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Abstract

The aim of this study was to evaluate the use of freshwater sediment biodegradation potential
asan ecological indicator for monitoring microbial recovery following a decrease in chronic
pesticide exposure. For this purpose, a four-year case study (2008-2011) was conducted in a
small stream (Morcille river) long exposed to high diuron concentrations, increasing from
upstream to downstream. Our results show that the ban on diuron in December 2008 resulted
in a progressive decrease in its concentrations in the Morcille river over the survey period.
However, diuron remained present in the water three years after the ban. The spatio-temporal
variations in the sediment biodegradation potential were assessed by radiorespirometry using
[ring-U-14C] diuron to estimate diuron mineralization potentials. Between autumn 2008 and
autumn 2011, mean diuron mineralization percentage after 15 weeks of incubation decreased
by 65% downstream and by 82% in the intermediate sector, and mean 10% diuron dissipation
time values increased between 143% (downstream) and 210% (intermediate). Thus the
decrease in the level of chronic diuron exposure in the river also caused a fall in sediment
diuron-mineralizing capacities, revealing a corresponding recovery of microbial communities.
Our results show that the use of freshwater sediment biodegradation potential may be useful
for assessing microbial recovery after a decrease in chronic exposure to pollutants, opening
prospects for developing a new class of ecological indicator to monitor the recovery of
biological quality of water resources. In this way, the use of molecular approaches based on
direct extraction of nucleic acids from environmental matrices and their subsequent analysis
by PCR-based approaches to quantify the abundance of pesticide-degrading communities
could represent a promising alternative.

Highlights

» We performed a 4-year survey in a river long exposed to didoithe ban on diuron
resuted in a gradual fall in its concentrations in the riverSediment diuron biodegradation
potental decreased throughout the surv#y. Degradation capacities can be an ecological
indicator to gauge microbial recovery.
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1. Introduction

Water resources and aquatic ecosystems are an essential concern of any policy for sustainable
devebpment. European Water Framework Directive (WFD, 2000) is aiming to achieve good
chemical and ecological status of waters by 2015. The European Commission was required to
come forward with specific legislation regulating in more detail the general requirements of
the Water Framework Directive in relation to chemical pollutants. In accordance with Article
16 of the WFD, the European Union drawn up a list of 33 priority substances representing a
significant risk to or via the aquatic environment. Most of these substances are synthetic
contaminants, including pesticides (Coquery et al., 2005). Nearly all of the pesticides listed
have since then been prohibited for use in several European states. For example, the herbicide
diuron (3-(3,4-dichlorophenyl)-1,1-dimethylurea, Bayer CropScience) was banned in France
in December 2008 (French Republic Official Journal No. 204; 04.09.2007) in application of
the EC directive 2007/417/EC.

Diuron is a phenylurea herbicide used for total control of weeds and mosses. This pesticide
inhibits photosynthesis by blocking electron transfer in photosystem Il of plants and
photosynthetic microorganisms (Wessels and Van der Veen, 1956). Its intensive use in urban
and agricultural areas during the recent decades has led to frequent surface water
contamination, as confirmed by several recent studies highlighting the presence of diuron in
various rivers draining agricultural watersheds (e.g. Pesce et al., 2008a, Schuler and Rand,
2008 and Stork et al., 2008). There is now evidence from many experimental studies that
environmentally realistic concentrations of diuron (i.e. a few micrograms per liter) can affect
freshwater microbial communities, including the autotrophic (see for review, Pesce et al.,
2011a) and heterotrophic (Pesce et al., 2008b, Tlili et al., 2008, Tlili et al., 2010, Ricart et al.,
2009 and Tadonléké et al., 2009) compartments.

In lotic ecosystems, benthic microbial assemblages are now considered as useful potential
indicators of ecological status because they integrate the effects of multiple anthropogenic
disturbances and have strong capacities to adapt to novel environmental conditions (Burns
and Ryder, 2001 and Sabater et al., 2007). Field studies have thus revealed that in situ diuron
exposure can induce microbial adaptation leading to an increase in diuron tolerance in
phototrophic biofilm communities (Dorigo et al., 2007, Pesce et al., 2010a and Roubeix et al.,
2011) and an increase in diuron biodegradation potential of heterotrophic biofilm and
sediment communities (Pesce et al., 2009). These studies clearly provide evidence that
adaptation to biodegradation is strongly driven by exposure of microbial communities to
diuron. It suggests that such approaches could offer a powerful ecological indicator for
monitoring spatio-temporal variations in pesticide contamination and evaluating associated
ecological effects.

In this context, our main purpose was to evaluate the use of freshwater sediment pesticide
biodegradation potential as an ecological indicator to estimate microbial recovery following a
decrease in diuron contamination. To this end, we conducted a four-year field survey (2008—
2011) in a small stream (Morcille river, French Beaujolais area) chronically exposed to
synthetic and mineral pesticides, applied to vineyards occupying 79% of the total watershed
area (8.5 km2). This site was chosen because numerous studies have shown that before its
ban, diuron was the most frequently detected pesticide in the Morcille river, where it displays
a gradient of contamination running upstream to downstream (e.g. Montuelle et al., 2010 and
Rabiet et al., 2010). Accordingly, it was expected than the ban of diuron would have led to a
sharp decrease in its concentrations in the contaminated sections of the Morcille river. We
thus hypothesized that in response to the decrease in diuron exposure a decrease of diuron
biodegradation potential of the Morcille's sediments would occurred.
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2. Materials and methods

2.1. Study site and sampling procedure
Sanples of sediments (for radiorespirometry analysis) and water (for chemical analysis) were
collected at three sampling stations (Fig. 1) located along the Morcille river (southeastern
France, Beaujolais area; longitude 480atitude 46°1W).
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Fig. 1. Location of sampling stations along the Morcille river (Beaujolais area, France)

At each sampling station (upstream, intermediate and downstream, respectively), a composite
sediment sample of the upper layer horizon (0-5 cm; about 500 g), made up of five randomly

chosen subsamples, was collected three times per year from October 2008 to October 2011.
Samples were taken in mid-October (autumn samples), mid-March (spring samples) and mid-

June (summer samples). These three periods were chosen according to the agricultural
practices in vineyard plots so as to collect sediments before (March), during (June) and after

(October) the main period of herbicide application over the Morcille watershed.

Water samples (1000 mL) were collected once a month from January to June 2008 and then
twice a month from July 2008 to December 2011 at the three sampling stations to determine

diuron concentrations in the dissolved phase.

2.2. Diuron analysis
Diuron concentrations in the water phase were determined by solid-phase extraction on Oasis
HLB cartridges (60 mg, 3 mL, Waters, France) followed by liquid chromatography—tandem
mass spectrometry (LC/MS/MS) with a 1100 LC Series instrument (Agilent, France) coupled
to a triple quadrupole mass spectrometer (APl 4000, AB Sciex, France). Chromatographic
separation was achieved using an Atlantis T3 analytical column (2.1 mm x 100 mm, particle
size 3um) from Waters (France), at a flow rate of 3d0 min—-1 and with a mobile phase
gradient of acidified acetonitrile (SDS, France) and ultrapure water (from Millipore system).
Injection volume was 2QuL. Detection and quantification were performed in nplgti
reaction monitoring (MRM) mode. Concentrations were determined with internal standard
calibration curves using Diuron-d6 as internal standard, and were systematically corrected
with corresponding surrogate recovery. The quantification limit of diuron wasu@.Qt1,
with aconcentration factor of 1000.
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2.3. Estimation of diuron mineralization potential
The ability of sediments to mineralize diuron was determined by radiorespirometry (Soulas,
1993) as described in Pesce et al. (2009). Briefly, sediment samples (10 g dry weight
equivalent) were immersed in 50 mL of mineral water (Volvic, Danone, France) and treated
with uniformly [14C-U-ring] diuron (specific activity 567 MBg/mmol; radiochemical purity
99%; Sigma Aldrich) to reach a final diuron concentration ofuOL-1 in the water.
Triplicates were incubated in the dark at 20 °C for about 16 weeks. At least once a week,
sodium hydroxide-trapped 14CO2 evolved from [14C-U-ring] diuron was analyzed by liquid
scintillation counting using ACS Il scintillation fluid (Amersham).
2.4. Data processing and statistical analysis

Diuron 10% dissipation time (DT10) was estimated by fitting a log-normal regression model
onto diuron mineralization kinetics (Pesce et al., 2010b). A three-way analysis of variance
(ANOVA) was used to assess differences in DT10 and mineralization percentage after 15
weeks of incubation (MP15) between stations, years and seasons. When a significant effect
was observed, post hoc comparisons of means were conducted with a Tukey's Honest
significant difference test. Significance for all statistical tests was accepted at p < 0.05.

3. Results and discussion

3.1. Canupstream sediments be taken as reference samples?
In the context of the European Water Framework Directive (WFD, 2000), restoring
chemically contaminated aquatic ecosystems has become an important concern, prompting
growing interest in studying recovery trajectories and community resilience in aquatic
environments. With this in mind, our main purpose was to evaluate the possible use of
freshwater sediment biodegradation potential as an innovative ecological indicator for
monitoring microbial recovery following a decrease in diuron exposure. In a first step, we
emphasized the selection of reference sites, which is crucial to using biological indicators of
ecological status (Delgado et al., 2012). The upstream section of the Morcille river was
proposed as a reference site, because of repeated reports over the years showing a marked
pollution gradient for the herbicide diuron from up- to downstream (e.g. Montuelle et al.,
2010 and Morin et al., 2010).
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Fig. 2. Diuron concentrations fig L—1) measured in water samples collected at upstream, intermediate
and downstream stations over a four-year survey period. Values under 0.Qig L-1 were below the

quantification limit (QL), and so diuron concentrations could not be determined. Letters on the
horizontal axis indicate the month of the year.
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To validate this proposal, diuron concentration and diuron mineralization potential were
monitored respectively in water and sediment samples collected upstream in the Morcille
river over the four-year survey. As expected, diuron concentrations measured in water
samples collected upstream were very low, with 92% of the recorded concentrations below
the quantification level (0.0iig L—-1). Over the four-year survey, only two samplesextéd
upstream showed concentrations slightly higher than the environmental quality standards
(EQSs) for all surface waters covered by the WFD (@2 -1; substance data sheet for
priority substance No. 13: Diuron, CAS No. 330-54-1) and the potability limit fixed by the

EU (0.1 g L-1) (Fig. 2).

In paallel, sediments collected upstream in the Morcille river showed a low mineralization
potential (Fig. 3) with mineralization percentage after 15 weeks of incubation (MP15)
between 10% and 20% of initially added [14C-U-ring]diuron, with only slight variations
between seasons or between years (Fig. 4). However, we noted an exception in summer 2009
for one replicate of the upstream sediment sample. In addition, diuron 10% dissipation times
(DT10) were also relatively constant over time at the upstream station (Fig. 5), with mean
values between about 85 days (summer 2009) and 140 days (autumn 2009). It has been shown
that the development of pesticide biodegradation capacities in natural microbial communities,
in both soils (e.g. Sgrensen et al., 2003, Dellamatrice and Monteiro, 2004 and El-Sebai et al.,
2005; for phenylurea herbicides) and sediments (Torang et al., 2003, Pesce et al., 2010b and
Trinh et al., 2012) occurs in response to repeated exposure to pesticide. The stable, low
mineralization potential observed upstream thus clearly reflected the steady low level of
diuron exposure recorded in this river section during the four-year survey period.
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Fig. 3. Time-course of diuron mineralization (mean + standard deviation; n = 3) recorded for sediments
collected at the upstream, intermediate and downstream stations over a four-year survey. Evolution of
14CO0O2 from [14C-U-ring] diuron was monitored throughout a 16-week incubation period in microcosms

by scintillation counting and is expressed in percentage of initial radioactivity added to the sediment
microcosms.
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Fig. 4. Diuron mineralization percentage after 15 weeks of incubation (MP15) recorded in microcosms for
sedments collected at the upstream, intermediate and downstream stations over a four-year survey (mean
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In addition, and interestingly, the mineralization kinetics obtained with upstream sediments in
this study (Fig. 3) were quite similar to those obtained, following the same protocol, with
sediments collected in June 2007 (Pesce et al., 2009) and February 2008 (Pesce et al., 2010b)
at the same sampling site. This temporal stability over seasons and years further strengthens
the reproducibility of the observations reported here, and justifies the use of the upstream
sediments as reference in the present study.

3.2. Did the potential of the Morcille sediments for the mineralization of diuron

observed before its ban reflect their exposure level to this herbicide?
In autumn 2008, just before the interdiction of diuron, upstream sediments exhibited lower
mineralization potential than intermediate and downstream sediments, with MP15 (Fig. 4) and
DT10 values (Fig. 5) respectively 5 times lower and 2 times higher in the reference station.
This was confirmed by the three-way ANOVA, which indicated significant differences
between stations in MP15 (F2,22 = 17.17, p < 0.001) and DT10 (F2,22 = 14.48, p < 0.001)
values. Post hoc comparisons indicated that MP15 and DT10 were respectively significantly
lower and higher at the upstream station (p < 0.05) than at the intermediate and downstream
stations. The gradual increase in mineralization capacities along the Morcille river from up- to
downstream was concomitant with the increase in diuron concentrations. In the three months
preceding sediment samplings in autumn 2008, diuron concentrations recorded in water
samples collected at the reference station (<pg1-1) were always lower (Fig. 2) than
those collected at the intermediate or downstream stations contaminated with diuron
concentrations between 0.1 and @gAL-1 and 0.2 and 0,89 L—-1, respectively (Fig. 6D). In
summe 2007, a similar gradual increase in diuron mineralization potential along the Morcille
river was reported, with higher diuron-mineralizing ability observed in the downstream
section of the river for both periphytic biofilm and sediment communities (Pesce et al., 2009).
It is noteworthy that studies on the potential of natural freshwater sediments to degrade
synthetic pesticides are scarce ( Kalsch et al., 1998, Larsen et al., 2000, Torang et al., 2003
and Trinh et al., 2012), but there is now convincing evidence that the capacity of microbial
sediment communities to biodegrade these contaminants can increase after an in situ long-
term pre-exposure to these compounds ( Torang et al., 2003 and Trinh et al., 2012).
In the present study, the estimation of diuron-mineralizing ability in the sediments of the
Morcille river differentiated the reference (upstream) from the two (intermediate and
downstream) exposed stations. This interesting finding suggests that this biological parameter
could be a useful indicator to determine earlier diuron exposure of sediments.

3.3. Did the ban of diuron lead to a decrease in the exposure level in the Morcille?
In the last decade, several studies have reported long-term chronic contamination of the
Morcille river with diuron (e.g. Montuelle et al., 2010 and Rabiet et al., 2010) with
concentrations sometimes higher thant0L-1 in the downstream section (Pesce et al.,
2009).In 2008, diuron concentrations were always higher than the detection limit qi@.01
L-1 in the intermediate and downstream sections (Fig. 2), with median values of about 0.11
ug L-1 and 0.25pug L-1, respectively (data not shown). A slight decreasealiuron
concentrations was observed at the intermediate station between 2008 and 2009, as shown
with median annual concentrations (040 L-1 in 2009; Fig. 6A). This decreasing trend at
the ntermediate station was confirmed over time and persisted until the end of the survey,
whatever the period of the year (Fig. 2 and Fig. 6). As a consequence of this progressive
decrease, the median annual concentration fell below @02 1% in 2011 (Fig. 6A).
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Fig. 6. Boxplot of diuron concentrations measured at the intermediate and downstream stations during
the entire years 2009, 2010 and 2011 (A; n = 24) and during the three months preceding the sediment
samplings performed in spring (B; 2009-2011; n = 7), summer (C2; 2009-2011; n = 7) and autumn (D;
2008-2011; n = 7), respectively. The horizontal line represents the median. The upper and lower limits of
the box represent the 75th and 25th percentiles. The vertical lines above and below the box indicate the
range of observed values within 1.5 times the interquartile range from the 75th and 25th percentiles.
Values outside this range are considered as outliers and are indicated as points.

A similar downward trend was observed at the downstream station, but with a time lag:
concentrations were still high in 2009 (Fig. 2 and Fig. 6A), especially before the autumn
sampling (Fig. 6D). These results suggest that the chemical recovery of the Morcille river was
slower downstream (Fig. 6). Although we cannot rule out unlawful use of diuron on vineyard
plots at the downstream section of the Morcille watershed, one could assume that chronic
contamination of the Morcille by diuron several months after its ban can mainly be due to its
release from contaminated soils through leaching, run-off or soil erosion (Reichenberger et
al., 2007 and Alister and Kogan, 2010). The difference in contamination level between the
intermediate and downstream stations might thus be related to a difference in the proportions
of vineyard land areas between intermediate and downstream locations (52% and 72% of the
catchment area respectively; Pesce et al.,, 2010a). More generally, we note that despite a
marked downward trend in the diuron exposure level over time, concentrations recorded at the
intermediate and downstream stations were always above the quantification limit from
February to December 2011 (i.e. more than two years after the diuron ban), with peak
concentrations exceeding the WFD EQS value ofu@.2-1 at these two stations in spring

(Fig. 2). This suggests that diuron is persistent in the environment and is liable to contribute to
water pollution long after its last application (Louchart et al.,, 2001). Given their closely
similar solubility properties (about 35 mg L-1 at 20 °C) and octanol-water partition
coefficients (log P of about 2.8 at pH 7 and 20 °C), it is foreseeable that the persistence of
diuron in the environment will be comparable to that of atrazine, another herbicide, which is
still regularly detected in French surface waters ( Pesce et al., 2011b and Polard et al., 2011)
despite its ban since ten years ago.
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3.4. Did the evolution of diuron biodegradation potential of the Morcille's sediments

reflect the decrease in diuron exposure levels in this stream?
ANOVA indicated significant differences between years in MP15 (F3,22 = 4.92, p < 0.001)
and DT10 (F3,22 = 4.92, p < 0.01) values, revealing a marked temporal trend over the survey
period. Indeed, post hoc comparisons indicated that MP15 and DT10 were respectively
significantly higher and lower in 2008 and 2009 than in 2011 (p < 0.05), suggesting a
progressive decrease in diuron-mineralization potential. This was clearly detectable at the
intermediate station, where values of MP15 (Fig. 4) and DT10 (Fig. 5) respectively decreased
and increased over the years. Differences recorded between upstream and intermediate
sediments were very low or non-existent from summer 2010 (MP15) or autumn 2010 (DT10).
This suggests that the diuron contamination level in the Morcille was then too low to notably
stimulate the diuron-mineralization potential at the intermediate section, or in other words,
that the microbial recovery was complete in regard to this parameter. A similar decrease in
diuron mineralization potential was observed in the downstream sediments, but interestingly,
the difference between upstream and downstream MP15 and DT10 values was observed
throughout the year 2010, suggesting a slower recovery of the sediments of the downstream
station than of the intermediate station. In 2011, MP15 values markedly decreased
downstream, and were always below 20%, whatever the period of the year, with no apparent
difference from upstream sediment samples (Fig. 4). Downstream DT10 values seemed also
similar to the reference ones in 2011 (Fig. 5).
Comparing the diuron-mineralization potential observed in the contaminated section of the
Morcille river before the diuron ban (autumn 2008) and three years later (autumn 2011), we
found a notable recovery of microbial communities in the exposed sediments. Throughout this
period, mean MP15 values decreased by 65% (downstream) to 82% (intermediate), and mean
DT10 values increased from 143% (downstream) to 210% (intermediate). The data analysis
revealed a clear relationship between the mean diuron exposure level and the diuron-
mineralizing potential both expressed as MP15 (Fig. 7A) or DT10 values (Fig. 7B). This
relationship was best described by a logarithmic model, which revealed a significant
correlation (p < 0.05, Fig. 7).
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Fig. 7. Logarithmic relationship between mean diuron exposure during the three months preceding the
sediment samplings and mean MP15 (A) and mean DT10 (B) values obtained with samples collected at the
intermediate and downstream stations.
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3.5. Advantages, limits and perspectives in the use of freshwater sediment

biodegradation potential as an ecological indicator of the evolution of pesticide

exposure effects
Bioindicators supporting European legislation (e.g. the macrophyte biological index for rivers,
the biological diatom index and the standardized global biological index) have been mainly
defined to characterize trophic pressure in streams. Although standardized indicators are
widely used to evaluate water quality, more research efforts are needed to design or propose
innovative bioindicators specifically dedicated to chemical substances (Montuelle et al.,
2010). The present study paves the way for using the estimation of sediment biodegradation
potential for assessing spatio-temporal variations in diuron contamination and for gauging
microbial recovery following a decrease in chronic diuron exposure. By extrapolation to
various synthetic pesticides, it confirms that benthic microbial assemblages can potentially be
useful biological indicators for the environmental monitoring of rivers and site-specific risk
assessment, especially when focusing on microbial adaptation processes, such as the
development of biodegradation (present study) or tolerance capacities (Pesce et al., 2010a)
following chronic exposure to this kind of pollutant.
Up to now, assessment of biodegradation potential has mainly been used to address
biodegradability of the pesticides as a part of the information required to file for approval of a
pesticide according to ISO standard 15473 “Soil quality — Guidance on laboratory testing for
biodegradation of organic chemicals in soil under anaerobic conditions” or to modified test of
Sturm (OECD 301). Based on our results we can now propose a new standard using
radiorespirometric approaches to address the exposure of microbial communities and their
recoveries in different compartments of the environment (Philippot et al., 2012).
However, we note that the assessment of microbial biodegradation potential of synthetic
pesticides using radiorespirometry is lengthy (generally several weeks) and is not always easy
to implement, especially when using radiolabeled pesticides, which require specific
authorization delivered by national radioprotection agencies, such as Agence de Sureté
Nucléaire (ASN) in France, special laboratories and appropriate treatment of radioactive
wastes. One alternative to this method could be the use of molecular approaches based on
direct extraction of nucleic acids from environmental matrices and their subsequent analysis
by PCR-based approaches to quantify the abundance of pesticide-degrading communities
(Philippot et al., 2010). Specific information on the potential of biodegradation can be
obtained by examining functional genes encoding enzymes involved in degradation pathways
(Smith and Osborn, 2008 and Bombach et al.,, 2010). For example, in the case of diuron,
Pesce et al. (2013) recently demonstrated that diuron mineralization kinetics obtained with
soil samples were correlated to diuron-degrading genetic potentials estimated from the
guantification of the abundance of the phenlylurea hydrolase gene puhB, confirming that
degradation genes could be potential biomarkers for the detection of organic xenobiotics
(Sipila et al., 2008). In addition, Monard et al. (2013) recently showed that atrazine
mineralizing ability of different soils was correlated to the expression level of atzD gene,
coding for an enzyme responsible for s-triazine ring opening. However, one prerequisite for
applying such approaches is knowledge of the degradation pathway and of the genes coding
degrading enzymes. However, up to now, the number of known genes coding for pesticide-
degrading enzymes, although increasing, is still limited, thereby restricting the application of
this approach. Nonetheless, the recent publication of the ISO 11063 standard describing “a
method to directly extract nucleic acid from soils” (Re#ti al., 2011) and the recent adoption
by ISO TC190/SC4/WG4 of new work item 17601 “Estimation of abundance of selected
microbial gene sequences by quantitative realtime PCR from DNA directly extracted from
soil” is paving the way for applying molecular tools targeting pesticide-degrading genes to
monitor the recovery of microbial communities in different compartments of the environment.
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4. Conclusions

The present case study shows that the interdiction of diuron led to a progressive decrease in
its concentrations in the Morcille river over a four-year survey period. However, diuron was
still present in the water of the Morcille river three years after its ban. As a result of this
decrease in the level of chronic exposure of the sediments, diuron-mineralizing potential also
decreased, revealing a recovery of microbial communities in regard to this parameter. Our
results show that the use of freshwater sediment biodegradation potential could be useful to
assess microbial recovery following a decrease in chronic exposure to a pollutant, opening
prospects for developing a new class of ecological indicator to monitor the recovery of the
biological quality of water resources. In this way, the use of molecular approaches based on
direct extraction of nucleic acids from environmental matrices and their subsequent analysis
by PCR-based approaches to quantify the abundance of pesticide-degrading communities
represents a promising perspective.
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