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Common herbicides such as metolachlor (MET), and their transformation products,
are frequently detected in groundwater worldwide. Little is known about the response
of groundwater bacterial communities to herbicide exposure, and its potential use
for ecotoxicological assessment. The response of bacterial communities exposed to
different levels of MET from the Ariege alluvial aquifer (Southwest of France) was
investigated in situ and in laboratory experiments. Variations in both chemistry and
bacterial communities were observed in groundwater, but T-RFLP analysis did not
allow to uncover a pesticide-specific effect on endogenous bacterial communities. To
circumvent issues of hydrogeochemical and seasonal variations in situ, groundwater
samples from two monitoring wells of the Ariege aquifer with contrasting records
of pesticide contamination were exposed to different levels of MET in laboratory
experiments. The standard Microtox® acute toxicity assay did not indicate toxic effects
of MET, even at 5 mg L= (i.e., 1000-fold higher than in contaminated groundwater).
Analysis of MET transformation products and compound-specific isotope analysis
(CSIA) in laboratory experiments demonstrated MET biodegradation but did not
correlate with MET exposure. High-throughput sequencing analysis (lllumina MiSeq) of
bacterial communities based on amplicons of the 16S rRNA gene revealed that bacterial
community differed mainly by groundwater origin rather than by its response to MET
exposure. OTUs correlating with MET addition ranged between 0.4 to 3.6% of the
total. Predictive analysis of bacterial functions impacted by pesticides using PICRUSt
suggested only minor changes in bacterial functions with increasing MET exposure.
Taken together, results highlight MET biodegradation in groundwater, and the potential
use of bacterial communities as sensitive indicators of herbicide contamination in
aquifers. Although detected effects of MET on groundwater bacterial communities were
modest, this study illustrates the potential of integrating DNA- and isotopic analysis-
based approaches to improve ecotoxicological assessment of pesticide-contaminated
aquifers.

Keywords: groundwater contamination, microbial ecotoxicology, chloroacetanilides, biodegradation, bacterial
communities, compound-specific isotope analysis
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Monitoring Metolachlor Toxicity in Groundwater

GRAPHICAL ABSTRACT | An integrative approach was develop to investigate in situ and in laboratory experiments the response of bacterial communities exposed

to different levels of MET from the Ariége alluvial aquifer (Southwest of France).
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INTRODUCTION

Ongoing intensive use of pesticides leads to accumulation of
pesticide mixtures and their transformation products (TP)
in groundwater ecosystems (Postigo and Barcelo, 2015).
While pressure on groundwater resources is on the increase,
the extent of ecosystem disturbance following exposure to
pesticides remains difficult to evaluate precisely. In this
context, sensitive monitoring approaches hold potential to
address key ecological questions, such as the response of
groundwater ecosystems to punctual and chronic pesticide
exposure, in terms of both taxonomic and functional alterations
(Imfeld and Vuilleumier, 2012). The microbial compartment,
in particular, may be accessed for this purpose and today,
with unprecedented sensitivity through high-throughput
sequencing.

The response of microbial communities to pesticide exposure
has often been addressed for the soil compartment (Imfeld
and Vuilleumier, 2012; Jacobsen and Hjelmso, 2014; Ju et al,
2017). For groundwater systems, in contrast, focus has been
mainly limited to evaluation of pesticide dissipation (Tuxen
et al, 2002; de Lipthay et al, 2003; Liebich et al., 2009;
Caracciolo et al., 2010), with only a few studies so far addressing
alterations of bacterial communities following exposure, and
often conflicting observations. For instance, profiles of carbon
substrate usage were altered by elevated levels of nitrate
(>15 mg L7!) and herbicides (>0.03 g L™') in an oxic
aquifer (Janniche et al., 2012), while in contrast, alterations of
groundwater bacterial community following herbicide exposure
(<50 ug L™1) were not detected (de Lipthay et al., 2004).
More recently, SSCP fingerprinting and monitoring of functional
genes for triazine degradation and nitrate usage suggested
that bacterial composition was affected by the now banned
triazines in historically contaminated groundwater (Mauffret

et al, 2017), but not by currently used chloroacetanilide
herbicides.

Chloroacetanilide pesticides are used for control of annual
weeds, mainly on corn, sugar beet and sunflower, and belong
to the top 10 pesticide classes in current use worldwide (Food
and Agriculture Organization of the United Nations (FAO),
2013). They are frequently detected in groundwater together with
their transformation products (TP), notably ethane sulfonic and
oxanilic acids (Kalkhoff et al., 2012; Baran and Gourcy, 2013;
Sidoli et al., 2016). Metolachlor (MET) is a chloroacetanilide
herbicide in massive used worldwide, and one of the top-
five of pesticides detected in France (Lopez et al., 2015) and
in the EU (Loos et al, 2010). MET was brought to the
market in 1976 as a racemic compound (rac-metolachlor). It
was subsequently replaced in the 2000s by S-MET, which is
enriched (approximately 86%) in the herbicidally more active
1'S-enantiomer (Ma et al.,, 2006; Xu et al., 2010). Although
biodegradation of MET has been reported (Singh and Singh,
2016), enzymes and pathways for microbial transformation of
MET are still unknown, thus preventing specific monitoring of
microbial MET degradation.

In this context, the purpose of this study was to evaluate
the response of groundwater bacterial community to exposure
to MET and its transformation products, as well as MET
degradation potential. Issues of field hydrogeochemical
heterogeneity in the response of bacterial community in
the Ariege alluvial plain (Southwest France) were circumvented
by laboratory microcosm experiments of MET exposure.
Groundwater samples from two monitoring wells with
contrasting records of pesticide contamination were exposed
to different levels of MET in labo. MET biodegradation was
evaluated based on dissipation and patterns of transformation
products, as well as on change of carbon isotope composition
using compound-specific isotope analysis (CSIA), and the
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bacterial community response was evaluated by 16S rRNA
amplicon sequencing.

MATERIALS AND METHODS

Chemicals

Racemic metolachlor (C;5H,,CINO,, (S)-2-Chloro-N-(2-ethyl-
6-methyl-phenyl)-N-(1-methoxypropan-2-yl)acetamide)
purchased from Sigma-Aldrich (>99% purity). Stock solutions
for spiking were prepared at 1 g L™! in acetonitrile (ACN).

was

Groundwater Site

The study area (538 km?) covers the alluvial domain of the
Ariege river (Figure 1). The alluvial plain lies above Aquitanian
(Miocene) and Stampian (Oligocene) molasse deposits. Alluvium
transported by the Ariege deposited as silt on the molasse, in five
terrace levels with similar physicochemical composition. Terrace
levels differ in their degree of pebble weathering and pedological
evolution. The sand-and-gravel alluvium of the lower terrace and
the lower plain defined a continuous unconfined aquifer feeding
rivers Ariége and Hers-Vif. The thickness of the unsaturated zone
varies between a few meters and up to 10 m locally. The study area
features mostly cultivated farmland, including corn.

Groundwater Collection

Groundwater sampling was conducted in May, July, September
and December 2012, and February and May 2013. The five
sampled monitoring wells 151, 60, 117, 230, 224 (Figure 1)
define a decreasing concentration gradient of MET and
its transformation products (TP), and present contrasted
hydrochemical composition (Supplementary Section C).
Samples were collected after pumping and discarding three
purge volumes, to ensure pH and electrical conductivity
stabilization. Temperature, pH, electrical conductivity (EC,
standardized to 25°C), redox potential (Eh) and dissolved
oxygen (O,) were measured on-site using a WTW multi
3401 meter equipped with a Sentrix 81 WTW pH electrode
and a Tetra Con 325 WTW EC electrode (Weilheim,
Germany). For analyses of anions and major cations,
samples were separately collected in 100 mL PE bottles
after filtration through a 0.45 pm PVDF filter. Samples for
major cations analyses were acidified to pH 2 with ultrapure
HNOs3. For MET and TP analysis, groundwater (1 L) was
collected in a glass bottle. All samples were placed on ice for
transportation to the laboratory and stored at 4°C until chemical
analysis.

Laboratory Exposure Experiments

Groundwater samples (10 L) from monitoring wells 151 and
224 with contrasting records of contamination (Supplementary
Section D) were collected in February 2014. Well 151 has a
history of chronical exposure to MET (5.1 4 4.0 pg L1,
mean + o, n = 6 May 2012 - May 2013). In contrast, MET
had not been detected in well 224 (Supplementary Section D).
Hydrochemical and bacterial composition of initial groundwater

used for preparing the exposure experiments was analyzed for
comparison with spiked and incubated groundwater.

To compare the response of bacterial communities exposed
to MET, groundwater subsamples (experimental repetitions)
originating from initial 10 L groundwater samples collected in
each well, were incubated in labo in 1 L glass vials. Each vial
contained 700 mL of groundwater. Three exposition doses were
compared for each of the two selected wells: background MET
concentrations (no MET addition), and added MET at either
0.1 mg L™! (equivalent to severe chronic contamination) or
5 mg L™! (equivalent to punctual source contamination). An
experimental repetition (i.e., two vials) was prepared from each of
the two selected wells and for each of the three exposition doses.

The MET standard stock solution (1 g L™! in can) was
dissolved in distilled water, and ACN was evaporated after
6 h stirring under a fume hood. MET aqueous solutions were
filter-sterilized through a 0.2 pwm syringe filter (Rotilabo®, Carl
Roth®, France) before spiking. To ensure initial homogeneisation
following spiking with MET, laboratory microcosms were shaken
at 100 rpm for 1 h before incubation at the same temperature
of 20°C. In experiments without MET addition, the same
procedure was followed using pure ACN evaporated in distilled
water to account for possible effects of ACN traces. ACN was
never detected in the headspace of MET aqueous solutions
(data not shown). Control experiments (performed in duplicate)
consisted in filter-sterilized water spiked with MET to evaluate
abiotic MET dissipation. To maintain aerobic conditions while
limiting water loss and avoiding contamination, a 0.22 pm
syringe filter was mounted on a syringe tip stuck through the
vial cap.

Oxygen concentration in each microcosm was monitored
weekly with oxygen sensor spots (PreSens Precision Sensing
GmbH, Germany) fixed to the inner face of the bottles before
autoclaving. Oxygen concentrations from 5 to 8§ mg L7!
confirmed oxic conditions throughout the experiment
(Supplementary Section C). Laboratory experiments with
or without addition of MET were incubated for 21 days, a
duration typical of reported MET half-life values (The Pesticide
Properties DataBase [PPDB], 2006). Mean groundwater
temperature was 15 + 1.3°C. Experiments were incubated at the
reference temperature for standardized testing of pesticides based
on OECD guidelines of 20°C (Organisation for Economic Co-
operation and Development [OECD], 1981). Experiments were
incubated without stirring because (i) oxygen was continuously
monitored and was not rate-limiting for bacterial growth
(Hensler and Schedel, 1991), and (ii) stirring may artefactually
alter the diversity of groundwater bacterial communities adapted
to heterogeneous aquifer microenvironments and non-turbulent
flows.

At the end of incubations, water samples from each
duplicate experiment were collected using sterile glass syringes
for MET, TP analysis (2 x 15 mL) and the Microtox®
assay (2 x 15 mL) (see below). Remaining groundwater
of each repetition experiment (2 x 670 mL) was filtered
through a wunique sterile 0.2 pm cellulose membrane
(Millipore, Billerica, MA, United States) to obtain DNA
in sufficient and representative quantities for Illumina
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FIGURE 1 | Site map, location of the wells and metolachlor concentrations in the Ariege alluvial plain (May 2013).

sequencing (Aird et al, 2011). Each membrane was stored
at —20°C in sterile 50 mL plastic Falcon tubes until further
processing.

Chemical Analysis
Hydrogeochemical Analysis

Groundwater samples were analyzed at BRGM Orleans using
ICP-AES (Ca?*, Nat, K*, Mg?* with 5% uncertainty), ion
chromatography (Cl—, S042~, NO;~ with 10% uncertainty) and

potentiometric methods according to N EN ISO 9963-1 (HCO3~,
CO3%~ with 5% uncertainty). Total organic carbon (TOC) and
dissolved organic carbon (DOC) were quantified according to NF
EN 1484 (1997) procedures.

Pesticide and TP Analysis of Field Samples

Pesticides in groundwater, including MET and its neutral TP,
were extracted using a Gilson GX 274 ASPEC solid phase
extraction (SPE) system, with Oasis HLB (6 mL - 500 mg)
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cartridges (Waters) and quantified as described elsewhere
(Amalric et al, 2013). Briefly, cartridges were successively
conditioned at pH 7 with 5 mL acetonitrile (ACN), 5 mL
methanol (MeOH), and 5 mL deionized water (HPLC grade) at
a flow rate of 1 mL min~!. Water samples (1 L) were loaded
at a flow rate of 5 mL min~!. After drying by flushing with
pure N, (30 min), analytes were eluted twice successively with
4 mL ACN at a rate of 1 mL min~!. Sample extracts were
concentrated down to 1 mL under a gentle stream of nitrogen
at ambient temperature. For extraction of ionic compounds,
cartridges were conditioned at a flow rate of 1 mL min~!
with MeOH (5 mL), followed by ACN (5 mL) with 0.2%
v/v acetic acid. The water sample (1 L; pH 6-8), was loaded
at a flow rate of 5 mL min~!. After 30 min of drying,
analytes were eluted twice successively with MeOH (4 mL) at
1 mL min~!, and eluates concentrated to 1 mL as described
above.

Quantification of pesticides and TP was carried out by
a Waters Ultra Performance Liquid Chromatography (UPLC)
system coupled to a Waters micromass MSMS (Waters Quattro-
Premier XE/Q). Chromatographic separation for neutral and
ionic compounds was achieved with a Waters Acquity UPLC
BEH C18 column (2.1 mm x 150 mm, particle size 1.7 pm). The
mobile phase consisted of a gradient of (A) water/0.05% formic
acid and (B) acetonitrile/0.05% formic acid for neutral molecules,
and (A) water/0.007% formic acid and (B) methanol/0.007%
formic acid for ionic molecules, established at a flow rate of
0.4 mL min~!. Limits of quantification were 5 ng L~! for MET,
10 ng L~! for MESA and MOXA, and between 5 and 20 ng L™!
for neutral TP.

Carbon Stable Isotope Analysis of MET

The carbon isotope composition of MET in the laboratory
exposure experiment was analyzed by adapting a previously
described protocol (Elsayed et al., 2014) (see Supplementary
Section A for the detailed protocol). Briefly, the GC-C-IRMS
system consisted of a TRACE™ Ultra Gas Chromatograph
(Thermo Fisher Scientific) coupled to an isotope ratio mass
spectrometer (DeltaV Plus, Thermo Fisher Scientific) via a
GC IsoLink/Conflow IV interface. Reproducibility of triplicate
measurements was <0.2%q (1 o). Carbon isotope ratios were
reported in § notation in parts per thousand [%o], relative to the
international carbon isotope standard Vienna Pee Dee Belemnite
(V-PDB).

Enumeration of Viable Cells and

Microtox® Assay

Enumeration of total viable bacteria was carried out by
plating out on R2A agar (typically used for drinking water)
after incubation at 20°C for 48 h. Toxicity of MET in
laboratory exposure experiments was assessed by the standard
Microtox® test (HACH Lange, Diisseldorf, Germany) following
a standard protocol (Jennings et al., 2001). All materials
for analysis (test strain and reagents) were supplied in
the commercial kit, and luminescence was measured in
Nunc 96-well white polystyrene microtiter plates (Thermo

Scientific) using a Luminoskan Ascent luminometer (Thermo
Scientific).

Biomolecular Analyses

DNA Extraction

Total DNA was extracted from filters with the PowerWater®
DNA Isolation Kit (MO BIO, Carlsbad, CA, United States)
following manufacturer’s instructions. Concentrations of DNA
were determined using the Quant-it PicoGreen dsDNA Assay Kit
(Invitrogen, Carlsbad, CA, United States).

T-RFLP Analysis of Groundwater Samples

Bacterial 16S rRNA gene fragments (0.9 kb) were PCR-
amplified using 5-carboxyfluorescein (6-FAM) labeled 27 f and
927 r primers as described previously (Mauflrey et al., 2017).
T-RFLP electrophoregrams were analyzed with PeakScanner
V1.0 (Applied Biosystems, Carlsbad, CA, United States). Noise
cancelation, peak alignment and matrix (samples x T-RFs)
generation was performed using T-REX' (Culman et al., 2009).
Peak heights were normalized to the same total fluorescence
per sample, and resulting data matrices were used for statistical
analysis.

lllumina MiSeq Sequencing and Data Processing
Sequencing of laboratory exposure experiment samples
was performed at INRA-UR0050-LBE (Narbonne, France)
using Illumina MiSeq. The 16S rRNA gene spanning
hypervariable region V4 and V5 was amplified in a two-
step process including a set of multiplex indexed primers
(U515F 5-GTGYCAGCMGCCGCGGTA-3" and U909R 5'-
CCCCGYCAATTCMTTTRAGT-3') (Walters et al, 2011).
Individual PCR products were purified and quantified using
Qubit dsDNA HS Assay Kit® (Invitrogen, France), and a pool of
equimolar amounts of each amplicon was prepared. A final gel
purification step ensured elimination of non-specific products.
The combined library was loaded onto the Illumina MiSeq
Platform using a standard MiSeq paired end (2 x 250 bp)
flow cell and reagent cartridge. Denoising, chimera checking,
generation of operating taxonomic units (OTUs) and taxonomic
classification were performed using Mothur software package
v.1.33.2 (Schloss et al., 2009) by following the default parameters
from the analysis pipeline of MiSeq SOP?. The detailed protocol
is provided in Supplementary Section B. Obtained sequences
were deposited in the NCBI BioProject database (BioProject ID:
PRJNA393085).

Obtained sequences analyzed using Mothur were clustered to
define OTUs at 98% sequence identity. A subsample of sequences
was randomly selected to obtain equally sized datasets according
to the standard operating procedure (Schloss et al., 2009). The
resulting datasets were used to calculate Shannon and inverse
Simpson diversity indices and the Chaol richness estimate using
R, and for rarefaction analysis as previously described (Babcsanyi
etal., 2017).

Uhttp://trex.biohpc.org
Zhttp://www.mothur.org/wiki/MiSeq_SOP
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Data Analysis

PICRUSt Analysis

Functional profiling of bacterial communities was predicted by
Phylogenetic Investigation of Communities by Reconstruction of
Unobserved States (PICRUSt) (Langille et al., 2013) by classifying
bacterial sequences against the Greengenes database (McDonald
et al.,, 2012); 13 August 2013 version. OTUs were defined based
on automatic 98% sequence identity. The biom file generated
within Mothur command-line was uploaded into Galaxy” for pre-
processing, the output file was analyzed using STAMP (Parks
et al., 2014), and retrieved metagenomic profiles were further
analyzed using multivariate statistical analysis.

Statistical Analysis

Multivariate analyses were carried out within R Development (R
Core Team, 2017). To visualize dissimilarities in groundwater
bacterial community structures obtained from T-RFLP analysis,
non-metric multidimensional scaling (NMDS) based on
Bray-Curtis dissimilarities of Hellinger-transformed data was
performed. The relationship between the 27 groundwater
community profiles and the 30 physicochemical variables (12
physicochemical variables and 18 pesticides and their TP;
see Supplementary Sections C,D) was investigated by fitting
environmental vectors a posteriori onto the NMDS, and their
significance was assessed with a Monte-Carlo permutation test
(1000 permutation steps). Analysis of similarities (ANOSIM)
based on Bray-Curtis dissimilarities were used to infer statistical
differences between groups of community profiles.

Mlumina MiSeq sequencing data and PICRUSt profiles
were classified separately by cluster analysis to investigate the
relationship between bacterial communities exposed to different
levels of MET. Hierarchical cluster analysis was carried out to
identify robust groupings of sequence data and PICRUSt profiles
based on the distances supplied in a hierarchical manner. For
both analyses, distance between Hellinger-transformed datasets
was computed based on the Hellinger distance. A hierarchical
cluster analysis was performed on the resulting dissimilarity
matrix using Ward’s method (Ward, 1963). The optimal number
of clusters was determined using Spearman’s rank correlations
(Becker et al., 1988).

RESULTS AND DISCUSSION

Groundwater Bacterial Communities and

Effect of Environmental Variables

T-RFLP fingerprints of PCR-amplified 16S rRNA gene fragments
were used to follow dominant community members and compare
their variation in samples collected from different origins and
time points from the Ariége aquifer. Compared to DGGE,
TGGE or SSCP, T-RFLP was used for its resolving power
and because T-RFs can be used for cross-referencing with
other studies (Hewson and Fuhrman, 2006). Strong spatial and
temporal variations in bacterial communities were revealed by
ordination of T-RFLP profiles (Figure 2). A posteriori fitting of

Shttp://huttenhower.sph.harvard.edu/galaxy/

physicochemical and pesticide variables revealed that changes in
bacterial community composition correlated significantly only
with redox potential (p < 0.05).

These results are consistent with previous data from a
related study of the Ariége aquifer that suggested that bacterial
communities were influenced by hydrogeological conditions
and triazines (Mauffret et al., 2017). In this study, however,
correlation with pesticide levels was not apparent. Indeed,
changes in overall bacterial composition following disturbance by
chronic and low exposure in multi-contaminated groundwater
are unlikely to be easily detected due to often large and
uncontrollable effects of changes in physico-chemical conditions
in situ, unlike the effect of acute and punctual contamination by
industrial solvents for example (Imfeld et al., 2008; Rossi et al.,
2012). We focused on the currently used and often detected MET
herbicide rather than on banned historical contaminants such
as triazines, which continue to persist in groundwater. To test
whether MET and its metabolites affected specifically bacterial
assemblages, the 27 samples were clustered for comparison into
two homogenous subgroups of lower (<1.4 pg L™!, n = 13)
and higher (>1.4 pg L™!, n = 14) concentrations of both
MET and transformation products (TP). The two clusters of
bacterial assemblages did not differ (p < 0.01; effect size Hedges’
g < 0.10), suggesting little effect of MET and its TP on
groundwater communities. This also supports the notion that
the response of bacterial groundwater communities to MET
in situ cannot easily be teased apart from the effects of variations
of hydrogeological conditions using T-RFLP. Worthy of note,
T-RFLP of 16S rRNA genes, as other fingerprinting techniques,
may suffer not only from a dependence of the data obtained
on the protocol used for extraction of nucleic acids from
groundwater samples, which may limit reproducibility between
groundwater wells, but also from the high differential required
to reliably detect a dose-dependent response at environmentally
relevant concentrations. Thus, an in labo microcosm approach
under controlled conditions was subsequently used in order
to characterize MET degradation potential and composition of
bacterial communities from contaminated groundwater as a
function of MET exposure.

Effect of MET Exposure on Bacterial
MET Degradation

Variations in physicochemical conditions and heterogeneity
of aquifer structure may not only affect the composition of
bacterial communities, but also its metabolic activity (Imfeld
et al., 2011; Rossi et al, 2012). We thus evaluated whether
different levels of MET exposure affected pesticide degradation
as the key function of interest in the contaminated aquifer, and
whether the bacterial response correlated with historical records
of groundwater contamination.

The extent of MET dissipation in exposure experiments with
groundwater from wells 151 (chronic exposure to MET) and
224 (historical records of very low MET detection) ranged from
20 to 51% after 21 days (Table 1). No MET dissipation was
observed in the abiotic control (data not shown). Change in
carbon isotope composition after 50% MET dissipation during
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this experiment (Table 1) highlight MET biodegradation, and
are consistent with previous studies (Elsayed et al., 2014; Elsner
and Imfeld, 2016). Specifically, MET was slightly enriched in
13C (>1%o) in the 5 mg L™! experiments compared to initially
spiked MET. Historical MET exposure also correlated with a
more limited extent of MET dissipation in groundwater from
well 151 exposed to 0.1 mg L~! MET. Since hydrochemical
conditions were the same in the different microcosms, it
is likely that they do not affect degradation (Table 1 and
Supplementary Section E). Extent of MET degradation did not
change significantly across experiments, including at high MET
concentrations. This suggests a lack of community sensitivity to
MET exposure levels, or alternatively, fast recovery or adaptation
of groundwater functions to degrade MET at high MET exposure
levels. This phenomenon was observed previously for different
pesticides in soil (Jacobsen and Hjelmso, 2014).

Effect of Groundwater on Production of
MET Transformation Products

The spectrum of known polar MET transformation products
(TP) was analyzed to evaluate production and dissipation of
MET TP (Amalric et al., 2013; Sidoli et al., 2016) in laboratory

experiments. Both MET OXA and ESA were detected in
experiments with groundwater from well 151, whereas only
ESA was detected in those with groundwater from well 224
(Table 1). This corresponded to TP patterns in the initial
groundwater wells. ESA and OXA formation was suggested
to be mediated by glutathione-S-transferases (GSTs) (Graham
et al., 1999), but no enzyme acting on chloroacetanilides has yet
been described. The previously reported abiotic dechlorination
of chloroacetanilides to ESA by reduced sulfur species under
sulfate-reducing conditions (Cai et al., 2007; Bai et al., 2013)
is unlikely in this case because of the aerobic conditions in
our experiments. Thus, OXA could be preferentially degraded
in experiments with well 224 groundwater, although OXA
was not detected in initial groundwater (Supplementary
Section D). MET may also be degraded to ESA and OXA
via other yet unknown enzymatic pathways (Barbash et al,
1999). Nevertheless, TP other than MET OXA and ESA were
often prominent, most notably in experiments spiked with
5 mg L™! MET (Table 1). The detected TP suggested that
degradation pathways involving 4-(2-ethyl-6-methylphenyl)-5-
methyl-3-morpholinone, a major photolysis product (Mathew
and Khan, 1996), or hydroxymetolachlor, an important fungal
and bacterial degradate (Sanyal et al., 2000), were operative in our

Frontiers in Microbiology | www.frontiersin.org

October 2018 | Volume 9 | Article 2053


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Imfeld et al.

Monitoring Metolachlor Toxicity in Groundwater

<
s
Q| < [N
“é, | -~ o ~- Lo
E 5| HHHHH
= S v = 0=«
3 81 0o oo
° g - - - = F
£
S
a
5 v
O| @ 0 oc oy
c 8/ 00 300
51w |22 |
o | = b vV V.S Vv
S © -
o | T
S s
58
5| ¥
E=] [ = o @]
S wl e 50 0 ©
—
> = S 2N v 3T
2 g v v
k]
@
©
=z <
s g
£ o
S c
@
g S
£ o
g §v—r\°°oLo
= Ol coc g Jdo
o c \%
£
=
Q B
Q o
¢l | £
s | F
o | o
T | -
T | o
= 3
3 | S
O,
5 | T ©
[ = I
e | a £
o) 3 = ©
£ |8 < < & <«
c | 3 E | 0D EBD D
c S g | WW s W
2 & = IS
5 o
< £ 5
e |8 S
IS ©
£ g
- S
3} o
@ ‘G <
o 2 Q9T - 29
5 S W o oado o
g | F
c
il
=
S g g
o0
2 g oa-a808
o o & oo 2
£ VY,
o]
o
[
Q
2 © [aV]
° Eo‘c\lm.mj
2 o | © g o =
a
S
]
(2
o —
I
o)
CLU - c o o % 9o
&) =] 0 — o O %
S £ O 0 O O W
© = o o % I 9
2 F S o« Vo
S | w
s | 2
o
kel
©
KRS
5 |1
S| =
o o
=3 £
5§ | =
= c
© - -
3 S o5 wog
s | E
5
S ]
3 [}
=
M
S | 2
-
w
a | =
3 <
< < ) N
k=2 - N

102 +£8

1.2+05

51

30

MET morpholinone®

<LOQ 0.6

30.6

2.456°
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aMET concentration in collected groundwater.

PMET and TP concentrations measured after 21 days of groundwater incubation at 20°C.

©4-(2-ethyl-6-methyiphenyl)-5-methyl-3-morpholinone.

9The error given for A3"3C values was calculated from >3 measurements for each sample, via error propagation based on + one standard deviation of mean 3'3C-values.

©The error given for luminescence (%) values corresponds to + one standard deviation of the mean from >3 measurements for each sample.

microcosms and thus potentially also in groundwater. Alternative
degradation pathways that do not involve OXA and ESA as
intermediates were previously observed in artificial wetlands
(Elsayed et al., 2015) and at the agricultural catchment scale
(Marie et al., 2017).

Worthy of note, the TP/MET ratio was highest (about 9%) in
the experiment with 151 groundwater (chronical MET exposure)
at 0.1 mg L™! MET, but remained below 3% in the other
experiments. This suggests that TP were rapidly degraded, since
accumulation of TP resulted in apparent reduction of MET
dissipation rates in some experiments (Table 2). Alternatively, it
is possible that other unknown but relevant TP of MET were not
detected.

Potential Toxicity Effects of MET
Exposure on Groundwater Bacterial

Communities

Viable cell counts on solid medium were very similar in all
microcosms experiments irrespectively of MET exposure level
(Supplementary Section F), suggesting that toxic effects of
MET on the bacterial compartment were minor. Potential
effects of MET and its degradates produced in microcosms
on bacterial metabolic activity were further probed using the
standard Microtox® bacterial assay, which relies on disruption
of luminescence production by a tester bacterial strain. The
standard Microtox® test was chosen as it is routinely used,
standardized and cost-effective. Previously reported ECsg values
ranging from 15.3 to 19.1 mg L~! (Kock et al., 2010; Souissi
et al, 2013) for pure MET are very high, and indeed, no
effects of MET in pure water were detected below 30 uM (ie.,
8.5 mg L~! MET in pure water), with an ECyy for MET higher
than 40 uM (i.e., 11.4 mg L~! MET in pure water). In addition,
microcosm groundwater samples after 21 days of incubation did
not produce detectable effects (Supplementary Section G). This
confirms that as MET itself, transformation products of MET in
microcosms, be them identified or not, did not affect metabolism
of the Microtox® tester strain. Altogether, our data confirm that
the Microtox® is of poor value for ecotoxicity assessment of
MET, and that cultivation-dependent approaches may often be
less sensitive than cultivation-independent approaches to detect
potential bacterial toxicity in groundwater.

We thus turned to high-throughput sequencing of 16S rRNA
amplicons by Illumina MiSeq to evaluate to what extent this could
help characterize how the groundwater bacterial compartment
responds to MET (Tan et al., 2015).

Effect of MET Exposure on Groundwater

Bacterial Community

A total of 19 545 OTUs were obtained from the eight groundwater
experiments. OTUs covered 26 phyla, 179 families and 346
genera. Sequencing depth allowed to retrieve a representative
portion of total bacterial diversity (Supplementary Section H),
with diversity indices reaching asymptotes (Supplementary
Section I), indicative of sufficient sampling depth. The effect
of MET exposure on groundwater bacterial communities from
the eight groundwater experiments was assessed based on (i)

Frontiers in Microbiology | www.frontiersin.org

October 2018 | Volume 9 | Article 2053


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Imfeld et al.

Monitoring Metolachlor Toxicity in Groundwater

TABLE 2 | Richness, diversity and distribution of bacterial OTUs at 98% sequence identity, and relative distribution of abundant and rare OTUs in the initial groundwater

and the groundwater exposure experiments (21 days of incubation at 20°C).

Well Exposure to MET Chao 1 (Schao1) Shannon (H’) Simpson (S) Abundance range [%]
[mgL-1] Richness diversity diversity (inv.)
>10 <10-1 <1-0.1 <0.1
1561 Initial groundwater 8703 3.6 12 22.9 42.6 15.0 19.5
0 (no MET addition) 6900 4.6 30 1.0 50.3 145 24.3
0.1 7447 4.9 47 0 58.8 141 271
5 6829 4.6 32 10.7 46.8 12.4 30.1
224 Initial groundwater 7589 3.6 13 22.6 55.9 9.1 12.4
0 (no MET addition) 8318 41 23 21.3 51.7 9.5 17.5
0.1 7650 3.9 15 19.9 55.1 9.2 15.8
5 6741 3.9 16 18.9 54.7 10.6 15.9

diversity indices, (ii) relative distribution of abundant and rare
OTUs, and (iii) cluster analysis of Illumina MiSeq sequencing
data to evaluate changes in bacterial composition. Overall,
Shannon and inverse Simpson diversity indices, but not the Scp,01
estimator, were higher in experiments with well 151 groundwater
than with well 224 groundwater (Table 2). This mainly reflects
the relative distribution of abundant and rare OTUs in the two
wells. Over 70% of OTUs in well 224 experiments had high,
greater than 1% abundance (Table 2). By contrast, 34-42% of
OTUs in experiments with well 151 groundwater were either rare
(<1% abundance) or very rare (<0.1% abundance). In the latter
microcosms, very rare OTUs slightly increased with increasing
addition of MET, whereas they tended to decrease in experiments
with well 224 groundwater (Table 2). As previously reported for
soils (Jacobsen and Hjelmso, 2014), however, the variations in
groundwater community composition observed here were not
associated with differences in MET degradation, which did not
differ significantly across microcosms (Table 2).

Analyzing bacterial composition patterns in more detail,
Betaproteobacteria  (60%  sequence identity  clustering,
phylum/class level), represented over 60% of sequences
in initial groundwater and in experiments with well 224
groundwater involving MET addition, whereas they accounted
for less than 45% of sequences in well 151 groundwater
experiments (Figure 3A). In all groundwater experiments, the
8 most abundant families (80% clustering) represented 55% of
sequences, with Comamonadaceae the most abundant (>25%)
(Figure 3B), while at 98% clustering, the 25 most abundant OTUs
made up 90% of total sequences. Comamonadaceae increased
with MET addition in experiments with groundwater from
well 224 (>45%), compared to the experiment without MET
addition (<37%). Rhodobacteraceae became very rare (<0.1%) at
5 mg L™! exposure in experiments with groundwater from both
wells. Microbial diversity of MET-contaminated environments
and enzymes and pathways for MET degradation, in particular
in groundwater, are still unknown, preventing comparison with
other studies.

Cluster analysis was performed to better understand
the potential origin of the observed variations in bacterial
composition between microcosms, revealing four distinct
clusters (Figure 4A). Bacterial communities of the initial

groundwater clearly differed from samples obtained following
laboratory incubation, suggesting differentiation into distinct
communities in the different experiments. Samples were mainly
discriminated by well, ie., well 151 samples differed from
well 224 samples irrespectively of MET addition. Bacterial
composition in the different microcosms did not converge
with time, making it unlikely that storage and incubation had a
significant influence.

Overall, obtained data suggest that, even at doses exceeding
environmentally relevant and chronic concentrations by one
or two orders of magnitude, a 21-day exposure to MET and
its degradates modifies the diversity of dominant groups of
the bacterial community only to a minor extent. Nevertheless,
more subtle changes, e.g., in rare OTUs, may reflect adaptation
of bacterial communities to a specific factor such as presence
of a micropollutant or its degradation. This type of response,
however, may not have to be proportional to exposure dose,
and will thus likely be difficult to evidence at environmental
concentrations, as shown previously for soil (Crouzet et al,
2010). Worthy of note in the perspective of future studies,
temporal trajectories of community changes during incubation
may additionally evidence transient responses of groundwater
bacterial diversity during MET degradation. The tempo and
mode of this response may thus provide additional value of
DNA-based information for bioindication of ecosystem status
and potential for recovery following toxic impacts.

Further and even if community differentiation between
exposure levels can potentially be resolved at the OTU level
in some instances, its functional relevance will remain elusive
without additional information. In a further attempt to extract
useful information, we used Phylogenetic Investigation of
Communities by Reconstruction of Unobserved States (PICRUS,
Langille et al., 2013) as a first step toward evaluating functional
responses of groundwater bacterial communities exposed to
different MET levels.

Effect of MET Exposure on Predicted
Functional Properties of Bacterial

Communities
Changes in community functional profiles suggested by PICRUSt
were evaluated by cluster analysis, revealing two distinct
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clusters (Figure 4B). As for bacterial community composition,
different microcosms were mainly discriminated by groundwater
origin. Compared to bacterial composition profiles (Figure 4A),
however, the relative height of cluster separation was an order
of magnitude lower for functional predictions (Figure 4B),
confirming that changes in minor changes in predicted functions
were likely minor.

Interestingly, the three major predicted types of functions in
all microcosms were metabolism, genetic information processing

and environmental information processing, accounting for
47.1 + 1.2%, 16.6 = 0.5%, and 16.3 + 1.4% (mean £ 1 o,
n = 8) of functional counts, respectively (Supplementary
Section K). Functions for xenobiotics biodegradation and
metabolic pathways featured prominently, ranging from
22% (experiments with well 224 groundwater exposed to
MET) to 2.5% (experiments with well 151 groundwater) of
functional counts (Supplementary Section L). Predicted
pathways for glutathione metabolism, predicted to be associated
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TABLE 3 | OTUs exclusively found in groundwater experiments with low (no addition) or high exposure to MET (0.1 and 5 mg L~ ") in wells 151 and 224.

MET Well Number of OTUs? Relative abundance of specific OTUs [%]P
exposition (number of

sequences) 1511GW 1510 15101 1515 224 IGW 224 0 22404 224 5
MET addition 151 86 (1671) 0 0.40 2.10 0.18 0.05 0.04 0.05
(0.1 and
5mgL~")
No MET 151 125 (3913) 1.00 0.73 0 0 0.20 0.12 1.93 1.89
addition (IGW
and 0)
MET addition 224 172 (6877) 017 0.19 0.40 2.50 0 0 3.60 3.50
(0.1 and
5mglL~T)
No MET 224 43 (4644) 0.12 1.70 2.50 1.61 0.18 1.40 0 0
addition (IGW
and 0)
2MET addition 151 and 224 2 (40) 0 0.02 0.1 0 0 0.01 0.01
(0.1 and
5mgL")
aNo MET 151 and 224 1(7) <0.01 0.01 0 0 0.01 <0.01 0 0
addition (IGW
and 0)

IGW, initial groundwater. In bold are the relative abundance of sequences of the wells targeted by the search in the given MET exposure conditions.
a0TUs exclusively found in groundwater from both 151 and 224 wells at the given MET exposure conditions.
b Relative abundance of specific OTUs (%) relative to the total number of OTUs found in groundwater microcosms from both 151 and 224 wells at the given MET exposure

condlitions.

with chloroacetanilide transformation (Graham et al., 1999)
accounted for 0.5% of the functional counts, and did not vary
significantly across microcosms (Supplementary Section L).
In contrast, predicted metabolic pathways for atrazine had
very low (<0.03%) abundances, in agreement with very
minor concentrations of atrazine in groundwater samples
(Supplementary Section L).

16S rRNA OTUs as Potential Biomarkers
of MET Exposure

PICRUSt-based predictions suggest the occurrence of only
slightly distinct gene complements in the bacterial compartment
of the two tested groundwater wells, despite markedly different
contamination histories. This contrasts with previous work
on diverse environments contaminated with hydrocarbons,
where specific functional modules were identified that then
served as biomarkers to distinguish between different oil
contaminated sites (Mukherjee et al., 2017). Thus, and in the
absence of known functional markers for MET degradation,
we last asked the question whether taxonomical 16S rRNA
gene OTUs that exclusively responded to MET as potential
biomarkers of MET exposure could be identified, by comparison
of identified OTUs across the different microcosms. OTUs
which were exclusively found with increasing addition of
MET were sought. OTUs potentially correlating with MET
exposure varied between 0.4 and 3.6% of total OTUs across
all microcosm experiments (Table 3). Relative abundance of
sequences exclusively found at highest MET amendment (>3.5%)
was largest in experiments with well 224 groundwater. In
contrast, sequences uniquely found with MET addition in

experiments with well 151 represented only 0.4% (0.1 mg L™!
MET) and 2.1% (5 mg L=' MET) of total sequences. This
suggests that exposure to higher MET levels in groundwater
with a history of chronical (well 151) or very low (well 224)
exposure to MET was associated with a slight increase of specific
taxa. Strikingly, however, OTUs exclusively associated with either
unamended or MET-amended conditions were essentially well-
specific (Supplementary Section J). In other words, generally
applicable MET-responding OTUs are likely to be very limited.

MET-responding OTUs exclusively found in microcosms with
MET addition (0.1 or 5 mg L= 1) and common to well 151 and
well 224 yielded only 2 OTUs (i.e., <0.1% the total number of
OTUgs) affiliated to Clostridia sp., the unclassified OTU00544 and
Fastidiosipila sp. OTU00881. Conversely, OTU01317 (affiliated
to Gammaproteobacteria) was the only OTU common to both
wells and found exclusively in microcosms to which no MET
was added. The association between these two OTUs and MET
exposure is still unknown.

While this shows that bacterial OTUs specifically correlated
with MET exposure can in principle be identified by high-
throughput sequencing, it also confirms that their number will
be low, and of uncertain significance in the absence of further
information on the corresponding organisms and their metabolic
features. In this context, it is worth noting that unclassified
bacterial taxa systematically represented over 40% of total
sequences. This emphasizes the need to identify and characterize
a larger fraction of the bacteria detected in groundwater.
Specifically, experiments targeting metabolic activity of
identified OTUs of interest (such as OTU00544 and OTU00881
here), e.g., by way of shotgun sequencing of microcosm
metagenomes and assembly and analysis of associated contigs
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(Vanwonterghem et al., 2014), may help to identify organisms
and genes potentially involved in MET degradation.

CONCLUSION

This study evaluated the response of groundwater bacterial
communities exposed to MET and its degradates by coupling
in situ and in labo experiments, including CSIA and a culture-
independent 16S rRNA survey. The response of bacterial
communities exposed to chloroacetanilide herbicides could not
be teased apart from effects of hydrogeochemical conditions and
other pesticides in situ. Therefore, microcosm investigations on
groundwater samples under controlled conditions in labo were
used to filter out environmental in situ variations. Degradation of
MET did not correlate with MET exposure level, even at very high
MET exposure levels or in groundwater with no records of MET
contamination. Moreover, no relationship between bacterial
community composition as assessed by 16S rRNA amplicon
sequencing and extent of MET degradation was apparent. In
other words, detrimental toxic effects of metolachlor on the
bacterial compartment of groundwater were not apparent, as
also found by the standard Microtox® ecotoxicological assay.
Further, functional profiles of bacterial communities as predicted
from 16S rRNA by PICRUSt indicated only minor differences
in the gene complement of bacterial communities in association
with differences in pesticide contamination. Nevertheless, a
small number of OTUs whose abundance correlated with
levels of MET exposure were identified. This suggests that
alterations of groundwater communities exposed to pesticides
can be sensitively probed using high-throughput sequencing. In
conclusion, this study provides a possible analysis framework to

REFERENCES

Aird, D., Ross, M. G., Chen, W.-S,, Danielsson, M., Fennell, T., Russ, C.,
et al. (2011). Analyzing and minimizing PCR amplification bias in Illumina
sequencing libraries. Genome Biol. 12:R18. doi: 10.1186/gb-2011-12-2-r18

Amalric, L., Baran, N., Coureau, C., Maingot, L., Buron, F., and Routier, S.
(2013). Analytical developments for 47 pesticides: first identification of neutral
chloroacetanilide derivatives in French groundwater. Int. J. Environ. Anal.
Chem. 93, 1660-1675. doi: 0.1080/03067319.2013.853758

Babcsanyi, 1., Meite, F., and Imfeld, G. (2017). Biogeochemical gradients and
microbial communities in Winogradsky columns established with polluted
wetland sediments. FEMS Microbiol. Ecol. 93:fix089. doi: 10.1093/femsec/fix089

Bai, Z., Xu, H., He, H., Zheng, L., and Zhang, X. (2013). Alterations of microbial
populations and composition in the rhizosphere and bulk soil as affected by
residual acetochlor. Environ. Sci. Pollut. Res. Int. 20, 369-379. doi: 10.1007/
s11356-012-1061-3

Baran, N., and Gourcy, L. (2013). Sorption and mineralization of
S-metolachlor and its ionic metabolites in soils and vadose zone solids:
consequences on groundwater quality in an alluvial aquifer (Ain Plain,
France). J. Contam. Hydrol. 154, 20-28. doi: 10.1016/j.jconhyd.2013.
07.009

Becker, R. A., Chambers, J. M., and Wilks, A. R. (1988). The News Language: A
Programming Environment for Data Analysis and Graphics. Pacific Grove, CA:
Wadsworth & Brooks/Cole computer science series.

Barbash, J. E., Gail, P. T., Kolpin, D. W., and Gilliom, R. (1999). Distribution of
Major Herbicides in Ground Water of the United States. Sacramento, CA: U.S.
Geological Survey, Water-Resources Investigations Report 98-4245.

explore the potential of using bacteria as biomarkers of pesticide
contamination in aquifers.

AUTHOR CONTRIBUTIONS

GI and SV designed the work and critically revised the article.
GI, NB, BM, and SD collected and analyzed the samples. GI
drafted the article with contributions from LB, NB, and SV. All
co-authors analyzed and interpreted the data and approved the
final submitted version of the manuscript.

FUNDING

This research was carried out as part of the ELISE project funded
by the Bureau de Recherches Géologiques et Miniéres (BRGM),
the Adour-Garonne Water Agency (Grant No: 2010/6774)
(AEAG, France), and FEDER (European funds Grant No: 38771).

ACKNOWLEDGMENTS

We gratefully acknowledge the technical assistance of Christelle
Gruffaz, Muhammad Farhan Ul Haque and Meriem Maalej in
parts of this study.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2018.02053/full#supplementary-material

Cai, X., Sheng, G., and Liu, W. (2007). Degradation and detoxification of acetochlor
in soils treated by organic and thiosulfate amendments. Chemosphere 66,
286-292. doi: 10.1016/j.chemosphere.2006.05.011

Caracciolo, A., Fajardo, C., Grenni, P., Sacca, M., Amalfitano, S., Ciccoli, R., et al.
(2010). The role of a groundwater bacterial community in the degradation of
the herbicide terbuthylazine. FEMS Microbiol. Ecol. 71, 127-136. doi: 10.1111/j.
1574-6941.2009.00787.x

Crouzet, O., Batisson, I., Besse-Hoggan, P., Bonnemoy, F., Bardot, C., Poly, F., et al.
(2010). Response of soil microbial communities to the herbicide mesotrione: a
dose-effect microcosm approach. Soil Biol. Biochem. 42, 193-202. doi: 10.1016/
j.s0ilbi0.2009.10.016

Culman, S., Bukowski, R., Gauch, H., Cadillo-Quiroz, H., and Buckley, D.
(2009). T-REX: software for the processing and analysis of T-RFLP data. BMC
Bioinformatics 10:171. doi: 10.1186/1471-2105-10-171

de Lipthay, J., Tuxen, N., Johnsen, K., Hansen, L., Albrechtsen, H., Bjerg, P.,
et al. (2003). In situ exposure to low herbicide concentrations affects microbial
population composition and catabolic gene frequency in an aerobic shallow
aquifer. Appl. Environ. Microbiol. 69, 461-467. doi: 10.1128/ AEM.69.1.461-467.
2003

de Lipthay, J. R., Johnsen, K., Albrechtsen, H.-J., Rosenberg, P., and Aamand, J.
(2004). Bacterial diversity and community structure of a sub-surface aquifer
exposed to realistic low herbicide concentrations. FEMS Microbiol. Ecol. 49,
59-69. doi: 10.1016/j.femsec.2004.02.007

Elsayed, O., Maillard, E., Vuilleumier, S., and Imfeld, G. (2014). Bacterial
communities in batch and continuous-flow wetlands treating the herbicide
S-metolachlor. Sci. Total Environ. 499, 327-335. doi: 10.1016/j.scitotenv.2014.
08.048

Frontiers in Microbiology | www.frontiersin.org

October 2018 | Volume 9 | Article 2053


https://www.frontiersin.org/articles/10.3389/fmicb.2018.02053/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2018.02053/full#supplementary-material
https://doi.org/10.1186/gb-2011-12-2-r18
https://doi.org/0.1080/03067319.2013.853758
https://doi.org/10.1093/femsec/fix089
https://doi.org/10.1007/s11356-012-1061-3
https://doi.org/10.1007/s11356-012-1061-3
https://doi.org/10.1016/j.jconhyd.2013.07.009
https://doi.org/10.1016/j.jconhyd.2013.07.009
https://doi.org/10.1016/j.chemosphere.2006.05.011
https://doi.org/10.1111/j.1574-6941.2009.00787.x
https://doi.org/10.1111/j.1574-6941.2009.00787.x
https://doi.org/10.1016/j.soilbio.2009.10.016
https://doi.org/10.1016/j.soilbio.2009.10.016
https://doi.org/10.1186/1471-2105-10-171
https://doi.org/10.1128/AEM.69.1.461-467.2003
https://doi.org/10.1128/AEM.69.1.461-467.2003
https://doi.org/10.1016/j.femsec.2004.02.007
https://doi.org/10.1016/j.scitotenv.2014.08.048
https://doi.org/10.1016/j.scitotenv.2014.08.048
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Imfeld et al.

Monitoring Metolachlor Toxicity in Groundwater

Elsayed, O., Maillard, E., Vuilleumier, S., Millet, M., and Imfeld, G. (2015).
Degradation of chloroacetanilide herbicides and bacterial community
composition in lab-scale wetlands. Sci. Total Environ. 520, 222-231.
doi: 10.1016/j.scitotenv.2015.03.061

Elsner, M., and Imfeld, G. (2016). Compound-specific isotope analysis (CSIA)
of micropollutants in the environment - Current developments and future
challenges. Curr. Opin. Biotechnol. 41, 60-72. doi: 10.1016/j.copbio.2016.
04.014

Food and Agriculture Organization of the United Nations (FAO). FAOSTAT
Database Collections. Rome: FAOSTAT.

Graham, W. H., Graham, D. W., deNoyelles, F., Smith, V. H., Larive, C. K,,
and Thurman, E. M. (1999). Metolachlor and alachlor breakdown product
formation patterns in aquatic field mesocosms. Environ. Sci. Technol. 33,
4471-4476. doi: 10.1021/es990686z

Hensler, H. J., and Schedel, M. (1991). Suitability of the shaking flask for oxygen
supply to microbiological cultures. Bioprocess Eng. 7, 123-131. doi: 10.1007/
BF00369423

Hewson, I, and Fuhrman, J. A. (2006). Improved strategy for comparing microbial
assemblage fingerprints. Microb. Ecol. 51, 147-153. doi: 10.1007/500248-005-
0144-9

Imfeld, G., Nijenhuis, I., Nikolausz, M., Zeiger, S., Paschke, H., Drangmeister, J.,
et al. (2008). Assessment of in situ degradation of chlorinated ethenes and
bacterial community structure in a complex contaminated groundwater system.
Water Res. 42, 871-882. doi: 10.1016/j.watres.2007.08.035

Imfeld, G., Pieper, H., Shani, N., Rossi, P., Nikolausz, M., Nijenhuis, L, et al. (2011).
Characterization of groundwater microbial communities, dechlorinating
bacteria, and in situ biodegradation of chloroethenes along a vertical gradient.
Water Air Soil Polut. 221, 107-122. doi: 10.1007/s11270-011-0774-0

Imfeld, G., and Vuilleumier, S. (2012). Measuring the effects of pesticides on
bacterial communities in soil: a critical review. Eur. J. Soil Biol. 49, 22-30.
doi: 10.1016/j.€js0bi.2011.11.010

Jacobsen, C., and Hjelmso, M. (2014). Agricultural soils, pesticides and microbial
diversity. Curr. Opin. Biotechnol. 27, 15-20. doi: 10.1016/j.copbio.2013.09.003

Janniche, G., Spliid, H., and Albrechtsen, H. (2012). Microbial community-
level physiological profiles (CLPP) and herbicide mineralization potential in
groundwater affected by agricultural land use. J. Contam. Hydrol. 140, 45-55.
doi: 10.1016/j.jconhyd.2012.08.008

Jennings, V. L., Rayner-Brandes, M. H., and Bird, D. J. (2001). Assessing
chemical toxicity with the bioluminescent photobacterium (Vibrio Fischeri):
a comparison of three commercial systems. Wat. Res. 35, 3448-3456.
doi: 10.1016/S0043-1354(01)00067-7

Ju, C., Xy, ], Wu, X,, Dong, F., Liu, X., Tian, C,, etal. (2017). Effects of hexaconazole
application on soil microbes community and nitrogen transformations in
paddy soils. Sci. Total Environ. 609, 655-663. doi: 10.1016/j.scitotenv.2017.
07.146

Kalkhoff, S., Vecchia, A., Capel, P., and Meyer, M. (2012). Eleven-year trend in
acetanilide pesticide degradates in the Iowa River, Iowa. J. Environ. Qual. 41,
1566-1579. doi: 10.2134/jeq2011.0426

Kock, M., Farre, M., Martinez, E., Gajda-Schrantz, K., Ginebreda, A., Navarro, A.,
et al. (2010). Integrated ecotoxicological and chemical approach for the
assessment of pesticide pollution in the Ebro River delta (Spain). J. Hydrol. 383,
73-82. doi: 10.1016/j.jhydrol.2009.12.029

Langille, M., Zaneveld, J., Caporaso, J., McDonald, D., Knights, D., Reyes, J., et al.
(2013). Predictive functional profiling of microbial communities using 16S
rRNA marker gene sequences. Nat. Biotechnol. 31, 814-821. doi: 10.1038/nbt.
2676

Liebich, J., Wachtmeister, T., Zhou, J., and Burauel, P. (2009). Degradation
of diffuse pesticide contaminants: screening for microbial potential using a
functional gene microarray. Vadose Zone J. 8, 703-710. doi: 10.2136/vzj2008.
0072

Loos, R., Locoro, G., Comero, S., Contini, S., Schwesig, D., Werres, F., et al. (2010).
Pan-European survey on the occurrence of selected polar organic persistent
pollutants in ground water. Water Res. 44, 4115-4126. doi: 10.1016/j.watres.
2010.05.032

Lopez, B., Ollivier, P., Togola, A., Baran, N., and Ghestem, J. (2015). Screening
of French groundwater for regulated and emerging contaminants.
Sci.  Total — Environ. 518, 562-573. doi: 10.1016/j.scitotenv.2015.
01.110

Ma, Y., Liu, W,, and Wen, Y. (2006). Enantioselective degradation of rac-
metolachlor and S-metolachlor in soil. Pedosphere 16, 489-494. doi: 10.1016/
$1002-0160(06)60079-9

Mathew, R., and Khan, S. (1996). Photodegradation of metolachlor in water in
the presence of soil mineral and organic constituents. J. Agric. Food Chem. 44,
3996-4000. doi: 10.1021/jf960123w

Marie, L., Sylvain, P., Benoit, G., Maurice, M., and Gwenaél, I. (2017). Degradation
and transport of the chiral herbicide S-metolachlor at the catchment scale:
combining observation scales and analytical approaches. Environ. Sci. Technol.
51, 13231-13240. doi: 10.1021/acs.est.7b02297

Mauffret, A., Baran, N., and Joulian, C. (2017). Effect of pesticides and metabolites
on groundwater bacterial community. Sci. Total Environ. 576, 879-887.
doi: 10.1016/j.scitotenv.2016.10.108

Mauffrey, F., Baccara, P. Y., Gruffaz, C., Vuilleumier, S., and Imfeld, G. (2017).
Bacterial community composition and genes for herbicide degradation in a
stormwater wetland collecting herbicide runoff. Water Air Soil Pollut. 228:452.
doi: 10.1007/s11270-017-3625-9

McDonald, D., Price, M., Goodrich, J., Nawrocki, E., DeSantis, T., Probst, A., et al.
(2012). An improved Greengenes taxonomy with explicit ranks for ecological
and evolutionary analyses of bacteria and archaea. ISME J. 6, 610-618.
doi: 10.1038/isme;j.2011.139

Mukherjee, A., Chettri, B., Langpoklakpam, J., Basak, P., Prasad, A., Mukherjee, A.,
et al. (2017). Bioinformatic approaches including predictive metagenomic
profiling reveal characteristics of bacterial response to petroleum hydrocarbon
contamination in diverse environments. Sci. Rep. 7:1108. doi: 10.1038/s41598-
017-01126-3

Organisation for Economic Co-operation and Development [OECD] (1981). Test
No. 302C: Inherent Biodegradability: Modified MITI Test (II). Paris: OECD
Publishing.

Parks, D., Tyson, G., Hugenholtz, P., and Beiko, R. (2014). STAMP: statistical
analysis of taxonomic and functional profiles. Bioinformatics 30, 3123-3124.
doi: 10.1093/bioinformatics/btu494

The Pesticide Properties DataBase [PPDB] (2006). Developed by the Agriculture &
Environment Research Unit (AERU) at the University of Hertfordshire, from the
database that Originally Accompanied the EMA (Environmental Management
for Agriculture) Software (also developed by AERU), with Additional Input From
the EU -Funded FOOTPRINT project (FP6 SSP-022704). Available at: https:
/Isitem.herts.ac.uk/aeru/ppdb/en/

Postigo, C., and Barcelo, D. (2015). Synthetic organic compounds and their
transformation products in groundwater: Occurrence, fate and mitigation. Sci.
Total Environ. 503, 32-47. doi: 10.1016/j.scitotenv.2014.06.019

R Core Team (2017). R: A language and environment for statistical computing.
Vienna: R Foundation for Statistical Computing. Available at: URL http://www.
R-project.org/

Rossi, P., Shani, N., Kohler, F., Imfeld, G., and Holliger, C. (2012). Ecology
and biogeography of bacterial communities associated with chloroethene-
contaminated aquifers. Front. Microbiol. 3:260. doi: 10.3389/fmicb.2012.
00260

Sanyal, D., Yaduraju, N., and Kulshrestha, G. (2000). Metolachlor persistence in
laboratory and field soils under Indian tropical conditions. J. Environ. Sci.
Health B. 35, 571-583. doi: 10.1080/03601230009373293

Schloss, P., Westcott, S., Ryabin, T., Hall, J.,, Hartmann, M., Hollister, E.,
et al. (2009). Introducing mothur: open-Source, platform-independent,
community-supported software for describing and comparing microbial
communities. Appl. Environ. Microbiol. 75, 7537-7541. doi: 10.1128/AEM.
01541-09

Sidoli, P., Lassabatere, L., Angulo-Jaramillo, R., and Baran, N. (2016). Experimental
and modeling of the unsaturated transports of S-metolachlor and its metabolites
in glaciofluvial vadose zone solids. J. Contam. Hydrol. 190, 1-14. doi: 10.1016/j.
jconhyd.2016.04.001

Singh, B., and Singh, K. (2016). Microbial degradation of herbicides. Crit. Rev.
Microbiol. 42, 245-261. doi: 10.3109/1040841X.2014.929564

Souissi, Y., Bouchonnet, S., Bourcier, S., Kusk, K., Sablier, M., and Andersen, H.
(2013). Identification and ecotoxicity of degradation products of
chloroacetamide herbicides from UV-treatment of water. Sci. Total Environ.
458, 527-534. doi: 10.1016/j.scitotenv.2013.04.064

Tan, B., Ng, C., Nshimyimana, J., Loh, L., Gin, K., and Thompson, J. (2015).
Next-generation sequencing (NGS) for assessment of microbial water quality:

Frontiers in Microbiology | www.frontiersin.org

October 2018 | Volume 9 | Article 2053


https://doi.org/10.1016/j.scitotenv.2015.03.061
https://doi.org/10.1016/j.copbio.2016.04.014
https://doi.org/10.1016/j.copbio.2016.04.014
https://doi.org/10.1021/es990686z
https://doi.org/10.1007/BF00369423
https://doi.org/10.1007/BF00369423
https://doi.org/10.1007/s00248-005-0144-9
https://doi.org/10.1007/s00248-005-0144-9
https://doi.org/10.1016/j.watres.2007.08.035
https://doi.org/10.1007/s11270-011-0774-0
https://doi.org/10.1016/j.ejsobi.2011.11.010
https://doi.org/10.1016/j.copbio.2013.09.003
https://doi.org/10.1016/j.jconhyd.2012.08.008
https://doi.org/10.1016/S0043-1354(01)00067-7
https://doi.org/10.1016/j.scitotenv.2017.07.146
https://doi.org/10.1016/j.scitotenv.2017.07.146
https://doi.org/10.2134/jeq2011.0426
https://doi.org/10.1016/j.jhydrol.2009.12.029
https://doi.org/10.1038/nbt.2676
https://doi.org/10.1038/nbt.2676
https://doi.org/10.2136/vzj2008.0072
https://doi.org/10.2136/vzj2008.0072
https://doi.org/10.1016/j.watres.2010.05.032
https://doi.org/10.1016/j.watres.2010.05.032
https://doi.org/10.1016/j.scitotenv.2015.01.110
https://doi.org/10.1016/j.scitotenv.2015.01.110
https://doi.org/10.1016/S1002-0160(06)60079-9
https://doi.org/10.1016/S1002-0160(06)60079-9
https://doi.org/10.1021/jf960123w
https://doi.org/10.1021/acs.est.7b02297
https://doi.org/10.1016/j.scitotenv.2016.10.108
https://doi.org/10.1007/s11270-017-3625-9
https://doi.org/10.1038/ismej.2011.139
https://doi.org/10.1038/s41598-017-01126-3
https://doi.org/10.1038/s41598-017-01126-3
https://doi.org/10.1093/bioinformatics/btu494
https://sitem.herts.ac.uk/aeru/ppdb/en/
https://sitem.herts.ac.uk/aeru/ppdb/en/
https://doi.org/10.1016/j.scitotenv.2014.06.019
http://www.R-project.org/
http://www.R-project.org/
https://doi.org/10.3389/fmicb.2012.00260
https://doi.org/10.3389/fmicb.2012.00260
https://doi.org/10.1080/03601230009373293
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1016/j.jconhyd.2016.04.001
https://doi.org/10.1016/j.jconhyd.2016.04.001
https://doi.org/10.3109/1040841X.2014.929564
https://doi.org/10.1016/j.scitotenv.2013.04.064
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Imfeld et al.

Monitoring Metolachlor Toxicity in Groundwater

current progress, challenges, and future opportunities. Front. Microbiol. 6:1027.
doi: 10.3389/fmicb.2015.01027

Tuxen, N., De Lipthay, J., Albrechtsen, H., Aamand, J., and Bjerg, P. (2002). Effect
of exposure history on microbial herbicide degradation in an aerobic aquifer
affected by a point source. Environ. Sci. Technol. 36, 2205-2212. doi: 10.1021/
es0113549

Vanwonterghem, L, Jensen, P. D., Ho, D. P., Batstone, D. J., and Tyson, G. W.
(2014). Linking microbial community structure, interactions and function in
anaerobic digesters using new molecular techniques. Curr. Opin. Biotechnol. 27,
55-64. doi: 10.1016/j.copbio.2013.11.004

Walters, W., Caporaso, J., Lauber, C., Berg-Lyons, D., Fierer, N., and Knight, R.
(2011). PrimerProspector: de novo design and taxonomic analysis of barcoded
polymerase chain reaction primers. Bioinformatics 27, 1159-1161. doi: 10.1093/
bioinformatics/btr087

Ward, J. H. Jr. (1963). Hierarchical grouping to optimize an objective function.
J. Am. Stat. Assoc. 58, 236-244. doi: 10.1080/01621459.1963.10500845

Xu, D., Wen, Y., and Wang, K. (2010). Effect of chiral differences
of metolachlor and its (S)-isomer on their toxicity to earthworms.
Ecotoxicol. Saf. 73, 1925-1931. doi: 10.1016/j.ecoenv.2010.

07.035

Environ.

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Imfeld, Besaury, Maucourt, Donadello, Baran and Vuilleumier.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

14 October 2018 | Volume 9 | Article 2053


https://doi.org/10.3389/fmicb.2015.01027
https://doi.org/10.1021/es0113549
https://doi.org/10.1021/es0113549
https://doi.org/10.1016/j.copbio.2013.11.004
https://doi.org/10.1093/bioinformatics/btr087
https://doi.org/10.1093/bioinformatics/btr087
https://doi.org/10.1080/01621459.1963.10500845
https://doi.org/10.1016/j.ecoenv.2010.07.035
https://doi.org/10.1016/j.ecoenv.2010.07.035
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Toward Integrative Bacterial Monitoring of Metolachlor Toxicity in Groundwater
	Introduction
	Materials and Methods
	Chemicals
	Groundwater Site
	Groundwater Collection
	Laboratory Exposure Experiments
	Chemical Analysis
	Hydrogeochemical Analysis
	Pesticide and TP Analysis of Field Samples
	Carbon Stable Isotope Analysis of MET

	Enumeration of Viable Cells and Microtox® Assay
	Biomolecular Analyses
	DNA Extraction
	T-RFLP Analysis of Groundwater Samples
	Illumina MiSeq Sequencing and Data Processing

	Data Analysis
	PICRUSt Analysis
	Statistical Analysis


	Results and Discussion
	Groundwater Bacterial Communities and Effect of Environmental Variables
	Effect of MET Exposure on Bacterial MET Degradation
	Effect of Groundwater on Production of MET Transformation Products
	Potential Toxicity Effects of MET Exposure on Groundwater Bacterial Communities
	Effect of MET Exposure on Groundwater Bacterial Community
	Effect of MET Exposure on Predicted Functional Properties of Bacterial Communities
	16S rRNA OTUs as Potential Biomarkers of MET Exposure

	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


