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A Time-Dose Response Model to
Assess Diuron-Induced
Photosynthesis Inhibition in
Freshwater Biofilms
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Irstea, UR EABX, Cestas, France

Contamination by herbicides is reported in most freshwater environments. These
biologically active compounds may impact the non-target biota such as benthic biofilms,
at the base of the trophic chain. In agricultural watersheds, herbicides occur as pulses
in the system, and traditional dose-response analysis performed at a given duration
of exposure (hours to days) may not predict accurately the risk of adverse impacts
at shorter temporal scales (minutes to hours) corresponding to pulse exposures. To
assess the time-response relationship in biofims exposed to herbicides, we used
diuron, an inhibitor of photosynthesis, to perform bioassays (time-response curves) with
the aim of characterizing the initial steps of photosynthesis decrease after exposure
to the herbicide (from seconds to hours), for different concentrations of exposure.
Diuron-induced inhibition of photosynthesis reflects blockage of electron transfer in PSl,
therefore we defined the time lag to reach the threshold of 50% photosynthesis inhibition
(t1,2) as the time for diuron to reach its target site (adsorption, distribution). We found
a rapid decrease in photosynthetic efficiency: ty,» values were dose-dependent and
ranged from <30 s (highest concentration of exposure) to 7/20” (lowest concentration).
While dose-response curves are influenced by the initial biomass or nature of biofilms,
time-response curves yielded similar t1 o for contrasted biofilms, making this parameter
a unique response to be valuably incorporated into an ecotoxicology framework. We
also assessed the variability of the response as a function of previous short-term (3 h)
exposure to diuron. The ty,» values obtained were consistent with those obtained
on non-exposed biofilms, but repeated pulses of diuron exacerbated the decrease in
photosynthetic yields. This time-response approach highlighted that diuron reaches its
cellular target almost instantaneously (<1 min), independently of biological parameters
(chlorophyll a concentration, adaptation related to exposure history). Reversibility of toxic
impacts a few hours after diuron removal was not fully demonstrated, suggesting that
the kinetics of diuron release from cells to uncontaminated medium are much slower
than binding rates. Our results confirm that repeated exposure is very likely to impair
freshwater biofilms, in particular if pulses occur at high frequency.
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INTRODUCTION

Contamination of European waterbodies by pesticides is
generalized: in France, pesticides were detected in 92% of
the water samples collected within the 2013 surveillance
program, with a clear dominance of herbicide substances (>80%
of detections, SOeS, 2015). In agricultural watersheds, these
substances typically reach the aquatic ecosystems as pulses
(Rabiet et al., 2010) following runoft events. As herbicides may
impact the non-target biota (i.e., algae), the risk associated
with these substances has to be quantified. To this aim, several
ecotoxicity tests have been developed based on microalgae
(including standardized tests such as OECD, 1984; AFNOR,
2012). Ecotoxicity assessment based on periphytic microbial
communities (biofilms) is also increasing (Ghiglione et al,
2014), given their sensitive, specific, and early responses to toxic
pollution (Sabater et al., 2007; Guasch et al., 2016). Traditional
dose-response analysis predicts the risk of adverse impacts of
herbicides toward biofilms or microalgae for a given duration of
exposure, based on endpoints such as the inhibition of growth
or of photosynthesis (see review in Pesce et al., 2011). Toxic
effects at environmentally relevant concentrations are generally
demonstrated, but the tests are performed at temporal scales on
the order of days to weeks of exposure that are disconnected
from real field exposure, of much shorter time spans (minutes
to hours). Therefore, the duration of standard tests may be
inappropriate to predict the hazard associated to pulse exposures.

It has been demonstrated that pulse exposure has functional
and structural impacts (e.g., Tlili et al., 2008). In turn, changes in
community structure will have consequences for higher trophic
levels and ultimately, for ecosystem functioning. As herbicide
exposure in the aquatic environment is fluctuating, and the
manifestation of toxic symptoms is a time (and substance)-
dependent process, it is thus desirable to take the temporal
factor into account to improve pesticide risk assessment.
Among the herbicides of topical concern, diuron (N-(3, 4-
dichlorophenyl)-N, N-dimethylurea) is considered a Priority
Hazardous Substance by the European Commission (Water
Framework Directive, 2000/60/EC). This chemical substance
acts as a photosystem II (PSII) inhibitor and is contained in
many phytopharmaceutical products aiming to fight against
undesirable weeds in crop protection or in road/railway
maintenance, as well as for antifouling purposes, and is
frequently reported in freshwater environments (Okamura et al.,
2003; Murray et al, 2010). In plant cells, diuron binds to
a specific niche on the D1 protein of PSII, replacing the
plastoquinone Qb. This substitution decreases the electron
flow within PSII (Rutherford and Krieger-Liszkay, 2001), and
consequently inhibits photosynthetic efficiency (¢PSII). The
diuron-ECs5 (Effective Concentration causing a 50% inhibition)
for microalgal growth inhibition, over the 72-h test period
recommended by ISO and OECD guidelines (OECD, 1984;
AFNOR, 2012), ranges from 7 to 36 pgL™! for freshwater
algae. For ecotoxicity assessments based on the PSII inhibition
of periphytic microalgae, the ECs is generally assessed after 1
to 4-h exposures of biofilm suspensions to increasing herbicide
concentrations. These non-standard durations have generally

been established following preliminary developments; however
the toxicity values always fall within the same range, i.e., between
5 and 25 ugL™! for pristine biofilms (with a min-max range:
2-486 pg.L™!: McClellan et al., 2008; Pesce et al., 2010a). In
fact, Francoeur et al. (2007) demonstrated that 5-10 min of
exposure to high diuron concentrations are enough to ensure
that photosynthesis inhibition is complete. This quick onset of
inhibition may be due to the fact that diuron reaches its binding
site within minutes (Schreiber et al., 2007; Nestler et al., 2012).

Pharmaceutical studies aiming to assess the efficiency of
healthcare products (e.g., antimicrobial drugs, VanMeter and
Hubert, 2016) provide time-response based concepts that may
be fruitfully implemented to assess the temporal features of
diuron inhibitory impact on PSII in an ecotoxicology framework.
As shown in Figurel, we can expect a rapid decrease in
photosynthetic efficiency from the time of diuron exposure. The
onset of time response, t;/,, is defined as the time lag to reach
the threshold of 50% inhibition based on the difference between
optimal and minimum achievable ¢PSII values.

In this context, we performed bioassays (called time-response
curves) using suspensions of mature freshwater biofilms, to
characterize the initial steps of photosynthesis decrease after
exposure to diuron. Specifically our objectives were to:

i) quantify exposure time to diuron needed to reach significant
photosynthesis inhibition,
ii) determine if exposure time depends on exposure test
concentration, and
iii) assess the variability of the response as a function of biofilm
composition and previous pulse exposure to diuron.

MATERIALS AND METHODS

Mature Biofilm Collection

Glass slides (156 cm?®) were used as artificial substrates for
biofilm growth. Plastic racks equipped with glass slides were
installed in the photic zone of Gazinet-Cestas pond (geographical
coordinates: 44°46/30.1'N, 0°41'44.3""W), near Bordeaux, SW
France. The pond is free of pesticides, in particular diuron
concentrations are below the detection limit of 0.2 pg.L™! (n =
10 measurements in winter 2016-2017).

One-month old biofilms, settled on the glass slides, were
collected in August and December 2016. Before preforming the
assays (2.3), the slides were scraped carefully and separated into
two aliquots before being suspended in 40 mL of Dauta (1982)
medium.

Diuron

Diuron (CAS reg. 330-54-1, purity = 98%) was purchased
from Dr. Ehrenstorfer GmbH (Augsburg). Stock solutions were
prepared in acetonitrile, at a concentration of 200 mg.L~!.
They were analyzed by UPLC-ToF (Ultra-Performance Liquid
Chromatography—Time of Fight Mass Spectrometry, Xevo G2-
S ToF, Waters) and the different exposure concentrations were
calculated. Diuron analyses in the water samples (pond: 2.1,
laboratory mesocosms: 2.4.2) were performed with the same
method after filtration of the samples through 0.45 pm Whatman
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----max=optimal response value
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time post contamination

FIGURE 1 | Schematic representation of the time-response (here, ¢PSll) relationship expected to occur following PSII inhibitor exposure (contamination on ¢ = 0).
¢PSllis anticipated to decrease after herbicide exposure, from its optimal value to a minimal achievable value (maximal inhibition). The latency is defined as the time
the PSII inhibitor takes to cause a 50% inhibition of the response. All the toxicological values are susceptible to change depending on the concentration of exposure.

filters. Briefly, 990 nL samples were spiked with eight internal
standards (10 JLL, i.e., 10% final volume). Of these, 20 WL were
injected with a solvent gradient (98% ammonium acetate, 2%
methanol). Chromatographic separation was achieved by passing
through a 5-cm C18 column (Waters). Pesticide concentrations
were calculated from calibration curves (10 points, from 0 to
50 pg.L™!) realized during the same period. Detection and
quantification limits were of 0.1 and 0.2 pLg.L ™!, respectively.

Time-Response Curves

We used a Phyto-PAM (Heinz Walz GmbH, Germany) and
measurements were performed in quartz cuvettes fed with 3 mL
of agitated biofilm suspension.

We determined the chlorophyll a concentration in the biofilm
suspensions and the proportion of algal groups present to
roughly characterize the biofilms.

Time-response assessment of diuron acute toxicity was
performed following the response of the effective quantum yield
of PSII (¢PSII) over time following the addition of a drop of
diuron (expressed as time post contamination). Experiment 1 was
performed with biofilms collected in summer and Experiment 2
with biofilms collected in winter. In each time-response curve,
the diuron concentration was kept constant and the response
was assessed as a function of exposure time. ¢PSII was measured
every 5s after diuron addition, then measurements were spaced
out and performed every 10 s until @PSII values stabilized.

Experimental Setup
Experiment 1: Time-Response Curves of Pristine
Biofilms Exposed to Increasing Diuron
Concentrations (August, 2016)
Triplicate slides collected on August 4th, 2016 were used to
perform time-response curves on biofilm suspensions.
Dose-response curves established using these biofilms prior to
the experiment (Supplementary Information, SI1) allowed the
selection of five increasing diuron concentrations to be used for
the time-response curves. The following nominal concentrations
were used: no diuron (0 ug.L_l; no inhibition), “low” (5.2

ug.L_l; corresponding to ECy5), “intermediate” (17.4 Mg.L_l;
slightly above ECsg), “high” (166.6 pg.L~!; higher than the
concentration leading to maximal achievable inhibition) and
“max” (332 ng.L71; i.e., double the “high” concentration).

Time-dependent photosynthetic inhibition was assessed over
a ~1h exposure, and t;;, were extracted from the three
time-response curves established for each diuron exposure
concentration (except for the highest concentration: only two
replicates available).

Experiment 2: Time-Response Curves of Biofilms
Pulsed With Contrasted Diuron Concentrations
(December, 2016)

On December 6th, 2016, 16 mature biofilms were sampled. Four
slides were immediately used to perform time-response curves of
“non-pulsed” biofilms, under “high” diuron exposure.

The remaining slides were exposed in laboratory mesocosms
to three levels of diuron pulses (0.3, 19.1, and 102.4 pg.L™!
measured concentrations), each in quadruplicate. Pulse duration
was 3h of exposure, such as in TIili et al. (2008). The slides
were collected and prepared as described above. The suspensions
were allowed to recover from pulse exposure in uncontaminated
Dauta medium for 4 to 8 h before performing the time-response
curves, assessed using a “high” diuron exposure. The duration
of the recovery period was based on the results of Laviale
et al. (2011). More details on the protocol are provided in
Supplementary Information SI2.

Statistical Analyses

To model dose-response-curves (DRC), the ¢PSII values
measured at specific times were plotted against nominal exposure
concentrations and fitted to a Hill model using RegTox macro for
Microsoft Excel™ (version 7.0.7, © Eric Vindimian, 2001). DRC
were performed for each replicate biofilm suspension, then the
optimized parameters of the model (500 bootstrap simulations),
in particular ECsg, were averaged and standard deviations were
calculated.
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To draw time-response curves (TRC), the decrease over time
in @PSII was modeled (each replicate individually) with RegTox,
using a classical Hill equation, where the optimal response value
measured before the addition of the diuron drop was set as upper
limit. The optimal parameters derived from the individual TRC
models after 500 bootstrap simulations are given as mean =+
standard deviation (Table 1).

One-way ANOVA was used to highlight significant differences
in biological responses. Linear regressions (after transformation
of the data to achieve normality, when necessary) were calculated
to assess correlations between biological responses (ECsg, ¢PSII),
time and concentration of exposure. In both cases, the a-level was
setat 0.01.

RESULTS AND DISCUSSION

Dose Dependency of the Time-Response

Relationship
When no diuron drop was added, biofilm suspensions from
Experiment 1 displayed ¢PSII of 0.51 & 0.02 (n = 367), with
a slight increase over time (Figure 2A). With diuron addition,
time-response curves for the four concentrations tested here
highlighted that the efficiency of diuron increased gradually
with increasing exposure concentrations. At the “low” exposure
level, photosynthesis was inhibited down to 26.7 & 12.5% of the
optimal value, while the highest concentrations led to a complete
inhibition of photosynthesis. Total inhibition of photosynthesis
at diuron concentrations higher than 100 wg.L™! is consistent
with the findings of McClellan et al. (2008) for freshwater biofilms
and Magnusson et al. (2010) for microalgal species.
Diuron-induced inhibition of photosynthesis reflects
herbicide binding to the electron acceptor of Qb within the
thylakoid membrane and subsequent blockage of electron
transfer in PSII. We defined latency as the time diuron took to
cause a 50% photosynthesis inhibition on biofilm suspensions
(Figure 1), postulating that tj;; values expressed the time
for diuron to reach its target site (adsorption, distribution).

Our results (Figure2A, and Table1) show that inhibitory
effects are very rapid: tj/, ranged between <30s (for the
highest concentrations of exposure) to 720" (exposure to
“low” concentration). Using diatom cultures, Magnusson et al.
(2010) also showed that maximal inhibition of photosynthesis
(ca. 50%), in response to a single dose of 2.4 pg.L~! diuron,
was reached within minutes. Such rapid action confirms the
high affinity of diuron for microalgal binding sites and almost
instantaneous intracellular uptake, in agreement with Nestler
et al. (2012). As for maximal inhibition, the time-lag to reach
a 50% inhibition (t;,;) was also dose-dependent; the lower
the exposure concentration, the higher the t;/;. Figure 2B
evidences that the estimated t;;; decreased with increasing

diuron concentrations (R2 = 0.869, F = 87.56, p < 0.0001).
However, for the “high” and “max” concentrations of exposure,
the overlap between the 95% confidence intervals suggests that
binding sites were saturated above 100 jLg.L L.

Surprisingly, the maximal inhibition achieved for the “low”
and “intermediate” concentrations tested was higher than
expected, based on the dose-response curves performed with
the same biofilm (SI1). Indeed, after this 3-h exposure to
increasing diuron concentrations, @PSII was inhibited by 25
and 60% at concentrations of 52 pg.L~! (“low”) and 17.4
pgL™! (“intermediate”), respectively (vs. in TRC: by 73.3 &
12.5 and 92.1 £ 1.8%). Two complementary hypotheses may
explain these differences, as discussed below: the influence of
the duration of diuron exposure (section Time Dependency of
Ecotoxicity Parameters) and/or of microalgal concentrations in
the suspensions tested (section Consistency in t1/; Values From
Biofilm of Contrasted Composition).

Time Dependency of Ecotoxicity

Parameters

Using the data from the time-response curves shown in
Figure 2A, we extracted the ¢PSII values measured at several
durations post exposure, from 15s to 20 min. Dose response
curves were fitted to the data (Figure 3A) and their respective

TABLE 1 | Summary of the time-response curves results.

Diuron pulse Diuron exposure

Parameters extracted from the model

level for TRC
Optimal ¢PSII ti2 Minimal response achieved
(% of optimal ¢PSII value)
EXPERIMENT 1
No pulse Low 0.49 + 0.01 7'20" + 1749 26.7 £ 12.5%
No pulse Intermediate 0.50 + 0.02 328" £ 115/ 79+ 1.8%
No pulse High 0.51 + 0.01 029" +£ 013" 8.9 + 4.5%
No pulse Max 0.49 + 0.00 016" +£ 001’ 0%
EXPERIMENT 2
No pulse High 0.42 + 0.01 015" £ 002" 30.6 + 1.6%
03pgL~", 3h High 0.26 + 0.02 015" £ 004" 445 + 11.9%
19.1 pgL=", 3h High 0.27 4 0.02 011”7 £ 001" 23.6 + 3.6%
102.4 ng.L=1, 3h High 0.12 £ 0.05 015" +£ 003" 40.2 + 10.9%

Values are average + standard deviation.
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FIGURE 2 | (A) Time-response curves based on ¢PSIl decrease post diuron addition (Experiment 1); values are average of 3 replicates, except for the highest
concentration (2 replicates available). A summary of the ecotoxicity parameters extracted from the curves are provided in Table 1. (B) Variation of t1 > with diuron
exposure concentration. Error bars indicate t4 /2 confidence intervals (95%) for the individual time-response models.

Diuron concentration (ug.L™)

ECsp estimated, together with 95% confidence intervals
(Figure 3B). Figure 3B corresponds to a time-to-event analysis
of the data (Newman and McCloskey, 1996). The relationship

between ECsg and time post contamination was significant (R2 =
0.997, F =1762.42, p < 0.0001), and from 5 to 10 min of exposure
the ECs was on the order of magnitude of environmental peaks
of diuron (Rabiet et al., 2010).

We plotted in Figure 3B the ECsp-diuron obtained initially
for a longer exposure (3h, dose-response curve illustrated
in Supplementary Information Figure SI1). This value, though
obtained with the same biofilm, was higher than those calculated
for 10 and 20 min of exposure. This is in line with the findings
of Nestler et al. (2012) who also observed a 40% increase
in ECs9 value between 2 and 6h of diuron exposure (from
17.9 to 25.6.L7!). The difference can be attributable to slight
differences in suspended biomass (“dilution effect;” as discussed
in section Consistency in t;/, Values From Biofilm of Contrasted
Composition), to decreasing blockage of Qb binding sites, and/or
to the initiation of physiological processes on the 3-h scale.
In fact, the partial recovery (see also SI2) could correspond
to physiological adaptation (acclimation), cellular detoxification
processes, and/or biodegradation of diuron as the result of
cytochrome P450-mediated N-demethylation. Cytochrome P450
is produced by a wide range of microorganisms, and degradation
can be fast (e.g., biodegradation up to 20% after the 3 first
hours of incubation with 250 ppm diuron, in Sharma et al,
2010).

This marginal increase in tolerance that we observed after
3h highlights that diuron exposure is non-lethal, and that
complete recovery can be expected under non-contaminated
conditions. This is confirmed by the study of Vallotton et al.
(2008), who demonstrated the rapid reversibility of toxic
effects of PSII inhibitors after herbicide removal, through rapid
recovery of @PSII (within 4h) and of algal growth, using
cultures of Scenedesmus vacuolatus. Even if one pulse is unlikely

to induce long-lasting effects (but see section Influence of
Pulse Exposure History on TRC), impacts on biofilms are
highly plausible under fluctuating herbicide exposures, i.e.,
repeated pulses. Indeed, diuron binding to PSII interferes in
the essential turnover and repair mechanisms of damaged D1
proteins (Draber et al., 1991), and repeated pulse exposure
may lead to delayed irreversible damages of the photosystem.
For example, TIili et al. (2008) found that two consecutive
pulses (3h each) of 7 ugL™! of diuron impacted biofilm
growth (dry weight, chlorophyll a concentration) much more
than one single pulse, on the long term. Copin et al. (2015)
experimentally assessed and modeled the cumulative effects of
isoproturon pulses on the growth of S. vacuolatus. Testing five
scenarios, with different magnitudes (from ECyo to ECgy) and
durations (4-24 h) of exposure, they found in all cases an overall
inhibition of growth, from 15 to 44% compared to control cell
densities.

The time-dose-response model proposed in this study to
analyze short-term photosynthesis inhibition induced by diuron
provides input data (ECsp as a function of time) that could
be incorporated into models predicting the impacts of repeated
exposure to herbicide pulses (e.g., Copin et al,, 2015).

Consistency in t;,» Values From Biofilm of

Contrasted Composition

We compared the time-response relationships after a “high”
diuron exposure for biofilms collected in August (Experiment
1) and December (Experiment 2). Microalgal biomass differed
between biofilms, with chlorophyll a concentrations of 6.8 £ 3.4
pg.L~! in the biofilm suspensions tested in August, vs. 80.5 +
12.54 pg.L ™! in December. The proportions of algal groups also
varied between seasons. Indeed, the PhytoPAM signal revealed
that summer (August) biofilms were dominated by chlorophytes
(59 £ 6%), followed by similar proportions of cyanophytes (21 £
1%) and diatoms (20 = 4%). Contrastingly, biofilms collected in
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FIGURE 4 | Time-response curves based on ¢PSIl decrease for contrasted
biofilms, after contamination at “high” concentration. Full symbols correspond
to biofilms collected in August (Experiment 1, average of 3 replicates), empty
symbols to biofilms sampled in December (Experiment 2, average of 4
replicates). Parameters extracted from curve modeling are shown in Table 1.

December had more diatoms (41 = 3%) than chlorophytes (31 £+
2%) and cyanophytes (27 &= 1%).

The time-response curves obtained for both biofilms
(Figure 4) yielded comparable t;,, values (Table 1), confirming
the rapid binding kinetics of diuron. This result suggests that
the transport of diuron into periphytic cells was not particularly
hindered by higher biomass (no apparent boundary layer effect).
This result partly contradicts the assumption that the periphytic
matrix exerts a protective role against toxic chemicals (Sabater
et al.,, 2007); however it has to be noted that we did not use
intact biofilms, but a suspension of biofilm which was, therefore,
destructured.

The maximal inhibition achieved was more pronounced in
summer biofilms. As the maximal effect is determined by the
rate of internalization of diuron within microalgal cells, we can
hypothesize that these differences resulted from the differences

in biofilm biomass. Diuron uptake experiments performed with
different microalgal species showed that the rate of binding
depends on chlorophyll a concentration (Laasch et al., 1981;
Allen et al., 1983). Yet, biofilm binding capacities were certainly
exceeded here: though the amount of chlorophyll a was about
12-fold higher in winter biofilms than in summer ones, in
both cases the “high” concentration provided far higher diuron
amounts than those estimated to saturate the binding sites (in
green microalgae: about 3 nmol of diuron per mg of chlorophyll
a, Laasch et al., 1981). Besides biomass, seasonal differences
in the proportions of algal groups also probably accounted
for the differences in direct PSII inhibition reflected by the
minimal @PSII values. The presence of substantial amounts of
chlorophytes in summer biofilms might have contributed to the
higher impact observed: chlorophytes have been shown to be
more sensitive to PSII inhibitors (Tang et al, 1997; Lockert
et al., 2006) than cyanophytes or diatoms (but see Schreiber
et al.,, 2007). Diatoms, which were dominant in winter, contain
carotenoids and xanthophylls that are involved in managing
oxidative stress (Pinto et al., 2003); therefore diatoms can
be expected to have enhanced tolerance to diuron-induced
oxidative damages. Moreover, the relatively greater abundance
of cyanophytes in winter biofilms can also be involved in the
residual PSII yield. Indeed, a signal attributed to cyanobacterial
fluorescence of photosystem I, independent of PSII, was also
observed under biofilm exposure to diuron by Francoeur et al.
(2007).

To sum up, our results lead to the same conclusion
reached by Lambert et al. (2015) that there is a considerable
influence of biofilm biomass in the outputs of ecotoxicity
tests with Dbiofilms, which complicates between-sample
comparisons. However, both time-response curves, for
very different biofilms, yielded comparable t;,; values,
making the latency parameter a unique response favoring
between-date comparisons. These results support further
potential use of time-response curves in ecotoxicology
studies, as time responses were more dose-dependent than
biofilm-dependent.

Frontiers in Environmental Science | www.frontiersin.org 6

November 2018 | Volume 6 | Article 131


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Morin et al.

Short-Term Effects of Diuron on Biofims

Influence of Pulse Exposure History on
TRC

Initial @PSII values of the pulsed biofilms were significantly
lower than in non-pulsed ones (Table 1; ANOVA: F = 588.3,
p < 0.0001), irrespective of the concentration of exposure.
This decrease suggests physiological stress induced by diuron
pulses, even at low dose (0.3 pg.L™!), as shown for longer
exposures by Ricart et al. (2009). This effect could have been
exacerbated by the “translocation” to laboratory conditions. After
the highest concentration pulse (~100 pwg.L™!), the biofilms
were in poor physiological state. Their ¢PSII was 0.12 £ 0.05,
matching strongly with the minimal ¢PSII values obtained for
non-pulsed biofilms from 5min after addition of the diuron
drop: 0.12 £+ 0.00 (n = 215). No differences in optimal
@PSII were found for the biofilms pre-exposed to the lowest
pulse concentrations tested (0.3 and 19.1 ug.L™!) at this time
point.

The shape of the time-response curves (Figure 5) obtained
for the pulsed biofilms suggest a trend in @PSII decline post
diuron drop, as a function of the pulse intensity. It is worth
noting that the TRC of the biofilms pulsed with the highest
concentration were hardly comparable with the other data, due
to their very low initial ¢PSII resulting from a poor recovery
(see below). Differences in the maximal inhibition achieved
cannot be considered significant, because the percentages were
calculated based on variations from very small absolute values
of initial @PSII. Besides, no significant differences in t;/, values
were highlighted between pulsed conditions (Table 1). These t;/,
fell into the same range of latency values found for pristine
biofilms collected in summer or in winter without preexposure
(Table 1, and Figure4). We can conclude from this result
that, whatever the pulse intensity, the diuron binding sites
were probably not saturated when the TRC were performed.
A possible explanation lies in the fact that part of the diuron
bond to the cells may have been released during the recovery
period in uncontaminated medium. This was checked by
modeling recovery curves, i.e., ¢PSII increase over the period
subsequent to diuron exposure (SI2). We assumed that ¢PSII
recovery only depends on the reversibility of diuron binding
and dilution in the uncontaminated water used for recovery.
Previous studies pointed out a progressive recovery in ¢PSII
as time post herbicide removal increased (Vallotton et al,
2008; Laviale et al., 2011; Nestler et al., 2012). Our data show,
as observed with ¢PSII inhibition post contamination, that
diuron release kinetics are dependent on the concentration of
preexposure. The biofilms exposed to the lowest pulses (0.3
and 19.1 pg.L™!) recovered faster: PSII returned within 5h
to half the optimal value of the non-pulsed biofilms (0.42 £
0.01: Table 1). In contrast, the biofilms exposed to the higher
pulses recovered poorly (no more than 35 % of the optimal
values after more than 8h post diuron removal). This is not
surprising; exposure to such extreme concentrations for 3h
probably induced irreversible cellular damage in periphytic
organisms.

On the 3-h scale of pulse duration, we would expect
that adaptation and detoxification mechanisms likely occurred

0.3
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FIGURE 5 | Time-response curves based on ¢PSII decrease for biofims
pre-exposed to 3-h diuron pulses, after contamination at “high” concentration
(Experiment 2). Values are average of 4 replicates. Pulse concentration: 0.3
wg.L=: green triangles, 19.1 wg.L~': orange triangles, 102.4 png.L=1: red
triangles.

as described in section Time Dependency of Ecotoxicity
Parameters, rather than species selection. With this study,
we show that biofilm adaptation to a 3-h pulse, even at
low dose, has a cost for the community. The time taken to
(incompletely) recover photosynthetic efficiency reflects that
the individuals were weakened. Interestingly, Pollution-Induced
Community Tolerance (PICT, Blanck et al., 1988) was not
observed when exposing our biofilms for 3 days to 5 pg.L™!
of diuron (unpublished data). ECsy were similar between
control and exposed biofilms (respectively, ECsy = 12.7 +
2.0 and 13.6 + 1.7 pg.L™!) but some effect was visible on
the photosynthetic efficiency (¢PSII = 0.51 £ 0.02 vs. 0.43
£ 0.01) confirming that diuron had some effect. Therefore,
the fact that PICT is often observed in diuron-contaminated
streams (McClellan et al., 2008; Pesce et al., 2010a,b; Tlili et al.,
2010) suggests that repeated, and a fortiori high frequency,
pulses are likely to have dramatic observable impacts on riverine
primary production. Indeed, the cumulative effects of pulses
likely decrease the fitness of the individuals and, on longer
time scales, eliminate the most sensitive organisms from the
initial community. PICT acquisition would thus result from
this selection of tolerant organisms after repeated pulses (even
for low concentrations, Ricart et al., 2009), rather than from
physiological adaptation.

CONCLUSIONS AND PERSPECTIVES

This time-response curve approach allowed to estimate two
important parameters for assessing the risk associated to
fluctuating exposure to herbicides: the maximal achievable
inhibition (= maximal impact of a particular concentration
of exposure) and the latency parameter ti/;, reflecting the
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time to reach 50% of the maximal effect. t;;; was dose-
dependent but apparently not influenced by the biofilms
we tested, nor by prior short-term (pulse) exposure. This
result highlights that diuron reaches its cellular target almost
instantaneously (<1min), independently from biological
parameters (chlorophyll a concentration, adaptation related to
exposure history).Characterizing diuron accumulation kinetics
within biofilms, considering their microbial composition, would
allow confirming this immediate internalization.

Reversibility of the impacts of pulses a few hours after diuron
removal was not fully demonstrated. The kinetics of diuron
release from cells to uncontaminated medium appeared to be
much slower than binding rates and the assessment of diuron
desorption over time would be worth studying in the future.
Therefore, repeated exposure is very likely to impair freshwater
biofilms, in particular if pulses occur at a high frequency.

Because photosynthesis is directly associated with growth
and primary production, it is necessary to better understand
the consequences of short-term exposure to herbicide in
real-world conditions, as well as the recovery mechanisms
after toxic pressure is removed. This refinement can play
a significant role in herbicide risk assessment, such as
prediction of the duration, intensity and frequency of
exposure leading to non-negligible effects on the primary
production in aquatic ecosystems. Future research should also
consider the simultaneous accumulation kinetics of different
organic compounds, as contaminants rarely occur alone in
the field.
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