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Abstract

:

Pesticides leaching and run-off to nearby freshwater sources are a major ecological concern. The emergence of herbicide-resistant weeds led to the increased usage of fomesafen, a diphenyl ether herbicide inhibiting protoporphyrinogen oxidase (PPO). This recent rise in demand and use for this molecule invariably increases the chance of this herbicide entering freshwater environments and affecting non-target organisms. However, there is still a lack of information in the literature regarding the impact of this herbicide on the physiology of freshwater phytoplankton. This study aimed to determine the impact of five concentrations (0, 5, 10, 40, 320 µg · L−1) of a fomesafen-based herbicide (Reflex®) on the physiology of two species of green microalgae (Raphidocelis subcapitata FACHB-271; Chlamydomonas snowii) and one cyanobacterial species (Microcystis aeruginosa CPCC 632). While physiological biomarkers (growth, photosynthesis, pigment content, oxidative stress and morphology) of R. subcapitata were significantly affected by the fomesafen treatments, no significant effects were observed in the physiology of C. snowii and M. aeruginosa. We hypothesize that this difference in fomesafen resistance is most likely due to intracellular morphological and genetic differences between species. Modeling of fomesafen uptake in R. subcapitata showed that alteration of cell biovolume is unlikely to be an efficient mechanism modulating fomesafen toxicity and that potential fomesafen efflux or breakdown would need to be very fast (and operate at a high energy cost) in order to protect against uptake and toxicity. This study provides new insights into the sensitivity of different algae species toward fomesafen as well as the associated cellular toxicity mechanisms.
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1. Introduction


The protoporphyrinogen oxidase (PPO) inhibitor fomesafen (5-[2-chloro-4-(trifluoromethyl) phenoxy]-N-(methylsulfonyl)-2-nitrobenzamide) is used as an herbicide to control weeds in soybean, potatoes and cotton cultures. A growing number of studies now highlights the effectiveness of tank-mixing fomesafen to prevent the emergence of glyphosate-resistant weeds such as the Palmer amaranth (Amaranthus palmeri; [1,2]) and the common waterhemp (Amaranthus rudis; [3]) which has motivated its use in agriculture. This increase in its usage combined to the resulting runoffs and leaching to aquatic systems, increase the risk of affecting non-target organisms, such as phytoplankton. Fomesafen toxicity to photosynthetic organisms results from the impairment of the chlorophyll biosynthesis pathway by inhibiting PPO [4]. This herbicide competes with protoporphyrinogen IX (PPGIX) for the active site of PPO resulting in an accumulation of free PPGIX. Subsequent leakage of PPGIX in the extraplastidic space results in its non-enzymatic oxidation into protoporphyrin IX (PPIX). Upon illumination, PPIX, formed outside the PPO complex, photoreacts and generates singlet oxygens, which lead to oxidative damages which can ultimately affect photosynthetic pigments and membrane integrity [4]. Although fomesafen was shown to affect growth and survivability of higher plants [5,6,7,8], very few studies focused on the precise underlying physiological effects such as oxidative stress generation and chlorophyll production or degradation. Moreover, some tested the impact of fomesafen on phytoplanktonic species [9,10,11], but these studies mostly discussed the influence of fomesafen on community structure, biomass and primary productivity while largely overlooking its impacts on physiological processes. At maximum annual application rates for commercial agriculture operations (0.31 lbs a.i per acre for snap beans, 0.375 lbs a.i per acre for soybeans and 0.5 lbs a.i. per acre for cotton), expected environmental concentrations of fomesafen in nearby surface water are predicted to be found in the range of 2–25 µg · L−1 [12]. In 2020, fomesafen was detected in 30% of surface water samples analyzed by the Minnesota Department of Agriculture with a maximum concentration of 2.17 µg · L−1 [13]. Very little toxicological information exists in the literature on the effect of fomesafen on green microalgae and cyanobacteria. In the green microalgae, R. subcapitata, biomass was the only physiological endpoint tested against the impact of fomesafen which revealed a NOAEC of 10 µg a.i. L−1 and EC50 of 92 μg a.i. L−1 (MRID46673804, [12]). In cyanobacteria (unknown species), a LC50 of 71 mg a.i. L−1 was determined on biomass (MRID46673807, [12]) and Yu et al. [14] reported that 20 mg L−1 fomesafen induced a 44% growth reduction for M. aeruginosa. Thus, there is an urgent need to further evaluate the toxicity of fomesafen on perhaps more sensitive physiological endpoints than growth in green algae and cyanobacterial model species.



Model species such as Raphidocelis subcapitata and Microcystis aeruginosa are commonly selected in toxicological studies as they possess a relatively high growth rate and typically show sensitivity to a wide range of contaminants. In this context, the present study aimed to investigate the impact of five concentrations (0, 5, 10, 40, 320 µg · L−1 fomesafen active ingredient (a.i.)) of a routinely used fomesafen-based herbicide (Reflex®) on the physiology (growth, photosynthesis, pigment content, oxidative stress) and morphology of two species of chlorophytes (Raphidocelis subcapitata and Chlamydomonas snowii) and one cyanobacteria (Microcystis aeruginosa). By using these species, we aimed to reveal if this herbicide can affect physiological endpoints other than biomass growth in freshwater photosynthetic microorganisms at expected environmental concentrations, as well as testing the effect of higher concentrations to better understand the mode of action of fomesafen on the physiology of freshwater phytoplankton. Finally, we intend to model the uptake of fomesafen in R. subcapitata to provide additional possible explanations behind the observed fomesafen-induced physiological consequences.




2. Results


2.1. Growth Rate and Photosynthesis


In comparison with the control, exposure of R. subcapitata to the fomesafen-based herbicide led to a significant decrease in growth of 15% (p < 0.0001) and 54% (p < 0.0001) for 40 and 320 µg · L−1, respectively. Cultures of C. snowii and M. aeruginosa were unaffected at any of the tested concentrations (Figure 1).



Compared to the control, exposure of R. subcapitata to 320 µg · L−1 fomesafen-based herbicide led to a 12% decrease in the maximal PSII quantum yield (ϕM) (p < 0.01), while this herbicide had no effect on ϕM for C. snowii and M. aeruginosa (Figure 2A). For the same comparison, exposure of R. subcapitata to 10 and 320 µg · L−1 led to a 5% increase (p < 0.001) and a 21% decrease (p < 0.01) in operational PSII quantum yield (ϕ’M), respectively (Figure 2B). Compared to the control, exposure of C. snowii to 5, 10, 40 and 320 µg · L−1 led to a slight but significant increase in ϕ’M of 4% (p < 0.05) for all concentrations (Figure 2B). Similarly, exposure of M. aeruginosa to 320 µg · L−1 led to a 3% increase in ϕ’M (p < 0.01) in comparison to the control (Figure 2B).



Among the studied species, R. subcapitata was shown to be the only one affected by the fomesafen-based herbicide when the PSII energy fluxes are considered (Figure 3). Concentrations of fomesafen of 10, 40 and 320 µg · L−1 yielded a significant increase of the effective antenna size per active reaction center (ABS/RC) of 10% (p < 0.05), 17% (p < 0.01) and 85% (p < 0.01) for 10, 40 and 320 µg · L−1, respectively (Figure 3A). Exposure to 10, 40 and 320 µg · L−1 fomesafen resulted in a respective 9% (p < 0.05), 10% (p < 0.01) and 40% (p < 0.05) rise in trapped energy flux (TR0/RC) compared to the control (Figure 3B). Concomitantly to these changes, exposure to 5, 10 and 40 µg · L−1 fomesafen led to a respective 13% (p < 0.05), 16% (p < 0.05) and 12% (p < 0.05) increase in electron transport flux per reaction center (ET0/RC) compared to the control (Figure 3C). In parallel, the effective dissipation of active RC (DI0/RC) more than doubled for R. subcapitata in comparison with the control following exposure to the highest fomesafen concentration (121%, p < 0.001) (Figure 3D).



The relative energy dissipation pathways of R. subcapitata, C. snowii and M. aeruginosa showed higher sensitivity to the presence of fomesafen compared to the maximal and operational PSII quantum yields (Figure 4). Relative to the control, the qPrel values of R. subcapitata M. aeruginosa were affected by the fomesafen treatment (Figure 4A). R. subcapitata exposed to 10 µg · L−1 produced a significant increase in qPrel (12%, p < 0.05) while treatment of R. subcapitata and M. aeruginosa with 320 µg · L−1 of fomesafen induced a respective decrease of 15% (p < 0.01) and increase of 6% (p < 0.01) in this parameter when compared to the control. The qNrel values of all three species were also affected by the herbicide treatment (Figure 4B). Compared to the control, exposure of R. subcapitata to fomesafen produced a significant decrease in qNrel at 10 µg · L−1 (67%, p < 0.001) and a significant increase at 320 µg · L−1 (70%, p < 0.05). In comparison with the control, exposure of C. snowii to 40 and 320 µg · L−1 caused a respective 45% (p < 0.05) and 50% (p < 0.05) increase in this parameter. For M. aeruginosa, qNrel was significantly decreased following exposure to 10 (11%, p < 0.05), 40 (16%, p < 0.001) and 320 µg · L−1 (16%, p < 0.001) in comparison with the control. Moreover, exposure of C. snowii and M. aeruginosa to the fomesafen-based herbicide significantly altered UQFrel (Figure 4C). In relation to the control, treatment of C. snowii with 40 and 320 µg · L−1 led to significant decrease in UQFrel of 27% (p < 0.05) and 30%. (p < 0.05), respectively, while exposure of M. aeruginosa to 40 µg · L−1 fomesafen led to a 45% (p < 0.01) increase in this parameter.



Measurement of cyclic electron transport of R. subcapitata showed that electron transport around PSI upon illumination increased significantly following exposure to 10 µg · L−1 (110%, p < 0.01) and 40 µg · L−1 (247%, p < 0.05) fomesafen in comparison with the control (Table 1). Results for C. snowii and M. aeruginosa revealed no clear trend (data not shown).




2.2. Pigment Content


As expected, due to the mode of action of the fomesafen, the Chl a content of the two microalgal cultures was significantly impacted (Figure 5A). In relation to the control, the Chl a content of R. subcapitata diminished when exposed to 40 µg · L−1 (18%, p < 0.05) and 320 µg · L−1 (27%, p < 0.001). For C. snowii, the concentration of Chl a also significantly decreased in relation to the control after exposure to 10 (15%, p < 0.01), 40 (11%, p < 0.05) and 320 µg · L−1 (18%, p < 0.001). In contrast, the Chl a content of M. aeruginosa was not affected by the fomesafen-based herbicide at tested concentrations. The Car content of the green microalgal species was also impacted by the herbicide (Figure 5B). In relation to the control, lower Car content was measured in R. subcapitata following exposure to 320 µg · L−1 (32%, p < 0.0001). C. snowii showed a decrease in Car content in comparison with the control following exposure to 10 (16%, p < 0.001), 40 (14%, p < 0.01) and 320 µg · L−1 (20%, p < 0.0001) fomesafen. Exposure of M. aeruginosa to the fomesafen-based herbicide had no impact on the Car content at every tested concentration.




2.3. Oxidative Stress and Cell Complexity


To investigate the impact of fomesafen on intracellular reactive oxygen species (ROS) content we measured DCFH conversion to the fluorescent DCF (Figure 6A). Compared to the control, exposure to fomesafen caused a significant increase in ROS content for R. subcapitata at 320 µg · L−1 (178%, p < 0.0001). We also showed that the fomesafen formulation had no effect on cellular ROS content for C. snowii and M. aeruginosa. The relationship between exposure to fomesafen and ROS-induced change in intracellular complexity (interpreted as a change in the mean SSC parameter) was also investigated (Figure 6B). In relation to the control, cellular complexity of R. subcapitata was found to be affected by the herbicide treatment as shown through a significant increase of SSC following exposure to 320 µg · L−1 (33%, p < 0.001). The fomesafen treatment did not affect mean SSC of C. snowii and M. aeruginosa.




2.4. Cell Biovolume


Cells of R. subcapitata showed a significant increase in biovolume following exposure to 40 µg · L−1 (31%, p < 0.001) and 320 µg · L−1 (51%, p < 0.001) fomesafen in comparison with the control. The fomesafen treatment had no effect on the biovolume of C. snowii and M. aeruginosa (Figure 7).




2.5. Modeling of Fomesafen Uptake


Considering that R. subcapitata was the only species which exhibited an effect on growth and biovolume following the fomesafen treatment, this species was selected to model the intracellular concentration of fomesafen over time. Figure 8 shows the modeled cellular fomesafen concentration in R. subcapitata as a function of time assuming no active fomesafen efflux, Equation (6)). For all the fomesafen concentrations (5, 10, 40 and 320 µg · L−1), a steady-state is reached or approached quickly, i.e., after around 1 min. Modeling with a low initial measured cell radius (solid lines) or a high final measured cell radius (dash lines) show that increasing cell radius and volume decreases transitorily by at most 20% the amount of fomesafen taken up by the cell.



Figure 9 shows the same modeling exercise than in Figure 8 although a ke of the same order of magnitude of the rate constant of fomesafen uptake (Ar × Pbl) has been chosen. In this case, fomesafen is considered to be excreted or detoxified from the cell. The trend in the curves of Figure 8 and Figure 9 are similar over time, but the steady-state fomesafen cellular concentration can be significantly decreased due to inclusion of active fomesafen efflux or metabolism.





3. Discussion


Our results showed that the lowest studied concentrations of fomesafen (5 and 10 µg · L−1) generally had low to no impact on the physiological parameters we investigated. Exposure to these concentrations had no influence on growth, ϕM, UQFrel, DI0/RC, ROS content, SSC and cell biovolume for any of the three species studied. In contrast, the two highest concentrations studied (40 and 320 µg · L−1) elicited obvious responses with clear trends for the most of the parameters evaluated, most notably for green microalgae.



3.1. Fomesafen-Based Herbicide Toxicity to Phytoplankton Physiology


Exposure to high fomesafen concentrations relative to expected environmental concentrations was performed to better understand the mechanism of action of a fomesafen-based herbicide and its physiological consequences on two green microalgae and one cyanobacteria. Results presented here showed that the physiological impacts of the two higher concentrations of fomesafen selected for this study (40 and 320 µg · L−1) differed greatly between the tested phytoplankton species.



Exposure to the fomesafen-based herbicide significantly impaired the growth of R. subcapitata, while C. snowii and M. aeruginosa remained largely unaffected (Figure 1). These results are in accordance with USEPA literature which indicates that the biomass-NOAEC for R. subcapitata is 10 µg · L−1 fomesafen (MRID46673804, [12]) and that cyanobacteria is naturally resistant to very high concentrations of fomesafen (MRID46673807, [12]). Here, more insight on how a fomesafen-based herbicide may impact or not the growth of phytoplankton was obtained through analysis of photosynthetic efficiency and related physiological processes.



Inhibition of growth is most likely to be related to the known impacts of PPO-inhibitors on chlorophyll production [10,15]. As observed, exposure of R. subcapitata and C. snowii to the fomesafen-based herbicide induced a significant decrease in Chl a and Car contents. Since these pigments are essential constituents of photosystem antennas and reaction centers, any decrease in their concentrations may result in an impact on the photosynthetic efficiency. Another known consequence of the exposure to fomesafen is the liberation of PPGIX from the PPO complex which leads to ROS production [15]. As expected, our results demonstrate that exposure to high concentrations of fomesafen-based herbicide enabled strong intracellular generation of ROS for R. subcapitata. Typically, this result can be observed if ROS production overpasses the oxidative stress defense mechanisms usually triggered under stress conditions [16,17,18]. In these conditions, the already synthesized chlorophylls, proteins and lipids can suffer oxidative damages leading to destruction of the reaction centers, disruption of the photosynthetic (and ultimately cell) membrane integrity. This phenomenon is typically followed by a decrease in photosynthetic activity and, eventually, the phytoplankton death [4]. The presence of higher concentrations of antioxidant molecules such as carotenoids for C. snowii may explain (without excluding other antioxidant defence mechanisms) the unchanged level of ROS and cell complexity following exposure to the fomesafen-based herbicide in comparison to R. subcapitata. The lack of increase in ROS content for M. aeruginosa following the fomesafen treatment can alternatively mean that, for this species, ROS content is not affected by fomesafen or that fomesafen-induced ROS production does not surpass the physiological threshold, thereby avoiding oxidative damages. The rise in the relative cell complexity measured for R. subcapitata exposed to high concentrations of fomesafen 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, another microalgae, exposed to 5 µg · L−1 diuron [19].



The observed decrease in the maximal and operational PSII quantum yields (ϕM and ϕ’M) following exposure of R. subcapitata to the fomesafen-based formulation may be explained by the concomitant decrease in pigment concentrations and the increase in ROS content. The lower photochemical quantum yields recorded following the fomesafen treatment may be due to a decrease in light capture efficiency by open PSII RCs. This is further evidenced by an increase in ABS/RC which may result from a higher number of inactivated reaction centers, a decrease in pigment content, a lower amount of active PSII RC or a combination of these three possibilities. Similarly, the lower TR0/RC and DI0/RC observed in our exposure conditions could also have originated from a lower amount of active reaction centers [20]. These observed changes in energy fluxes may be explained, respectively by the observed lower Chl a and Car contents. For R. subcapitata, electron transport in active RC (ET0/RC) remained unchanged for all tested concentrations. A stable ET0/RC can be expected after a decrease in pigment content if it results in a proportional decrease in electron transfer and available open reaction centers. Such conditions would preserve the ratio between outflux of electrons from reduced quinone A (QA−) toward the plastoquinone (PQ) pool and the actual number of active PSII.



The relative quenching coefficients can effectively reveal the proportion in which each quenching mechanisms are being actively solicited by photosynthetic organisms in a stressful situation [21,22]. Perturbations of the energy distribution pathways following exposure of R. subcapitata to the fomesafen-based herbicide is demonstrated by the lower relative photochemical quenching (qPrel) and the increase of the relative non-photochemical quenching (qNrel) and unquenched fluorescence (UQFrel). As we observed with the operational PSII quantum yield (ϕ’M), qPrel was only affected when treated at the higher concentrations of the fomesafen-based herbicide. Furthermore, the higher qNrel for R. subcapitata in presence of fomesafen can be attributed to the phytoplankton ubiquitous response to physiological stressors [17,18]. Indeed, under these conditions, phytoplankton will dissipate excess light energy through non-photochemical quenching mechanisms related to the xanthophyll cycle, state transition and photoinhibition [23,24]. Higher UQFrel values following herbicide exposure indicate the inability of the PSI to drain electrons efficiently from PSII [22]. Overall, the fomesafen-induced changes in photochemical yields, PSII energy fluxes and energy dissipation processes may be attributed to structural modification at the PSII antenna level.



In freshwater phytoplankton, the roles of cyclic photophosphorylation are not yet fully understood but enhancement of this process is often observed in response to a physiological stress such as the presence of herbicide which limits linear photosynthetic electron flow [25,26]. It is suggested that to maintain optimal ATP-to-NADPH stoichiometry when electron flow between PSII and PSI is hampered, photosynthetic organisms may increase the proportion of cyclic electron flow around PSI [27,28]. This mechanism is also thought to prevent consequences of the over excitation of the PSII by assisting in the generation of a transthylakoidal proton gradient necessary to activate thermal energy dissipation, a key non-photochemical quenching mechanism [17,29] and by increasing ATP production to repair photodamages on PSII [30,31]. It appears that R. subcapitata enhanced cyclic electron transport around PSI (Table 1) and qNrel (Figure 4B) in an attempt to counteract the lower ϕM (Figure 2A), ϕ’M (Figure 2B) and qPrel (Figure 4A) after being exposed to increasing concentrations of fomesafen-based herbicide.



Exposure to the fomesafen-based herbicide significantly increased the cell volume for R. subcapitata. The biovolume of many phytoplanktonic species, including R. subcapitata, is known to increase in the presence of pesticides such as paraquat [32] and chlorpyrifos [33]. In contrast, a decrease in biovolume have been observed with diuron [19] and atrazine [34,35]. Therefore, current literature points toward a complex interaction between toxicants and a change in cell biovolume and the function of such phenomenon remains unclear and species-specific. The increased median biovolume of R. subcapitata cells following exposure to the fomesafen-based herbicide (Figure 7) lead to a lower surface/volume ratio (obtained with larger cells), which might decrease the relative contact of the intracellular machinery with the contaminant depending on intracellular changes in cell morphology and fomesafen intracellular distribution. Hence, since cell biovolume of C. snowii is larger than that of R. subcapitata, one may hypothesize that this is a factor explaining the higher resistance of C. snowii than R. subcapitata as postulated by Kent and Currie [36], who established that cell biovolume plays a significant role in the interaction between various phytoplankton species and lipophilic pesticides which subsequently affect microorganism sensitivity. However, modeling of fomesafen uptake in R. subcapitata (with a cell biovolume around 3 times lower than that of C. snowii based on Figure 7 in the next section rather suggests that this effect is limited in steady-state.



Caquet et al. [10] demonstrated that chlorophytes and cyanobacteria react differently to fomesafen (40 µg · L−1) where the growth of the chlorophytes was affected while the cyanobacterial cells (smaller cells compared to the chlorophytes) continued to grow upon exposure. Moreover, Yu et al. [14] reported that an exposure for three days to very high concentration of fomesafen (20 mg L−1) was needed to induce 44% inhibition in the growth of M. aeruginosa (FACHB-905). It was also reported that there is a wide variation in fomesafen toxicity between green microalgae (EC50—growth of 92 µg · L−1, MRID 46673804) and cyanobacteria (LC50—growth of 71 mg L−1, MRID 46673807) [12]. Although fomesafen targets PPO which is an essential enzyme for photopigment biosynthesis in both green microalgae and cyanobacteria, Kato et al. [37] suggested that a unique and unidentified bacterial gene encoding PPO in cyanobacteria may confer a natural resistance to PPO-inhibiting herbicides.




3.2. Modeling of Fomesafen Uptake in R. subcapitata


Modeling of fomesafen uptake by R. subcapitata indicates that an increase in cell volume only postpone by a few seconds the time needed to reach a steady-state in fomesafen uptake through small modulation of cell permeability. This indicates that modification of biovolume is unlikely to be an efficient protection mechanism against fomesafen in this species, at least at constant external fomesafen concentrations (i.e., non-transitory conditions) where steady-state is rapidly achieved. Instead, detoxification of fomesafen might occur via rapid (active) excretion or metabolism, but the kinetics of breakdown or efflux will have to be fast to significantly decrease the steady-state cellular fomesafen concentration, i.e., with rate constants of fomesafen loss (Ar × Pbl = m2 · m−3 × m · h−1 = h−1) comparable to rate constants of uptake (312–345 h−1), i.e., a turnover rate of complete cellular fomesafen detoxification in the order of a few seconds would be needed to decrease fomesafen uptake.



The modeling scenarios in view of potential detoxification mechanisms are interesting when compared to measured toxicity data in R. subcapitata. Indeed, the proportionately higher toxicity measured at 72 h (on growth rate and photosynthesis) for an increase in fomesafen concentrations between the 40 μg · L−1 and 320 μg · L−1 treatment in comparison with the increase between the 10 μg · L−1 and 40 μg · L−1 treatment could be due, in part, to an higher potential detoxification at lower fomesafen concentration since excreting or metabolizing rapidly would indeed be less energy costly (and be more plausible) at a lower cellular fomesafen concentration than at a higher cellular concentration.



Note however, that our model assumes a constant pH throughout the exposure, whereas significant rise in pH can occur over time in algal batch cultures of R. subcapitata due to photosynthesis. Indeed, a mean rise in pH by 0.2 units in control cultures of R. subcapitata occurred after 3 days of growth in our experiments. This significant rise in pH over time can decrease the proportion of protonated neutral fomesafen species and decrease fomesafen uptake. This effect should be less important at 320 μg · L−1 fomesafen rather than at the three other concentrations because of lower algal growth and photosynthesis. Hence, this would further strengthen fomesafen uptake and potential toxicity at 320 μg · L−1 total fomesafen in the culture compared to that at 40 μg · L−1 total fomesafen in the medium.



From these observations, our study gives new insight into the presence and quantitative importance of potential cellular mechanisms explaining the presence of positive feedback of a pesticide on growth and PSII inhibition. Although most physiological consequences presented here resulted from exposure to high pesticide concentrations unlikely to be found in waterbodies, the observed effects could be detected where much higher pesticide concentrations are expected such as in agricultural drainage ditches. In sum, this study shows that exposure to the pesticide Reflex®, a fomesafen-based herbicide, can induce differential physiological responses amongst non-target photosynthetic microorganisms. Such a contrasting effect across species highlights the need to investigate an array of phytoplanktonic species and physiological endpoints to confidently evaluate the toxicity of fomesafen toward photosynthetic microorganisms.





4. Material and Methods


4.1. Phytoplanktonic Cultures and Growth Conditions


Prior to this experiment, axenic cultures of Raphidocelis subcapitata (FACHB-271), Chlamydomonas snowii (taken from a culture collection of species isolated in our laboratory from the Choinière reservoir in Quebec, Canada [38]) and Microcystis aeruginosa (CPCC 632) were regularly transferred (every 3 to 5 days) to maintain exponential growth. Cultures were transferred in 100 mL of fresh Bold’s Basal Medium at pH of 6.8 prepared according to Stein [39]. Cultures were adapted for at least three weeks in a growth chamber at 24 °C with a 14/10 h light-dark cycle at 100 µmol photons m−2s−1 supplied by white fluorescent lamps (Philips F72T8/TL841/HO, New York, NY, USA) and incandescent bulbs (Philips 60 W, New York, NY, USA). To account for total pigment and enzymatic content differences between species, the number of cells of C. snowii and M. aeruginosa needed for physiological analysis was normalized by the mean biovolume of R. subcapitata.




4.2. Herbicide Solutions and Fomesafen Exposure


Stock solution of the herbicide formulation (22.8% sodium salt of fomesafen, i.e., 240 g fomesafen a.i. per liter, Reflex®, Syngenta, Greensboro, NC, USA) (thereafter called fomesafen-based herbicide) was prepared in nanopure water. Cultures of each species were submitted for 72 h to five concentrations of fomesafen-based herbicide (Reflex®; 0, 5, 10, 40 and 320 µg · L−1 fomesafen a.i.) in nine replicates before sampling for analysis. Exposures to the fomesafen-based herbicide were performed in the same growth conditions as previously described.




4.3. Growth and Cell Biovolume Assessments


Cell density and mean cell biovolume were obtained using a particle analyzer (Multisizer 3, Beckman Coulter Inc., Fullerton, CA, USA). From the plot of ln (cell · ml−1) in relation to time (days), the average growth rate (µ, days−1) was calculated using µ = ln·(Dt/D0)/t; D = cell ml−1 at time (t); D0 = cell ml−1 when the exposure period started [40]. The phytoplankton mean cell volume was expressed in femtoliter (fl).




4.4. Photosystem II Energy Flux Analysis


Prior to the analysis, each culture was sampled and dark-acclimated for 15 min to allow complete oxidation of PSII reaction centers. Then, measurement of the fast polyphasic chlorophyll fluorescence kinetic was performed using a Plant Efficiency Analyzer fluorometer with the liquid compartment (PEA, Hansatech Ltd., King’s Lynn, Norfolk, UK). The parameters ABS/RC, TR0/RC, ET0/RC and DI0/RC resulting from the analysis of PSII energy fluxes were calculated according to Force et al. [20].




4.5. Photosynthetic Electron Transport and Fluorescence Quenching Analysis


Efficiency of PSII reaction center was measured according to Schreiber et al. [41] by using a Water-PAM fluorometer (Heinz Walz, GmbH, Effeltrich, Germany). Each sample was dark acclimated (15 min), and then the minimum (F0) and maximum (FM) fluorescent levels were determined under modulating light (2 µmol m−2 s−1) and saturating light (700 ms, 3000 µmol m−2s−1), respectively. A combination of a continuous actinic light (125 µmol m−2 s−1) and saturating pulses (700 ms, 3000 µmol m−2 s−1, every 60 s) was used to obtain the steady state (FS) and the maximum fluorescence (F’M) levels for light acclimated samples. After obtaining FS and F’M, the actinic light was then turned off to measure the minimal fluorescence level a light-acclimated sample (F’0). Chlorophyll a fluorescence variables were obtained according to equations found in Table 2.




4.6. Photosystem I Cyclic Electron Flow Measurement


We estimated the proportion of cyclic electron flow around PSI during photosynthesis following an adapted procedure from Joliot and Joliot [44]. Cyclic electron flow around PSI was measured using a Joliot Type Spectrophotometer (JTS-10, Spectrologix, Knoxville, TN, USA). Prior to the analysis, cultures were dark-acclimated for 15 min. First, an actinic far-red light-emitting-diode (LED) at 720 nm excited the sample for 5 s through a 705 nm interference filter. During this time, a low-energy array of detection LED at 705–740 nm periodically radiated probing flashes through the culture sample from which the change in absorbance is recorded by a measurement photodiode. Cut-off filters were placed in front of the measurement and a reference photodiode to ensure that only recordings of wavelengths over 695 nm were taken and to filter out the actinic light. Thus, the change in absorbance of the sample at 700 nm was recorded and interpreted as the change in rates of oxidation and reduction of P700. The main data extracted from this analysis was the half-time at which oxidized P700 is completely re-reduced. The half-time of P700+ re-reduction was extracted using the JTS-10 operating software. This procedure allowed to estimate the proportion of cyclic electron flow around PSI in a state of photosynthesis during which cyclic and linear electron flow both operate at a significant rate [31]. This procedure was then repeated a second time on the same sample but following a step of actinic light illumination for 3 min at 630 nm. This light-acclimation step leads to the activation of the Benson-Calvin cycle during which the linear electron flow is largely predominant over cyclic electron transport [31]. The electron turnover rates of PSI were calculated using the formula: K (turnover of PSI in electrons per second) = 0.693/half-time of P700+ re-reduction in seconds [45]. Using K determined from the half-time of P700+ re-reduction extracted from light acclimated and dark-acclimated-sample measurements, we could estimate the relative fraction of PSI participating in linear and cyclic electron flow during photosynthesis following exposure to fomesafen. The fraction of cyclic electron flow around PSI is then expressed as percentage compared to the control.




4.7. Pigment Content Analysis


Following the 72 h exposure to fomesafen-based herbicide, samples were collected under dim green light on 0.2 µm polyvinylidene fluoride filters (Xingya Puryfying Materials factory, Shanghai, China) then quickly frozen in liquid nitrogen and kept at −80 °C until extraction of the pigments. Pigments were extracted in ethanol 95% at 78 °C for 5 min. Samples were then stored 24 h at −20 °C to complete the extraction. Absorbance spectra (400–700 nm) of the pigment extracts was measured with a Cary 300 ultraviolet-visible (UV-Vis) spectrophotometer (Varian Australia Pty Ltd., Mulgrave, VIC, Australia). Pigment contents were calculated according to formulas found in Lichtenthaler [46]. Results are expressed as femtograms (fg) of pigment per cell per biovolume unit (fl).




4.8. Reactive Oxygen Species Content and Cell Complexity Determination


The impact of fomesafen on intracellular ROS concentration was revealed following Stachowski-Haberkorn et al. [19] using a cell-permeable non-selective optical probe, 2′,7′-dichlorodihydrofluorescein diacetate (H2DCF-DA, Sigma-Aldrich, St. Louis, MO, USA) and flow cytometry (BD Accuri™ C6 Plus, BD Biosciences, Becton-Dickinson, Franklin Lakes, NJ, USA). H2DCF-DA permeates in the cells where it is converted by esterases to the non-permeable 2′,7′-dichlorodihydrofluorescein (H2DCF) which is further converted into 2′,7′-dichlorofluorescein (DCF) following contact with ROS. DCF emits green fluorescence which can be measured by flow cytometry through the FL1 channel (FL1, 533/30 nm). H2DCF-DA was added to aliquots of fresh cultures to obtain a final concentration of 80 μM (0.8% DMSO) and incubated in the dark at room temperature for 30 min prior to the analysis. Data obtained from this analysis were presented as FL1 value of H2DCF-DA stained cells divided by the background FL1 fluorescence of fresh cells. The side scatter parameter (SSC) was also analyzed to measure the effect of fomesafen on intracellular complexity. Cell complexity results were expressed as SSC ratio (SSCfomesafen-treated cells/SSCcontrol).




4.9. Modeling Fomesafen Uptake in Phytoplankton


Fomesafen exists in two chemical species, one acid species with no net electrical charges and one anionic species (Figure 10). At a pH relevant of a culture medium (around 7), only a small proportion of fomesafen will be neutral. Even though at pH higher than pKa (3.0; [47]), the anionic form predominates over the neutral form, the neutral form is expected to be taken up passively through lipid bilayers and hence probably rapidly as expected for neutral hydrophilic or hydrophobic compounds [48,49,50]. Here, we assume that the neutral species is the only form taken up by the cell since, to our knowledge, no known transporters have been proved to transport fomesafen in green algae or cyanobacteria.



To model fomesafen uptake, the permeability of fomesafen (Pm) through the algal outer cell membrane was first computed using the empirical equation of Walter and Gutknecht [51] describing lipid bilayer permeability of non-electrolytes.


   P m  =   10   1.11   log    K  o w     − 0.6  



(1)




where Kow is the measured octanol-water partition coefficient of fomesafen [52]. This Pm in cm · s−1 is converted to units of m · h−1.



Second, the diffusion coefficient of fomesafen (D) was computed using the empirical equation of Hayduk and Laudie [53].


  D =   13.3 ×   10   − 5     c  P  − 1.14      V m     0.589      



(2)




where cP is the viscosity of water at 25 °C (centipoise) and Vm is the molar volume of fomesafen (cm3 · mol−1). The D (in cm2 · s−1) is then converted in m2 · h−1.



Third, the permeability of the unstirred boundary layer (Pbl) surrounding the cell was estimated using:


Pbl = D/L



(3)




where L is the length of the boundary layer surrounding the cell (in m), which is assumed to be equal to the equivalent cell radius [50,54].



Note that calculated Pm is more than 200 times higher than the calculated Pbl in all model cases below. Therefore, the limiting step for fomesafen uptake is the diffusion in the external boundary layer and we will thus consider here Pbl as an estimate of fomesafen permeability in the boundary layer.



Fourth, the rate of change in the cellular fomesafen concentration (mol · m−3 · h−1) can be expressed with the following two differential equations assuming no active fomesafen efflux from the cells (i.e., all fomesafen taken up is tightly bound inside the cell) (Equation (4)) or assuming that all fomesafen taken up can actively diffuse back in the culture medium (Equation (5)):


    d   c e l  l  f o     d t   =  P  b l     A r   ( f  o  p r o t   −   c e l  l  f o     f    e  μ   t       − c e l  l  f o   ) − μ   c e l  l  f o    



(4)






    d   c e l  l  f o     d t   =  P  b l     A r   ( f  o  p r o t   −   c e l  l  f o     f    e  μ   t       − c e l  l  f o   ) − μ   c e l  l  f o   −  k e    c e l  l  f o    



(5)




where cellfo is the cellular fomesafen concentration (mol · m−3), foprot is the concentration of protonated fomesafen in solution (mol · m−3) at a given pH obtained with the Anderson-Hasselbach equation, f is the initial fraction of algal cell volume relative to the volume of the culture medium (0.0035 m3 of algae/m3 of medium), Ar is the algal cell surface: volume ratio (m2 · m−3), μ is the algal growth rate (h−1) and ke is the active efflux or detoxification rate constants (h−1). Note that on the right hand side of Equation (4), the first term represents the uptake rate of the neutral fomesafen species for a given fomesafen concentration in the medium and the second term (  μ   c e l  l  f o    ) takes into account growth biodilution on the cellular fomesafen concentrations. The right hand side of Equation (5) also includes a third term (   k e    c e l  l  f o    ) expressing fomesafen efflux rate or detoxification rate from the cell. Note that potential depletion over time in the fomesafen concentration in the medium is considered through the term (    c e l  l  f o     f    e  μ   t        ).



Since calculated depletion of fomesafen in the culture medium was always smaller than 5% and since fomesafen loss due to biodilution was negligible compared to fast fomesafen uptake rate, Equations (4) and (5) reduced to:


    d   c e l  l  f o     d t   =  P  b l      A r    ( f  o  p r o t   − c e l  l  f o   )  



(6)






    d   c e l  l  f o     d t   =  P  b l      A r    ( f  o  p r o t   − c e l  l  f o   ) −  k e    c e l  l  f o    



(7)







For the calculations of foprot, the model assumes that the pH in the culture medium remains the same throughout the exposure for simplicity (but see the discussion section below for further details). Additionally, we assume negligible pH gradients in the algal boundary layer (i.e., no significant effect of the boundary layer on fomesafen speciation and uptake) as expected for small green algae with carbon concentrating mechanisms. Indeed, the external carbonic anhydrase of another green algae (C. reinhardtii) has been shown to be present in great excess to that necessary for optimal CO2 uptake rate for air-equilibrated cells [55], suggesting that green algal cells can effectively maintain the equilibrium between HCO3− and CO2 at the cell surface.



In brief, the general modeling procedure we used in the present study involved calculating the membrane and boundary layer permeability using the mean measured initial or final cell radius for each fomesafen concentrations and then, solving the differential equations (Equations (6) and (7)) incorporating the mean measured specific growth rate for each fomesafen concentrations as well as the cellular permeability computed for the initial or final cell radius with or without active efflux.



The simulations of fomesafen uptake were run and associated figures were plotted using the R software version 3.6.0 [56]. The differential equations (Equations (6) or (7)) were solved using the R package deSolve [57] considering 10,000-time steps of 0.36 s until approaching steady-state (1 min). The mean code running time is 5.4 ± (SD) 0.3 s (n = 20) on a 3.1 GHz Intel Core i5 MacBook pro. All scripts and functions are freely available on GitHub (https://github.com/michellavoie4/Fomesafen_Model, accessed on 27 November 2022).




4.10. Statistical Analysis


Data for the physiological analysis were expressed as mean ± standard deviation (n = 9), statistical analysis were performed using JMP (JMP®, version 13.2.0, SAS Institute Inc., Cary, NC, USA) and the figures were constructed using GraphPad Prism 7.0 (GraphPad, San Diego, CA, USA). The Shapiro–Wilk test and Brown-Forsythe test were employed to reveal if data sets followed a normal distribution and were of equal variance, respectively. Datasets that did not respect those conditions were transformed in ranks. Significant differences of the mean or ranked mean of treated cultures were compared to their respective control by a one-way ANOVA followed by post hoc Tukey–Kramer HSD multiple comparison test or using the Kruskal–Wallis test for ranked data.
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Figure 1. Growth rate (µ) for R. subcapitata, C. snowii and M. aeruginosa after 72 h exposure to five concentrations of fomesafen-based herbicide (Reflex®; 0, 5, 10, 40 and 320 µg · L−1 fomesafen a.i.). Bars indicate the means ± standard deviation of nine replicates. Means followed by the same letter are not significantly different by the Tukey–Kramer HSD test. 
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Figure 2. (A) maximal (ϕM) and (B) operational (ϕ’M) PSII quantum yields of R. subcapitata, C. snowii and M. aeruginosa after 72 h exposure to five concentrations of fomesafen-based herbicide (Reflex®; 0, 5, 10, 40 and 320 µg · L−1 fomesafen a.i.). Bars indicate the means ± standard deviation of nine replicates. Means followed by the same letter are not significantly different by the Tukey–Kramer HSD test or the Kruskal–Wallis test on ranked means. 
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Figure 3. (A) ABS/RC (effective antenna size per active reaction center (RC)), (B) TR0/RC (trapped energy flux per RC), (C) ET0/RC (electron transport flux per RC), and (D) DI0/RC (effective dissipation of an active RC) of R. subcapitata, C. snowii and M. aeruginosa after 72 h exposure to five concentrations of fomesafen-based herbicide (Reflex®; 0, 5, 10, 40 and 320 µg · L−1 fomesafen a.i.). Bars indicate the means ± standard deviation of nine replicates. Means followed by the same letter are not significantly different by the Tukey–Kramer HSD test or the Kruskal–Wallis test on ranked means. 
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Figure 4. (A) Relative photochemical quenching (qPrel), (B) relative non-photochemical quenching (qNrel) and (C) relative unquenched fluorescence (UQFrel) of R. subcapitata, C. snowii and M. aeruginosa after 72 h exposure to five concentrations of fomesafen-based herbicide (Reflex®; 0, 5, 10, 40 and 320 µg · L−1 fomesafen a.i.). Bars indicate the means ± standard deviation of nine replicates. Means followed by the same letter are not significantly different by the Tukey–Kramer HSD test or the Kruskal–Wallis test on ranked means. 
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Figure 5. (A) Chl a and (B) Car content per cell and normalized to biovolume for R. subcapitata, C. snowii and M. aeruginosa after 72 h exposure to five concentrations of fomesafen-based herbicide (Reflex®; 0, 5, 10, 40 and 320 µg · L−1 fomesafen a.i.). Bars indicate the means ± standard deviation of nine replicates. Means followed by the same letter are not significantly different by the Tukey–Kramer HSD test or the Kruskal–Wallis test on ranked means. 






Figure 5. (A) Chl a and (B) Car content per cell and normalized to biovolume for R. subcapitata, C. snowii and M. aeruginosa after 72 h exposure to five concentrations of fomesafen-based herbicide (Reflex®; 0, 5, 10, 40 and 320 µg · L−1 fomesafen a.i.). Bars indicate the means ± standard deviation of nine replicates. Means followed by the same letter are not significantly different by the Tukey–Kramer HSD test or the Kruskal–Wallis test on ranked means.



[image: Stresses 03 00009 g005]







[image: Stresses 03 00009 g006 550] 





Figure 6. (A) Intracellular ROS content (FL1DCF+/FL1DCF-) and (B) cell complexity (SSC) of R. subcapitata, C. snowii and M. aeruginosa after 72 h exposure to five concentrations of fomesafen (0, 5, 10, 40 and 320 µg · L−1). ROS content was measured as mean FL1 fluorescence of DCF positive cells divided by background mean FL1 fluorescence of fresh control culture. Cell complexity is represented by the mean side scatter parameter (SSC). Bars indicate the means ± standard deviation of nine replicates. Means followed by the same letter are not significantly different by the Tuker-Kramer HSD test or the Kruskal–Wallis test on ranked means. 
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Figure 7. Cell volume of R. subcapitata, C. snowii and M. aeruginosa after 72 h exposure to five concentrations of fomesafen a.i. (0, 5, 10, 40 and 320 µg · L−1). Cell biovolume is expressed as mean femtoliter ± SD; n = 9. Bars indicate the means ± standard deviation of nine replicates. Means followed by the same letter are not significantly different by the Tukey–Kramer HSD test or the Kruskal–Wallis test on ranked means. 
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Figure 8. Modeled cellular concentration of fomesafen in R. subcapitata exposed to 5, 10, 40 and 320 μg · L−1 (panel (A–D)) total fomesafen until approaching steady-state. Computations assume that all fomesafen taken up is tightly bound in the cell, i.e., negligible active fomesafen efflux from the cell. Solid lines assumed a low constant cell biovolume equal to the mean measured initial cell biovolume. Dashed lines assume a high constant mean cell biovolume measured after 72 h of exposure. 
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Figure 9. Modeled cellular concentration of fomesafen in R. subcapitata exposed to 5, 10, 40 and 320 μg · L−1 (panel (A–D)) total fomesafen until approaching steady-state. Computations assume that fomesafen can be actively excreted or metabolized from the cell with an assumed high-rate constant for fomesafen loss on the order of the modeled uptake rate constant. Solid lines assumed a low constant cell biovolume equals to the mean measured initial cell biovolume. Dashed lines assume a high constant mean cell biovolume measured after 72 h of exposure. 
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Figure 10. Chemical structure of fomesafen. This molecule has partial charges on the NO2 group, but is mostly neutral (i.e., with no net electrical charges) at pH < pKa. The N-acyl sulfonamide functional group is ionisable with a pKa = 3.0 [47]. 
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Table 1. Cyclic electron transport for R. subcapitata following 72 h exposure to five concentrations of fomesafen-based herbicide (Reflex®; 0, 5, 10, 40 and 320 µg · L−1 fomesafen a.i.). N.d. stands for not determined as the cell densities of the cultures were insufficient to obtain a signal at the highest fomesafen-based herbicide concentration. Means ± standard deviation of nine replicates. Means connected by the same letters are not significantly different by the Tukey–Kramer HSD test.
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	Fomesafen a.i. (µg · L−1)
	% Cyclic Electron Transport around PSI





	0
	6.7 (4.9) a



	5
	8.2 (3.4) a,b



	10
	14.1 (3.0) b



	40
	23.2 (7.9) c



	320
	N.d.










[image: Table] 





Table 2. List of Chl a fluorescence variables with their respective formula.
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	Variable
	Formula
	Reference





	qPrel
	(F’M − FS)/(FM − F’0)
	[21]



	qNrel
	(FM − F’M)/(FM − F’0)
	[21]



	UQFrel
	(FS − F’0)/(FM − F’0)
	[22]



	ϕM
	(FM − F0)/FM = Fv/FM
	[42]



	ϕ’M
	(F’M − FS)/F’M
	[43]
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