M aeruginosa and f) M aeruginosapost-depuration- Mean± SD; n = 6~9. 
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Figure 2.11 Effect of pre-exposure and subsequent 72h exposure to increasing 

concentrations of fomesafen (0, 5, 10, 40 and 320 11g L-1) on cell complexity 

(SSCtreatecti SSCrresh cells). The exposuren h was performed before and after a short­

depuration period on a) R. subcapitata, b) R. subcapitatapost-depuration, c) C. snowii, d) C. 

snowiipost-depuration, e) M aeruginosa and f) M aeruginosapost-depuration. Mean ± SD; n = 
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3.2.5. Cell biovolume 

Our results showed that pre-treatment of R. subcapitata to increasing concentrations of 

fomesafen led to significant changes in cell biovolume following exposure to the 

herbicide (Fig. 2.12a). Cultures of R. subcapitata pre-exposed to concentrations lower 

than 40 11g L- 1 fomesafen showed significant increase in biovolume following exposure 

to the herbicide. Pre-exposure of R. subcapitata to concentrations equal and over 40 11g 

L- 1 was sufficient to restore biovolume to a level similar to the control. Indeed, cultures 

pre-exposed to 40 11g L-1 were now unaffected by exposure to the same concentration 

of fomesafen and R. subcapitatap320 showed no change in cell biovolume following 

exposure to every concentration of herbicide. For C. snowii (Fig. 2.12c) and M 

aeruginosa (Fig. 2.12e ), pre-exposure to fomesafen produced no change in cell 

complexity following exposure to fomesafen. The pre-exposed phytoplankton 

biovolume response to fomesafen exposure did not change following a short term 

depuration period (Figs. 2.12b, 2.12d and 2.12f). 
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Figure 2.12 Effect of pre-exposure and subsequent 72h exposure to increasing 

concentrations of fomesafen (0, 5, 10, 40 and 320 j..l.g L- 1
) on cell biovolume. The 

exposurem was performed before and after a short-depuration period on a) R. 

subcapitata, b) R. subcapitatapost-depuration, c) C snowii, d) C s nowiipost-depurati on, e) M 

aeruginosa and f) M aeruginosapost-depuration- Mean± SD; n = 6- 9. 
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Figure 2.13 Effect of pre-exposure and subsequent 72h exposure to increasing 

concentrations offomesafen (0, 5, 10, 40 and 320 jlg L- 1
) on a) growth, b) Chl a content, 

c) operational photochernical yield (<j> 'M) and d) intracellular ROS content 

(CellocF+/CellocF-) of R. subcapitata and R. subcapitatar32o fo llowing a long-term (6 

months) depuration period. Mean± SD; n = 9. 

3.7 Discussion 

3. 7.1 Effect of pre-ex po sure to fomesafen on phytoplankton physiology 

As was observed in Naoum and Juneau (2018), exposure of R. subcapitata to over 10 

jlg L- 1 fomesafen in Reflex formulation led to significant inhibition in growth, pigment 

content and photosynthetic efficiency while inducing a strong generation of ROS. On 

the other hand, C. snowii and M aeruginosa remained largely unaffected by the 

fomesafen treatment. Complementary to these results, the present paper aimed to 
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investigate the impact of pre-exposure to fomesafen on phytoplankton sensitivity to 

this herbicide. 

As popularity of fomesafen and other diphenyl ether herbicides increased, latest 

literature pointed out the emergence of new photosynthetic strains which developed 

resistance to PPO-inhibitors. Dayan et al. (20 1 0) recent! y listed 11 known weed species 

which, through various mechanisms, evolved resistance to PPO-inhibitors. The first 

species in which researchers have identified such resistance is believed to be the 

commonly known Tall waterhemp (Amaranthus tuberculatus). This resistance is 

thought to have originated from a deletion of a glycine amino acid (~Gly210) in the 

PPO enzyme following repeated exposure to a PPO-inhibitor. This deletion enabled 

the mutant organism to be insensitive to a wide array of different PPO-inhibitors. In 

the present study we demonstrated that following 55 generations exposure to 

concentrations over 10 11g L-1 of fomesafen R. subcapitata developed clear signs of 

resistance to this herbicide even at the highest tested concentrations. We first noticed 

complete unhindered growth for pretreated cultures of R. subcapitata followed by 

exposures to 40 and 320 11g L-1 herbicide. Investigation of the impact offomesafen pre­

exposure on photosynthetic and protective pigments showed that pigment content of R. 

subcapitata was similar to unexposed algae even after an exposure to high 

concentrations of fomesafen. For C. snowii, pre-exposure to high concentration of 

fomesafen led to a complete restoration of the slight inhibition in photosynthetic and 

protective pigment content observed before the pre-exposure. Growth rate is known to 

be intima tel y related to photosynthetic yield which itself is affected by pigment content 

(Cullen, 1990; Falkowski et al. , 1985; Ryther and Yentsch, 1957). This is reflected in 

our results as fomesafen-pretreated cultures of R. subcapitata showed a complete 

restoration of every photosynthesis-related paran1eters following exposure to 

concentrations over 10 11g L-1 fomesafen. Furthermore, we noticed a lack of ROS 

content in fomesafen pretreated cultures of R. subcapitata which suggests that 

competitive inhibition of PPO by fomesafen is mu ch less effective to a point where R. 



81 

subcapitata does not, or accumulate much Jess free PPIX, thus eliminating or 

drastically reducing the amount of ROS generated by the photo-oxidation of this 

pigment and subsequent energy transfer to oxygen. One can advance two main 

scenarios to exp lain the emergence of apparent resistance to an environmental stressor 

such as fomesafen. First, physiological acclimation to low toxicity herbicides is known 

to be sufficient to completely restore phytoplankton growth as a result of a change in 

gene expression (Bradshaw and Hardwick, 1989). Thus, the reduced physiological 

impact of the fomesafen-based herbicide on R. subcapitata could be explained by 

changes in phenomic and/or genomic traits induced by fomesafen's multigenerational 

toxic pressure. Also, changes in the physiological response to a stressor following long­

term exposure to this stressor may also arise through adaptation processes. Indeed, 

spontaneously occurring point mutations and oxidative stress-induced mutagenesis 

during multigenerational exposure brings the potential for genetic adaptation which can 

lead to lasting or pem1anent resistance (Belfiore and Anderson, 2001; Sniegowski et 

al. , 1995). Thus, the decrease in sensitivity to fomesafen for R. subcapitata following 

multigenerational exposure to this herbicide could originate from spontaneous or ROS­

induced change in the expression of enzymes and molecules involved in defense 

mechanisms normally activated in the presence of stress. Altematively, changes in the 

expression of PPO could have occurred thus reducing fomesafen's affinity to this 

enzyme. This process would limit competitive inhibition of PPO by the fomesafen 

molecule consequently restoring photopigments biosynthesis thereby allowing normal 

photosynthesis and growth. 

3.7.2 Conservation of changes in sensitivity 

To gain insights on if this newly developed resistance is the result of physiological 

acclimation or genetic adaptation, each physiological parameter was re-evaluated 

following a short and a long-term depuration period in clean growth media to allow 

complete turnover of phytoplanktonic cells. Following these depuration periods, our 
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results show that pretreated cultures of R. subcapitata still exhibit a strong resistance 

to high concentrations of fomesafen following a short tenn depuration in 

uncontaminated media indicating that the induced resistance is most likely due to the 

emergence of a spontaneous mutation during the phytoplankton multigenerational 

ex po sure to the fomesafen-based formulation. This type of resistance was also noticed 

for other PPO-inhibiting herbicides following pre-exposure of green microalgae. 

Indeed, long-term exposure of a wild strain of C. reinhardtii to the N-phenylimide­

based experimental herbicide S-23142 induced the emergence of a resistant mutant 

strain (rs-3). Cells of the rs-3 strain of C. reinhardtii treated with 0.3 11M of S-23142 

showed temporary accumulation of porphyrins followed by normal growth (Sato et al., 

1994). Further analysis of rs-3 by Randolph-Anderson et al. (1998) showed that the 

resistance to the PPO-inhibitor S-23142 originated from a point mutation in the PPO 

gene which induced a transition from the amino acid valine to methionine. This 

transition yielded viable polymorphism of the PPO gene th us allowing the microalgae 

to produce enzymes insensitive to PPO-inhibitors and achieve normal growth. 

Recently, genetically engineered cells of the mutant rs-3 showed resistance to up to 

136x the lethal concentrations of oxyfluorfen, a PPO-inhibitor (Bruggeman et al. , 

2014). Similar rise in resistance for phytoplankton was observed for other herbicides 

which inhibit photosynthesis. Stachowski-Haberkorn et al. (2013) showed that long­

term multigenerational ex po sure of the microalga Tetraselmis suecica to 5 11g L- 1 of 

diuron induced a significant rise in doubling time for sorne cultures. Using chlorophyll 

fluorescence as a ecotoxicological endpoint, Seguin et al. (2002) showed that chronic 

exposure in mesocosms (25 days) to 30 11g L-1 of atrazine led to a significant increase 

in the apparent tolerance of the phytoplanktonic communities to this herbicide. 

Additional evidence of the adaptation of R. subcapitata to the fomesafen-based 

herbicide is shown by the conservation of resistance following a third exposure after 6 

months of depuration in clean growth media (Fig. 2.13). These results are comparable 

to Stachowski-Haberkorn et al. (2013) which confirm the capacity of microalgae to 
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maintain resistance to photosynthesis-inhibiting herbicides after a 12-month depuration 

period in fresh media as subsequent exposure to diuron did not provoke any growth 

inhibition for T. suecica. 

3.8 Conclusion 

This paper presents evidence that multigenerational exposure to high concentrations of 

the fomesafen-based phytosanitary product Reflex® can reduce the sensitivity of R. 

subcapitata to this herbicide. The absence of a variety of phytoplankton capable of 

withstanding the presence of PPO-inhibitors limit the development of 

phytoremediation methods for this herbicide. The emergence of a phytoplanktonic 

strain (such as the one developed in the present work) which can tolerate low to high 

concentrations of fomesafen herbicide bring the potential to create a phytoremediation 

tool for this toxicant. This is interesting knowing that depuration of very high volume 

of water showing low to moderate concentrations of toxicants can be very costly 

(Hultberg et al. , 2015 ; Levi, 2013 ; Pimentel, 2005) and, depending on the source and 

location of the contamination, is often deemed impracticable (Azubuike et al. , 20 16; 

Levi, 2013). Certainly, more research is needed to better understand the full scope of 

fomesafen toxicity on phytoplankton and their adaptation. Further analysis to quantify 

intracellular concentration of fomesafen in phytoplankton post-exposure is needed to 

verify the presence of mechanisms to bioaccumulate or detoxify the molecule. If 

herbicide degradation is seen, characterization of by-products of fomesafen 

degradation is needed and the metabolic pathway of biodegradation of fomesafen in 

newly resistant phytoplanktonic species should be mapped. 

3.9 Acknowledgments 

The financial means to complete this study was provided by the Natural Sciences and 

Engineering Research Council of Canada (NSERC) obtained by P.J. The authors would 



84 

also like to thank Marie-Claude Perron, Kui Xu and Guo-Zheng Dai for their advice 

and help on teclmicalities throughout this project. 

3.1 0 References 

Aulakh, J. S. , Chahal, P. S. et Jhala, A. J. (2016). Glyphosate-resistant weed control 
and soybean injury in response to different PPO-inhibiting herbicides. Journal 
of Agricultural Science, 8(2), 1-9. 

Azubuike, C. C. , Chikere, C.B. et Okpokwasili, G. C. (2016). Bioremediation 
techniques-classification based on site of application: principles, advantages, 
limitations and prospects. World Journal of Microbiology & Biotechnology, 
32(11), 180. doi: 10.1007/s11274-016-2137-x 

Belfiore, N. M. et Anderson, S. L. (2001). Effects of contaminants on genetic patterns 
in aquatic organisms: a review. Mutation Research/Reviews in Mutation 
Research, 489(2) , 97-122. 

Bradshaw, A. D. et Hardwick, K. (1989). Evolution and stress-genotypic and 
phenotypic components. Biological Journal of the Linnean Society, 3 7(1-2), 
137-155 . doi: 10.1111/j.1095-8312.1989.tb02099.x 

Buschmann, C. (1995). Variation of the quenching of chlorophyll fluorescence under 
different intensities of the actinie light in wildtype plants of tobacco and in an 
aurea mutant 

deficient of light harvesting-complex. Journal of Plant Physiology, 145(3), 245-252. 
doi: http://dx.doi.org/1 0.10 16/SO 176-1617(11 )81884-5 

Caquet, T. , Deydier-Stephan, L. , Lacroix , G. , Rouzic, B. L. et Lescher-Moutoué, F. 
(2005). Effects offomesafen, alone and in combination with an adjuvant, on 
plankton conununities in freshwater outdoor pond mesocosms. Environmental 
Toxicology and Chemistry, 24(5), 1116-1124. doi : 10.1897 /04-228R.1 

Chahal, P. S. , Varanasi , V. K., Jugulam, M. et Jhala, A. J. (2017). Glyphosate­
resistant Palmer amaranth (Amaranthus palmeri) in Nebraska: Confirmation, 
EPSPS gene amplification, and response to POST corn and soybean 
herbicides. Weed Technology, 31(1) , 80-93. 



Chekroun, K. B. , Baghour, M. et Esteban, S. (2013) . The role of algae in 
phytoremediation of heavy metals: A review. Journal of Mate rials and 
Environmental Science, 4(6), 873-880. 

85 

Cullen, J. J. (1990). On models of growth and photosynthesis in phytoplankton. Deep 
Sea Research Part A. Oceanographie Research Papers, 37(4) , 667-683. doi: 
https: //doi .org/1 0.1016/0198-0 149(90)90097 -F 

Dayan, F. E. , Daga, P. R., Duke, S. 0 ., Lee, R. M. , Tranel, P.J. et Doerksen, R. J . 
(20 1 0). Biochemical and structural consequences of a glycine deletion in the 
a-8 helix ofprotoporphyrinogen oxidase. Biochimica et Biophysica Acta 
(BBA) - Proteins and Proteomics, 1 804(7), 1548-1556. doi: 
https: //doi .org/1 0.10 16/j .bbapap.201 0.04.004 

Falkowski, P. G. , Dubinsky, Z. et Wyman, K. (1985). Growth-irradiance 
relationships in phytoplankton. Limnology and Oceanography, 30(2), 311-
321. doi : 10.4319/lo .l985 .30.2.0311 

Force, L. , Critchley, C. et van Rensen, J. J. S. (2003). New fluorescence parameters 
for monitoring photosynthesis in plants. Photosynthesis Research, 78(1), 17-
33 . doi: 10.1023/A:1026012116709 

Ganie, Z. A. et Jhala, A. J. (20 17). Glyphosate-resistant common ragweed (Ambrosia 
artemisiifolia) in Nebraska: Confirmation and response to postemergence corn 
and soybean herbicides. Weed Technology, 31(2), 225-237. 

Genty, B., Briantais, J.-M. et Baker, N . R. (1989). The relationship between the 
quantum yield of photosynthetic electron transport and quenching of 
chlorophyll fluorescence . Biochimica et Biophysica Acta (BBA) - General 
Subjects, 990(1), 87-92. doi: 10.1016/S0304-4165(89)80016-9 

Guo, J. , Zhu, G., Shi , J. et Sun, J. (2003). Adsorption, desorption and mobility of 
fomesafen in Chinese soils. Water, Air, and Soif Pollution, 148(1) , 77-85 . doi: 
10.1 023/a: 1025484213539 



86 

Gustavson, K. et Wangberg, S.-A. (1995). Tolerance induction and succession in 
microalgae communities exposed to copper and atrazine. Aquatic Toxicology, 
32(4) , 283-302. doi: 10.1016/0166-445X(95)00002-L 

Huertas, I.E. , Rouco, M. , L6pez-Rodas, V. et Costas, E. Estimating the capability of 
different phytoplankton groups to adapt to contamination: herbicides will 
affect phytoplankton species differently. New Phytologist, 188(2), 478-487. 
doi: 10.1111/j .1469-8137.2010.03370.x 

Huertas, I.E., Rouco, M. , L6pez-Rodas, V. et Costas, E. (2010). Estimating the 
capability of different phytoplankton groups to adapt to contamination: 
herbicides will affect phytoplankton species differently. New Phytologist, 
188(2), 478-487. doi: 1 0.1111 /j .1469-8137.201 0.03370.x 

Hultberg, M. , Bodin, H., Ardal , E. et Asp, H. (2015). Effect ofmicroalgal treatments 
on pesticides in water. Environmental technology, 37, 893-898. doi: 
10.1080/09593330.2015.1089944 

Joliot, P. et Joliot, A. (2002). Cyclic electron transfer in plant leaf. Proceedings of the 
National Academy ofSciences of the United States of America, 99(15), 10209-
10214. doi: 10.1073/pnas.102306999 

Joliot, P. et Joliot, A. (2005). Quantification of cyclic and linear flows in plants. 
Proceedings of the National Academy of Sciences of the United States of 
America, 102(13), 4913-4918. 

Juneau, P., Green, B. et Harrison, P. (2005). Simulation ofPulse-Amplitude­
Modulated (P AM) fluorescence: Limitations of some P AM -parameters in 
studying environmental stress effects. Photosynthetica, 43(1), 75-83. 

Kitajima, M. et Butler, W. L. (1975). Quenching of chlorophyll fluorescence and 
primary photochemistry in chloroplasts by dibromothymoquinone. 
Biochimica et Biophysica Acta (BEA)- Bioenergetics, 376(1) , 105-115. doi: 
http: //dx.doi.org/1 0.10 16/0005-2728(75)90209-1 



87 

Knezevic, S. Z., Datta, A., Scott, J. , Klein, R. N. et Golus, J. (2009). Problem weed 
Control in glyphosate-resistant soybean with glyphosate tank mixes and soil­
applied herbicides. Weed Technology, 23(4), 507-512. doi: 10.1614/WT-09-
012.1 

Levi, S. (2013). Biostimulation and enhancement of p esticide degradation around 
water abstraction fields. Ph. D. thesis, Department ofEnvironmental Science 
and Engineering, Technical University ofDenmark, Kongens Lyngby, 
Denmark. 

Lichtenthaler, H. K. (1987). Chlorophylls and carotenoids: Pigments of 
photosynthetic biomembranes. Dans Methods in Enzymology (vol. Volume 
148, p . 350-382). Academie Press. 

Pennington, P. L. et Scott, G. 1. (2001). Toxicity ofatrazine to the estuarine 
phytoplankton Pavlova sp. (Prymnesiophyceae): Increased sensitivity after 
long-term, low-level population exposure. Environmental Toxicology and 
Chemistry, 20(1 0), 223 7-2242. doi : 10.1 002/etc.562020 1016 

Pimente!, D. (2005). Environrnental and economie costs ofthe application of 
pesticides primarily in the United States. Environment, development and 
sustainability, 7(2), 229-252. 

Potter, T. L. , Truman, C. C. , Webster, T. M., Bosch, D. D. et Strickland, T. C. (2011). 
Tillage, cover-crop residue management, and irrigation incorporation impact 
on fomesafen runoff. Journal ofagricultural andfood chemistry, 59(14), 
7910-79 15. 

Powles, S. B., Debrah, F. L. -C., James, J. D. et Preston, C. (1998). Evolved resistance 
to glyphosate in rigid ryegrass (Lolium rigidum) in Australia. Weed Science, 
46(5), 604-607. 

Pratley, J. , Urwin, N. , Stanton, R. , Baines, P. , Broster, J. , Cullis, K. , . . . Krueger, R. 
(1999). Resistance to glyphosate in Lolium rigidum. 1. Bioevaluation. Weed 
Science, 405-411 . 

Ryan, G. (1970). Resistance of common groundsel to simazine and atrazine. Weed 
science, 18(5) , 614-616. 



88 

Ryther, J. H. et Yentsch, C. S. (1957). The estimation of phytoplankton production in 
the ocean from chlorophyll and light data. Limnology and Oceanography, 
2(3), 281-286. doi: 10.1002/lno.l957.2.3.0281 

Salas, R. A. , Burgos, N. R. , Tranel, P.J. , Singh, S. , Glasgow, L. , Scott, R. C. et 
Nichols, R. L. (2016). Resistance to PPO-inhibiting herbicide in Palmer 
amaranth from Arkansas. Pest Management Science, 72(5), 864-869. doi: 
10.1 002/ps.4241 

Sarangi, D. , Sandell, L. D. , Kruger, G. R., Knezevic, S. Z., Irmak, S. et Jhala, A. J. 
(2017). Comparison of herbicide programs for season-long control of 
glyphosate-resistant common waterhemp (Amaranthus rudis) in soybean. 
Weed Technology, 31(1), 53-66. doi: 10.1017/wet.2016.1 

Sato, R. , Yamamoto, M. , Shibata, H. , Oshio, H. , Harris, E. H. , Gillham, N. W. et 
Boynton, J. E. (1994 ). Characterization of a mutant of Chlamydomonas 
reinhardtii resistant to protoporphyrinogen oxidase inhibitors . Dans. ACS 
Publications. 

Schreiber, U. , Schliwa, U. et Bilger, W. (1986). Continuous recording of 
photochemical and non-photochemical chlorophyll fluorescence quenching 
with a new type of modulation fluorometer. Photosynthesis Research, 1 0(1 ), 
51-62. doi: 10.1007/bf00024185 

Seguin, F., Le Bihan, F. , Leboulanger, C. et Bérard, A. (2002). A risk assessment of 
pollution: induction of atrazine tolerance in phytoplankton communities in 
freshwater outdoor mesocosms, using chlorophyll fluorescence as an 
endpoint. Water Research, 36(13), 3227-3236. doi: 
https://doi.org/1 0.10 16/S0043-1354(02)000 13-1 

Sniegowski, P. D., an1p et Lenski, R. (1995). Mutation and adaptation: the directed 
mutation controversy in evolutionary perspective. Annual Review of Eco/ogy 
and Systematics, 553-578. 



--------------------

89 

Stachowski-Haberkorn, S. , Jerome, M., Rouxel, J., Khelifi, C., Rince, M. et Burgeot, 
T. (2013). Multigenerational exposure of the microalga Tetraselmis suecica to 
diuron leads to spontaneous long-term strain adaptation. Aquatic Toxicology, 
140-141 , 380-388. doi: 10.1016/j.aquatox.2013.06.016 

Strasser, R. J. et Srivastava, A. (1995). Polyphasic chlorophyll a fluorescence 
transient in plants and cyanobacteria Photochemistry and Photobiology, 61(1) , 
32-42. doi: 10.1111/j.1751-1097.1995 .tb09240.x 

Wuerffel, R. J. , Young, J. M. , Matthews, J. L. et Young, B. G. (2015). 
Characterization ofPPO-inhibitor-resistant waterhemp (Amaranthus 
tuberculatus) response to soil-applied PPO-inhibiting herbicides. Weed 
Science, 63(2) , 511-521. doi: 10.1614/WS-D-14-00108.1 



CONCLUSION GÉNÉRALE 

Lors de cette étude, nous avons évalué la toxicité d'un herbicide à base de fomésafène, 

le Reflex®, sur la physiologie des microalgues vertes et cyanobactéries à l' aide de deux 

stratégies d'exposition complémentaires. En premier lieu, le chapitre 1 de ce mémoire 

présente l' impact d' une simple exposition au fomésafène sur différents biomarqueurs 

physiologiques du phytoplancton (croissance, contenu pigmentaire, photosynthèse, 

stress oxydatif, morphologie). Cette étude démontre qu'une exposition au Reflex®, un 

herbicide à base de fomésafène, a provoqué différentes réponses physiologiques entre 

les chlorophycées et les cyanophytes. En effet, ce projet atteste d' un impact significatif 

du fomésafène sur l'ensemble des paramètres évalués chez R. subcapitata et, dans une 

moindre mesure, chez C. snowii. Une inhibition de la croissance chez R. subcapitata 

induite par une exposition à des concentrations de plus de 10 j.lg L-1 fomésafène a été 

liée à une diminution de l'efficacité photosynthétique en réponse au mode d' action de 

l' herbicide soit l' inhibition de la voie de biosynthèse des photopigments et la 

génération subséquente de ROS. Les différences de sensibilités entre les chlorophytes 

furent associées à leurs disparités morphologiques. De plus, il est possible que 

l'absence de sensibilité au fomésafène pour M aeruginosa soit issue d' une différence 

au niveau du gène codant pour la PPO entre les cyanobactéries et les microalgues 

vertes. 

La deuxième stratégie d' exposition, présentée au chapitre Il, met l'emphase sur 

l' impact d'une exposition multigénérationnelle à l' herbicide à base de fomésafène 

Reflex® sur les différents indicateurs physiologiques du phytoplancton soit le taux de 

croissance, le contenu en pigments photosynthétiques, la performance de la 

photosynthèse, le contenu en ROS et la morphologie. Ainsi, ce projet confirme que le 

prétraitement deR. subcapitata à de fortes concentrations de 1 'herbicide (plus de 10 j.lg 
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L-1) permet de réduire drastiquement la sensibilité de cette microalgue à cet herbicide. 

L' inhabilité du fomésafène à induire une baisse dans la teneur en photopigments 

suggère le développement d'une résistante issue de mutations présélectives sous 

l'impact de la pression toxique de cet herbicide. Cette supposition est d'autant plus 

confirmée par la préservation des changements de sensibilité suite à une courte et 

longue période de dépuration. L' émergence de souches phytoplanctoniques capable de 

résister à l' impact du fomésafène ouvre la porte à la mise au point d'un outil de 

détoxification de l'eau à cet herbicide. Dans l'ensemble, ces résultats sont importants 

puisqu' ils témoignent du devenir et de l'impact de concentrations élevées en herbicide 

à base de fomésafène sur le phytoplancton en eau douce. Néanmoins, malgré la 

présence évidente d ' interactions nuisibles entre cette formulation à base de fomésafène 

et la physiologie du phytoplancton d'eau douce, les concentrations étudiées dépassent 

les concentrations environnementales attendues dans les écosystèmes aquatiques 

comme les rivières et les lacs. Ainsi, il serait plus probable de constater des résultats 

similaires chez les espèces phytoplanctoniques retrouvées dans les petits écosystèmes 

aquatiques comme les tranchées à proximité de zones à fortes activités agricoles où se 

recueillent les eaux de ruissellement souvent fortement contaminées de pesticides 

(Elias et al., 20 18). À notre connaissance, il n'existe pas de données accessibles quant 

aux concentrations environnementales en fomésafène dans les eaux de ruissellement 

qui se retrouvent dans ces tranchées agricoles. La toxicité du fomésafène pourrait être 

plus forte lorsque le phytoplancton est cultivé sous la lumière naturelle du soleil 

comparativement à une croissance sous lumière artificielle (Matringe et al. , 1989). Ceci 

suggère la nécessité de sonder davantage la physiologie du phytoplancton d ' eau douce 

suite à une croissance dans du milieu contaminé au fomésafène et supplémenté de 

lumière UV. 
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