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Toxic and persistent contaminants in groundwater are technologically difficult to
remediate. Remediation techniques using nanoparticles (NPs) such as nZVI (Zero-
Valent Iron) are applicable as in situ reduction or oxidation agents and give promising
results for groundwater treatment. However, these NP may also represent an additional
contamination in groundwater. The aims of this study are to assess the impact of
nZVI on the nitrate-reducing potential, the abundance and the structure of a planktonic
nitrate-reducing bacterial community sampled in groundwater from a multicontaminated
site. An active nitrate-reducing bacterial community was obtained from groundwater
samples, and inoculated into batch reactors containing a carbon substrate, nitrate and a
range of nZVI concentrations (from 0 to 70.1 mg Fe.L−1). Physical (pH, redox potential),
chemical (NO−3 concentrations) and biological (DNA, RNA) parameters were monitored
during 1 week, as well as nZVI size distribution and mortality of bacteria. Nitrate-reducing
activity was temporally stopped in the presence of nZVI at concentrations higher than
30 mg L−1, and bacterial molecular parameters all decreased before resuming to initial
values 48 h after nZVI addition. Bacterial community composition was also modified
in all cultures exposed to nZVI as shown by CE-SSCP fingerprints. Surprisingly, it
appeared overall that bacteria viability was lower for lower nZVI concentrations. This
is possibly due to the presence of larger, less reactive NP aggregates for higher nZVI
concentrations, which inhibit bacterial activity but could limit cell mortality. After 1 week,
the bacterial cultures were transplanted into fresh media without nZVI, to assess their
resilience in terms of activity. A lag-phase, corresponding to an adaptation phase
of the community, was observed during this step before nitrate reduction reiterated,
demonstrating the community’s resilience. The induction by nZVI of modifications in the
bacterial community composition and thus in its metabolic potentials, if also occurring
on site, could affect groundwater functioning on the long term following nZVI application.
Further work dedicated to the study of nZVI impact on bacterial community directly
on site is needed to assess a potential impact on groundwater functioning following
nZVI application.

Keywords: zero-valent iron nanoparticles (nZVI), groundwater, nitrate-reducing bacterial community,
ecotoxicity, remediation

Frontiers in Microbiology | www.frontiersin.org 1 March 2019 | Volume 10 | Article 533

https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2019.00533
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmicb.2019.00533
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2019.00533&domain=pdf&date_stamp=2019-03-19
https://www.frontiersin.org/articles/10.3389/fmicb.2019.00533/full
http://loop.frontiersin.org/people/508031/overview
http://loop.frontiersin.org/people/385444/overview
http://loop.frontiersin.org/people/700349/overview
http://loop.frontiersin.org/people/638689/overview
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-00533 March 19, 2019 Time: 11:44 # 2

Crampon et al. nZVI Toxicity Towards Bacteria

INTRODUCTION

Due to their specific properties and high specific surface area,
engineered nanoparticles (NP) are increasingly produced and
used, leading to higher releases in the environment (Buzea et al.,
2007). In particular, use of nanotechnology for environmental
applications, such as remediation of contaminated groundwater,
have steadily increased (Bardos et al., 2018). Among NP,
nanoscale Zero-valent Iron (nZVI) particles are one of the
most widely used NP for nanoremediation, because of their
capacity to degrade a wide range of contaminants (Zhang,
2003; Zhang and Elliott, 2006; Mueller et al., 2012). Zero-
valent iron (ZVI) is efficient for the dechlorination of PCE
because of its ability to dehalogenate chlorinated compounds
by chemical reduction (Fu et al., 2014). ZVI can be used in
groundwater in permeable reactive barriers (PRB), that show
effective degradation, but this technique is expensive, invasive
and constrained by installation limits (Obiri-Nyarko et al.,
2014). In this framework, an interesting alternative, can be
direct injection of ZVI NPs into the aquifer, enabling the
treatment of both source and plume areas (Cundy et al., 2008;
Thiruvenkatachari et al., 2008; Stefaniuk et al., 2016). However,
when directly injected into an aquifer, nZVI widely interact with
bacteria and bacterial biofilms (Goldberg et al., 2007), which
may affect nZVI mobility and reactivity. These NP may also
present a toxicity for groundwater bacteria. Bacteria present
in groundwater are relevant and sensitive indicators of soil
or groundwater perturbations because of their key role in
biogeochemical cycling (Brookes, 1995; Kandeler et al., 1996;
Holden et al., 2014). They can be particularly important in the
case of contaminated groundwater because of their ability to
metabolize a wide range of contaminants (Antizar-Ladislao and
Galil, 2010; Weaver et al., 2015; Zhao et al., 2016). Thus if nZVI
application affects bacterial communities then it will also affect
biogeochemical reactions occurring in the subsurface.

Several mechanisms of nZVI toxicity towards living organisms
have been identified. The first is direct nZVI contact with
biological components (O’Carroll et al., 2013). In the majority of
studies that used electron microscopy to evaluate damage to cell
integrity, precipitation of nZVI or iron oxides on the cell wall or
inside the bacterial cells was commonly observed, suggesting that
direct contact of nZVI with bacterial cells is required for nZVI to
exert toxicity (Auffan et al., 2008; Diao and Yao, 2009; An et al.,
2010; Barnes et al., 2010; Li et al., 2010; Xiu et al., 2010; Sevcu
et al., 2011; Wille et al., 2017; Jiang et al., 2018; Xue et al., 2018).
The second is the release of reactive oxidative species (ROS), such
as hydroxyl radicals, superoxide radicals and hydrogen peroxide
(Barnes et al., 2010), generated by nZVI in the aqueous phase
(Liu et al., 2014). ROS are normally scavenged by antioxidants
and various enzymes; however, elevated concentrations of ROS
in microbial cells can result in oxidative stress. The damages
caused to DNA in the presence of various organisms, including
bacteria, were observed in other studies (Sacca et al., 2014;
Ghosh et al., 2017). It has also been shown that some bacteria
are able to produce proteins that protect them from oxidative
stress caused by nZVI (Chaithawiwat et al., 2016; Xue et al.,
2018). When nZVI is added into an aqueous medium, a burst

of oxidants is produced as Fe0 and ferrous iron (Fe[II]) are
converted to ferric iron (Fe[III]). Finally, the release of ferrous
iron from nZVI followed by the Fenton reaction can also affect
organisms (Xie and Cwiertny, 2012). Furthermore, although the
mechanism of nZVI toxicity at the cellular level has not been
fully determined, recent studies support the combined effect of
biophysical nanoparticle/cell interactions and oxidative stress (Li
et al., 2010; Wille et al., 2017; Crampon et al., 2018).

Impact of nZVI towards bacteria has been considerably
studied (Jang et al., 2014), sometimes highlighting positive
impacts (Wei et al., 2012; Kocur et al., 2016; Dong et al.,
2019) and sometimes negative ones (Fajardo et al., 2013; Sacca
et al., 2014; Dong et al., 2019). However, these studies generally
focus on isolated species rather than addressing the complexity
of natural groundwater bacterial communities (Lefevre et al.,
2016) although toxicity of xenobiotics may be affected by
interactions between the different members of a community.
It is thus important to study their impact at the community
scale. Indeed, inside a community, the degradation processes
are often the result of synergistic degradation or cooperative
metabolic interactions (Dejonghe et al., 2003; Freilich et al.,
2011), especially in the case of multi-contamination. All members
of the community may thus have a key-role in the degradation
process. As it has been shown that nZVI may inhibit some groups
but not the others inside a bacterial community (Kirschling et al.,
2010; Xiu et al., 2010; Fajardo et al., 2013; Xue et al., 2018; Dong
et al., 2019), it is important to characterize the toxicity at the scale
of the whole community.

In this context, this study aims to deepen our understanding of
the impact of nZVI towards groundwater bacterial communities
by monitoring the impact of a gradient of nZVI concentrations
on the nitrate-reducing potential, the abundance and the
structure of a planktonic nitrate-reducing bacterial community.
The experimental design was set up in order to monitor
bacterial community resistance then resilience after being
exposed to nZVI.

MATERIALS AND METHODS

Experimental Design
Both the toxicity of nZVI towards bacteria and the resilience
of bacteria were studied by using a series of batch experiments.
Three distinct steps were carried out and are illustrated in
Figure 1. Step 1 consisted in enriching a heterotrophic nitrate-
reducing community from a natural groundwater collected
from an industrial site by adding a carbon substrate [10 mM
sodium acetate (C2H3NaO2)], yeast extracts at 0.2 g L−1 and
sodium nitrate (NaNO3) to a volume of groundwater (v/v)
and monitoring nitrate reduction (Wille et al., 2017). Total
nitrate reduction was obtained after about 48 h, then experiment
proceeded to step 2. Step 2 was carried out for almost 5 days
and consisted in two phases. The first one was the inoculation of
the pre-culture at a ratio of 1/10 into hermetically sealed 250 mL
Schott R©flasks containing 180 mL of synthetic water enriched with
a carbon substrate (10 mM sodium acetate), yeast extracts at
0.2 g L−1 and sodium nitrate, for a final volume of 200 mL.
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FIGURE 1 | Experimental setup of the study with colors corresponding to the analyses on microbial communities: green for activity parameters, blue for abundance,
and red for structural parameters. Panel (A–D) correspond to the different nZVI concentrations; these letters are used throughout the paper to discuss the
different concentrations.

The second phase started after 19 h incubation in the dark
at 20◦C under agitation and confirmation of triggered nitrate
reduction, when nZVI was added to triplicate flasks in order to
expose the bacteria to a gradient of nZVI amounts: condition A
(control without nZVI), B (8.6 mg Fe.L−1), C (30.8 mg Fe.L−1),
and D (70.1 mg Fe.L−1). The addition of nZVI was carried out
in an anaerobic chamber under a continuous flow of nitrogen
(Figure 1). A sterile control without the bacterial inoculum was
set up for each condition. 12 mL of liquid samples were collected
daily up to 91 h incubation (at 0, 19, 43, 67, and 91 h, samples
called T0, T19, T43, T67, and T91, respectively), and analyzed
for chemical and biological parameters as described below. nZVI
were added to the cultures after the T19 sampling. The third and
last step of the experiment consisted of re-inoculating bacterial
communities from conditions A, B, C, and D into fresh media
(ratio 1/10, synthetic water in the same conditions as step 2)
without nZVI to assess community resilience. These new batches
were monitored for 3 days until all nitrate was reduced (samples
collected at 0, 15, and 39 h incubation).

The synthetic water used in these experiments is FIm water
corresponding to moderately hard water as described in US EPA
Report EPA-821-R-02-012, Section 7.2.3.1 (US EPA, 2002). This
water was prepared as previously described in Crampon et al.
(2018), and was composed of 96 mg L−1 NaHCO3, 60 mg L−1

CaSO4.2H2O, 60 mg L−1 MgSO4, and 4 mg L−1 KCl. The
pH ranged from 7.4 to 7.8, the hardness ranged from 80
to 100 mg CaCO3.L−1 and the alkalinity from 57 to 64 mg
CaCO3.L−1 as described by US EPA. The synthetic water
was purged with N2 to remove any oxygen prior to culture
medium preparation.

In this experimental setup, as a model activity for the
groundwater bacterial community, we focused on bacterial
nitrate reduction. This was assessed by measuring nitrate
depletion and the abundance of the narG gene and its

expression. The overall bacterial community was also
characterized by determining abundance (qPCR 16S rRNA),
structure (CE-SSCP), composition (Cloning/Sequencing) and
viability (LIVE&DEAD R©). Physico-chemical parameters
were also followed such as pH, redox potential (ORP)
and NP size. All analytical approaches are described in the
following sections.

Physico-Chemical Analyses
Fe concentrations were measured by ICP-AES (Jobin Yvon
Horiba Ultima 2; Horiba, Japan) in water samples from the
cultures at the beginning of the experiment, after acidification
with HCl (to obtain a pH < 2). Presented values correspond
to the means of two culture replicates for each range of nZVI
concentration. Obtained Fe concentrations were 8.6 ± 1.4 mg
Fe.L−1 (n = 2) for the lower concentrations (condition
B), 30.8 ± 10.2 mg Fe.L−1 for intermediate concentrations
(condition C) and 70.1 ± 14.8 mg Fe.L−1 for higher
concentrations (condition D).

Due to the presence of ions in the culture medium, NP
aggregates were expected to form. The size and zeta potentials
of these aggregates were consequently measured. The size of
NP aggregates was measured using Dynamic Light Scattering
(DLS, Malvern Zetasizer Nano ZS, Malvern, United Kingdom) in
cultures at the end of step 2. It was not possible to distinguish here
homo- (formed by nZVI aggregation) from hetero- aggregates
(formed by aggregation of nZVI with bacteria and/or biofilm).
Electrophoretic mobility (EPM) was measured and the apparent
zeta potential at 25◦C was calculated automatically by Zetasizer
software using the Smoluchowski equation (Hunter, 2001).
The polydispersity index (PdI) was used as an indicator of
the distribution width. A lower PdI corresponds to a lower
sorting of NP, due to the presence of a higher amount of
aggregates in solution.
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Measurements of pH and redox potential (ORP) were
performed for each sampling point in an anaerobic chamber
under N2 atmosphere. Measurements were done with a VTW
Multi parameter unit (VTW/Xylem, Inc., Germany) with specific
pH and ORP electrodes.

Nitrate Reduction Activity Measurements
The determination of nitrate concentrations was performed on
filtrated water (10 mL, filtration through a 0.22 µm mixed
cellulose esters membrane GSWP, Merck Millipore). The analyses
were performed at T0, and after 19, 43 h (i.e., 24 h after nZVI
addition), 67 and 91 h growth during step 2 and at T0 and
after 15 and 39 h growth during step 3. The concentrations of
NO3-N were determined by spectrophotometry using a Nova 60
Spectroquant spectrophotometer (Merck/Millipore, Germany)
with a specific Spectroquant nitrate kit (reference 114563,
Merck/Millipore). The range of concentrations of the kits was
0.1 to 25 mg L−1 of NO3-N. We decided to focus here on
nitrate measurements rather than on the reduction product
nitrite as it was only transient and most often below limits of
quantification when measured.

Characterization of Bacterial
Communities
LIVE/DEAD R© BacLightTM Viability Assays
LIVE/DEAD R© BacLightTM Bacterial Viability Kits were used
according to the manufacturer’s instructions (Invitrogen,
Carlsbad, CA, United States). In brief, a volume of reactive
containing a mixture of SYTO 9 dye (green-fluorescent nucleic
acid stain) and Propidium iodide (red-fluorescent nucleic acid
stain) is added to an equal volume of culture medium, mixed
then incubated in the dark at room temperature for 15 min. Cells
are then observed and counted using a fluorescent microscope
with filters in the range of 480/500 nm for SYTO 9 stain and
490/635 nm for propidium iodide. SYTO 9 dye tends to stain
all bacteria in a population whereas propidium iodide only
penetrates cell walls of damaged bacteria, thus showing “live”
bacteria as green and “dead” bacteria as red. Observations were
made on samples from step 2, at T43, i.e., 24 h after nZVI
addition. Preliminary tests (data not shown) were performed on
the bacterial community at nZVI concentrations of 10, 30, and
50 mg Fe.L−1 to perform counts of living and dead cells.

DNA and RNA Extractions and cDNA Generation
Extractions of DNA and RNA were performed on samples before
nZVI addition (T19), after nZVI addition (T43, i.e., 24 h after
nZVI addition) and after 67 h incubation (T67, i.e., 48 h after
nZVI addition). Biomass was recovered by filtering 10 mL culture
on 0.22 µm filters (mixed cellulose esters membrane GSWP, Ø
25 mm, Merck Millipore).

Genomic DNA and total RNA were co-extracted directly from
the filters with the combination of MO Bio/QIAGEN (Valencia,
CA, United States) kits. First, RNA was extracted with Mo
Bio RNeasy R© PowerSoil R© Total RNA Kit, and DNA was then
recovered thanks to the DNA Elution Accessory Kit, according to
the manufacturer’s instructions. Remaining DNA was removed
from RNA extracts with the turbo DNase (Ambion, Carlsbad,

CA, United States) according to the manufacturer’s instructions,
and RNA was resubmitted to the purification step of the RNeasy R©

PowerSoil R© Total RNA Kit. The absence of DNA in RNA extracts
was confirmed by no PCR signal (see below for PCR conditions).
Quantifications of extracted RNA and DNA were performed with
the Quantus Fluorometer, using 1 µL extract and the QuantiFluor
dsDNA solution (Promega, Charbonnières-les-Bains, France).

The cDNA were obtained from 50 ng RNA extracts by RT-
PCR performed on with iScriptTM cDNA synthesis kit and
iScriptTM Reverse Transcription Supermix kit (Biorad), following
the manufacturer’s instructions.

DNA and cDNA were stored at−20◦C and RNA at−80◦C.

qPCR of 16S rRNA and narG Genes
Quantification of the bacterial 16S rRNA and narG gene
copies was performed by qPCR using a CFX ConnectTM

Real-Time PCR Detection System (Bio-Rad, France) with
primers 341F (3′-CCTACGGGAGGCAGCAG-5′) and 515R
(3′-ATTACCGCGGCTGCTGGCA-5′) (López-Gutiérrez
et al., 2004) for 16S rRNA gene, and primers narG-F
(5′-TCGCCSATYCCGGCSATGTC-3′) and narG-R (5′-
GAGTTGTACCAGTCRGCSGAYTCSG-3′) for nitrate reductase
narG gene carried by Proteobacteria (Bru et al., 2007), as only
Proteobacteria developed in the batch experiments. qPCR
reactions were performed in a total volume of 20 µL, with a
master mix containing 7.6 µL of sterile, nuclease- and nucleic
acids-free water (MP Biomedicals, Santa Ana, CA, United States),
10 µL of SSO Advanced Universal SYBR Green Supermix (Bio-
Rad), 500 nM of each primer, 100 ng of T4 GP32, and 2 µL of
template DNA (0.1 to 5 ng µL−1) or 2 µL of cDNA. Sterile,
nuclease- and nucleic acids-free water was added instead of
DNA in no template controls. PCR reactions were performed
as follows: 3 min 95◦C, followed by 35 cycles: 30 s 95◦C/30 s
60◦C/30 s 72◦C/for 16S rRNA gene or 6 cycles: 30 s 95◦C/30 s
63◦C/30 s 72◦C, 34 cycles: 30 s 95◦C/30 s 58◦C/30 s 72◦C for
narG gene, followed by 30 s at 80◦C for data acquisition, with an
additional step rising from 60 to 95◦C at 0.5◦C/s for melt curves
generation. All samples, controls and standards were analyzed
in duplicates. A calibration curve was obtained from serial
dilutions of a known quantity of linearized plasmids containing
known copy numbers of 16S rRNA or of narG gene. Results were
reported as gene copies per mL of culture medium. Generation of
a specific PCR product was confirmed by melting curve analyses
and agarose gel electrophoresis.

CE-SSCP Fingerprints
The bacterial community structure in cultures during the
experiment was determined by 16S rRNA gene CE-SSCP
fingerprints. About 200 bp of the V3 region of bacterial
16S rRNA genes were amplified from DNA and cDNA with
the forward primer w49 (5′-ACGGTCCAGACTCCTACGGG-
3′; Escherichia coli position, 331) and the reverse primer w34
(5′-TTACCGCGGCTGCTGGCAC-3′; E. coli position, 533), as
previously described in Crampon et al. (2018). The 5′ end
was then labeled with the fluorescent dye FAM. 25 cycles and
hybridization at 61◦C were used. One µL of diluted (150-fold
in nuclease-free water) PCR product was added to a mixture
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of 18.8 µL of deionized formamide and 0.2 µL of Genescan-
600 LIZ internal standard (Life Technologies, Carlsbad, CA,
United States). To obtain single-strand DNA, samples were
heat denaturated for 5 min at 95◦C, and immediately cooled
on ice. CE-SSCP analyses were performed on an ABI Prism
310 genetic analyzer using a 47-cm length capillary, a non-
denaturating 5.6% CAP polymer (Life Technologies) and the
following electrophoresis conditions: run temperature 32◦C,
sample injection for 5 s at 15 kV, data collection for 35 min at
12 kV. The dataset was analyzed using the software BioNumerics
V7.5 (Applied Maths) and lining fingerprints up to the internal
standard and to a common baseline.

Bacteria Taxonomic Identification
About 1,400 bp of the bacterial 16S rRNA gene were
amplified from the DNA and cDNA. Universal bacterial
primers 8F (5′-AGAGTTTGATCMTGGCTCAG-3′) and 1406R
(5′-ACGGGCGGTGTGTRC-3′) were used with hybridization at
55◦C and 30 cycles. Purified PCR products (NucleoSpin R© Gel and
PCR clean-up, Macherey–Nagel) were used to construct a gene
library with the TOPO-TA Cloning Kit and TOP 10 chemically
competent cells (Invitrogen, Carlsbad, CA, United States). To
ensure good characterization of the dominant strains detected
by CE-SSCP, positive transformants were analyzed by CE-SSCP
to find correspondence of clones over the whole community.
Based on their migration profile, seven clones were selected
for sequencing the insert with vector primers T7 and T3
(Sanger sequencing by GATC Biotech). All seven sequences
were submitted to NCBI GenBank under Accession Nos.
MH686140 to MH686146.

Phylogenetic Analysis
The phylogenetic assignment of unambiguous consensus
sequences was based on comparison with reference sequences
by the NCBI Blast tool1. Multiple alignment of sequences and
consensus were performed using BioEdit software version 7.0.5.3
(Hall, 1999). The phylogenetic tree was constructed using the
neighbor-joining method of Jukes and Cantor (Saitou and Nei,
1987), and checked by UPGMA method included in MEGA
10 package (version 10.0.1). The tree topology was tested by
bootstrap analysis of 1,000 resamplings. An E. coli 16S rRNA
gene sequence was used as an outgroup.

Statistical Analyses
Statistical analyses were performed on XLStat software
version 2017 (Addinsoft) for MS excel. Principal Coordinate

1http://www.ncbi.nlm.nih.gov/blast/Blast.cgi

Analyses were built from Pearson’s correlations coefficients
similarity matrices, from triplicates values of the different
analyzed parameters. As trends are not linear with nZVI
concentrations (inversed trends), control samples were excluded
from PCoA analyses.

RESULTS

Physico-Chemical Parameters
The mean sizes of nZVI were measured at the end of the first
week of the experiment, as well as ZP, in triplicates for each nZVI
concentration. ZP of nZVI in cultures was logically negative, and
ranged from−37.1 to−23.3 mV.

Globally, PdI was lower for higher nZVI concentrations
[PdI = 0.45 ± 0.03 (n = 3) and 0.46 ± 0.08 (n = 3) for
Fe concentrations of 30.8 and 70.1 mg Fe.L−1, respectively],
meaning that a higher concentration of nZVI leads to a
lower sorting of aggregates. PdI mean was 0.57 ± 0.11
(n = 3) for lower nZVI concentrations (i.e., 8.6 mg Fe.L−1),
showing the presence of less aggregates of different sizes in
cultures, and consequently the presence of a higher number of
individualized NP.

Even if a trend is observed, showing a higher mean
diameter for higher nZVI concentrations (Table 1), the mean
sizes were not significantly different between the different
concentrations (P > 0.05, Kruskal–Wallis test with Conover–
Iman pair comparison). Concerning nZVI size sorting shown by
PdI values (a value of 1 corresponding to a monodisperse sample,
0 to a polydisperse sample), no significant difference could be
highlighted either between the different concentrations (P > 0.05,
Kruskal–Wallis test with Conover–Iman pair comparison).
However, a trend was again observed (Table 1), with a better
sorting for lower nZVI concentrations.

Redox potential (ORP) and pH trends were measured in
cultures at each sampling date (Figure 2). Globally, pH tended
to increase during the experiment in all conditions due to
the bacterial activity, whereas it was stable in sterile controls
(Figure 2A). The pH of cultures rose up to around 10 at the
end of the experiment. Concerning ORP, it greatly decreased,
straight after nZVI addition, logically due to nZVI reduction
properties (Figure 2B). The lowest ORP values were observed for
the highest nZVI concentrations. No ORP decrease was observed
just after nZVI addition for the lower concentration (B, 8.6 mg
Fe.L−1) compared to the absence of nZVI and to higher nZVI
concentrations, but ORP tended to decrease to about −300 mV
after 91 h of incubation.

TABLE 1 | Values of Fe concentration, mean NP sizes, PdI and zeta potentials obtained by ICP-AES and DLS analyses in the different cultures.

A (Control without nZVI) B ([nZVI] = 8.6 mg Fe.L−1) C ([nZVI] = 30.8 mg Fe.L−1) D ([nZVI] = 70.1 mg Fe.L−1)

Fe concentrations mg.L−1 0.0 ± 0.0 8.6 ± 1.4 30.8 ± 10.2 70.1 ± 14.8

NPs mean diameter nm NA 1094.5 ± 135.0 1076.0 ± 38.7 1307.0 ± 74.2

PdI - NA 0.572 ± 0.119 0.449 ± 0.037 0.405 ± 0.133

Zeta potential mV NA −26.8 ± 0.6 −24.0 ± 1.0 −32.5 ± 6.5

NA, not applicable.
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FIGURE 2 | Monitoring of (A) pH and (B) ORP (mV) in batch experiments for all conditions (A, B, C, and D; see text for details) during 91 h of incubation. nZVI
concentrations are expressed as total Fe concentrations.

Effects of nZVI on Microbial Abundance
Molecular Biomass
The total genomic DNA extracted from samples gives an
indication of the total molecular biomass. Molecular biomass
decreased after nZVI addition for all nZVI concentrations
(T43; Figure 3A). The decrease was significant (P < 0.05,
Student’s t-test) for conditions B (8.6 mg Fe.L−1) and C
(30.8 mg Fe.L−1), but not for the D modality (70.1 mg
Fe.L−1). Moreover, the decrease in molecular biomass
was higher for condition B compared to condition C.
These results suggest that the highest impact on molecular
biomass occurs for lower nZVI concentrations. Forty-eight
hours after exposure (T67), molecular biomass increased
and reached control values, suggesting a resilience of
microorganisms in the community. Surprisingly, at T67,
the highest molecular biomass was measured in condition B,
where the initial impact on molecular biomass, measured at
T43, was highest.

Bacterial Abundance
As for molecular biomass, nZVI had a significant impact on
bacterial abundance, as shown by the decrease in the number of
copies of the 16S rRNA gene at T43 in cultures exposed to nZVI
in conditions B, C, and D (Figure 3B). This impact was significant
(P < 0.05, Student’s t-test) for all modalities. However, the highest
impact of nZVI was again observed for lower concentrations
(i.e., 8.6 mg Fe.L−1). Finally, 48 h after exposure (T67), the
abundance of the 16S rRNA gene was comparable to values
measured in control samples, again suggesting a resilience of the
bacterial community.

Nitrate-Reducing Bacteria Abundance
The determination of narG gene copies gives an indication
of the abundance of nitrate-reducing bacteria in the bacterial
community. As was observed for molecular biomass (genomic
DNA concentration) and bacterial abundance (numbers of

16S rRNA gene copies), a decrease in the abundance of
nitrate-reducing bacteria occurred after nZVI addition (T43)
independently from nZVI concentrations (Figure 3C). This
decrease was only significant for conditions B and C (8.6 and
30.8 mg Fe.L−1, respectively, P < 0.05, Student’s t-test). After
48 h of exposure (T67), the abundance of nitrate-reducing
bacteria was comparable to those of the controls. Again, the
lowest concentration of nZVI showed the highest impact, but
the nitrate-reducing bacteria were resilient, in terms of biomass,
after 48 h exposure.

Calculating the ratio between narG and 16S rRNA genes gives
an indication of nZVI impact specifically on nitrate-reducing
bacteria over the whole community (Figure 3D). Before nZVI
addition, about 90% of total bacteria carried the narG gene. This
value is significantly lower after nZVI addition for conditions B
and C, especially for the lowest nZVI concentration. This value
drops to around 70% of nitrate-reducing bacteria in the whole
community for condition B, and 80% for condition C. The ratio
of nitrate-reducing bacteria is the same for condition D (70.1 mg
Fe.L−1) compared to control. Overall, these parameters remained
stable for the control condition A.

Bacteria Viability
In the control condition A (no nZVI), many live bacteria
aggregates were observed after 43 h of incubation [T43;
A(1), A(2), and A(3) in Figures 4a,A]. However, with nZVI
(Figures 4a,B–D), bacterial aggregates were not found, except
smaller ones in condition D, and more dead cells were present.

A viability of around 80% in the control condition was
observed (counts were performed on diluted samples with
between 10 and 50 cells per image). This value drops to around
5% in condition B, 20% in condition C and 40% for the highest
concentration in condition D (Figure 4b). The higher toxicity
in the presence of lower concentrations of nZVI is thus again
confirmed here by LIVE/DEAD R©observations, with a smaller
number of living cells in the case of lower nZVI concentrations.
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FIGURE 3 | Parameters linked to bacterial abundance: (A) molecular biomass (genomic DNA concentration), (B) Log10 of 16S rRNA gene copies, (C) Log 10 of
narG gene copies, and (D) ratio narG over 16S rRNA genes copies, at T19 (before nZVI addition) and T43/T67 (after nZVI addition). ∗ Corresponds to a significant
difference (P < 0.05, Student’s t-test) between T19 and T43 values, corresponding to a significant impact of nZVI addition.

FIGURE 4 | LIVE/DEAD R© observations (illustration images) (a) and results of counting (b) of bacteria after 43 h of incubation (24 h after nZVI addition). A [A(1), A(2),
and A(3)] images are for control samples where huge living cells aggregates were observed, and B/C/D are images of cultures containing nZVI. Please note that
images from (a) were not those used for LIVE/DEAD counting results presented in (b).
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Effects of nZVI on Microbial Activity
Nitrate Reduction Kinetics
The nitrate concentrations in sterile controls remained stable all
along the experiment. Moreover, nZVI had no significant impact
on nitrate concentrations (Supplementary Material SM2).
Therefore, the observed nitrate reduction in cultures is of
bacterial origin. Before nZVI addition (Figure 5A), nitrate
reduction occurred and was repeatable for all conditions. After
nZVI addition, nitrate reduction stopped in all cultures, except in
control without nZVI. However, 24 h after nZVI addition (T43),
nitrate reduction activity was again observed in all cultures with
nZVI. After 91 h, remaining nitrate concentrations were even
lower than in cultures without nZVI. These results highlight a
resilience capability of the nitrate-reducing bacterial community
after exposure to nZVI, even if nZVI initially had a significantly
toxic impact on nitrate reduction (P > 0.05, Kruskal–Wallis test
with Conover–Iman pair comparison).

During the resilience step (second week), nitrate reduction
was monitored until complete nitrate disappearance (Figure 5B).
For all cultures previously exposed to nZVI during the first week
experiment, a 15-h lag-phase was observed. The difference was
significant between cultures that had not been exposed to nZVI
(A), for which no lag phase was observed, and cultures that had
been exposed to nZVI (B, C, and D), independently from nZVI
concentrations (P > 0.05, Kruskal–Wallis test).

Of note, in complement to sterile controls presented here,
a preliminary experiment was led, with nZVI concentrations
ranging from 1 to 500 mg Fe.L−1 in sterile conditions and with
comparable NO3 concentrations, to study the impact of nZVI
on nitrates (Supplementary Material SM1). The presence of
nZVI did not impact nitrate concentrations, independently from
nZVI concentrations.

Bacterial Activity: RNA vs. DNA
As ribosome content (rRNA) in bacterial cells is an indicator
of active or recently active bacteria, ratios of 16S rRNA copy

numbers (determined from cDNA generated from total RNA)
to 16S rRNA gene copy numbers (determined from DNA) was
used to evaluate the growth state of the bacterial community
(Figure 6A). 16S rRNA/16S rDNA ratio was highest 24 h after
nZVI addition (T43) compared to before addition (T19) in
all conditions. It was significantly higher (P-value < 0.05) for
conditions B and D, and, although statistically un-significant, the
same trend was observed for conditions A and C. Thus, despite
a negative effect on microbial biomass and bacterial abundance,
nZVI did not affect the global growth state of bacteria remaining
in the community.

Nitrate Reduction Activity: narG mRNA/16S rRNA and
narG mRNA/narG DNA
narG transcripts (narG mRNA) were used to evaluate the
nitrate reduction activity. The ratio between the number of
narG mRNA and 16S rRNA (Figure 6B) highlights the part
of nitrate-reducing activity among active or recently active
bacterial cells in the community. No significant changes were
observed between controls and cultures containing nZVI or
between samples collected just before (T19) and after (T43)
nZVI addition. Therefore, the impact of nZVI on the nitrate
reduction activity was not clearly highlighted here. Only trends
were observed at T43, with a decrease in narG transcripts/16S
rRNA ratios, suggesting a decrease in the part of nitrate reduction
among active or recently active bacterial cells, and again for
lower nZVI concentrations. The ratio of narG mRNA to narG
DNA shows the nitrate reduction activity of the nitrate reduction
community. No significant differences were observed between
controls and conditions with nZVI, or between samples collected
just before (T19) and 24 h after (T43) nZVI addition, suggesting
that the remaining nitrate-reducing bacteria were active. Even
if not significant, the narG mRNA/DNA ratio tends to increase
at T43 for cultures with nZVI, suggesting that nZVI addition,
especially at lower concentrations, slightly increased the activity
of remaining nitrate-reducing cells (Figure 6C).

FIGURE 5 | Evolution of nitrate concentrations during (A) Step 2: the first week experiment in the presence of nZVI (exposure) and (B) Step 3: after re-inoculation in
fresh media without nZVI (resilience). ∗ Corresponds to a significant difference between control and cultures with nZVI.
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FIGURE 6 | Parameters linked to bacterial activity at T19 (before nZVI addition) and at T43/T67 (i.e., after nZVI addition): (A) 16S rRNA/16S rDNA (bacterial
community growth state), (B) narG mRNA/16S rDNA (nitrate reduction activity of the bacterial community), and (C) narG mRNA/narG DNA (nitrate reduction activity
of nitrate-reducing bacteria over the bacterial community). ∗ Corresponds to a significant difference (P < 0.05, Student’s t-test) between T19 and T43 values,
illustrating a significant impact of nZVI addition.

In order to compare the impact of the different nZVI
concentrations on biological and physico-chemical parameters
at the different times, statistical analyses were performed
(PCoA, Supplementary Material SM3). No correlations between
nZVI concentrations and the different studied parameters were
observed, as expected, before nZVI addition (T19). After nZVI
addition, the maximum correlation was observed at T43 (24 h
after nZVI addition), but was no longer relevant at T67,
indicating that the toxicity of nZVI, for these parameters, lasted
for no more than 48 h.

Effects of nZVI on Microbial Community
Structure
Beyond the impact on abundance and activity, the bacterial
community structure could also be affected by the presence
of nZVI. Community CE-SSCP fingerprints of the 16S rRNA
gene were performed on (i) DNA and (ii) cDNA, which
allows to observe (i) the structure of the total community and
(ii) the structure of active or recently active communities. Before

nZVI addition, fingerprints showed three main peaks with one
dominating the others, and suggested a low bacterial diversity
in all conditions. Overall, fingerprints were similar for DNA
and cDNA, highlighting a good adequacy between detection
and growth state of all detected bacteria in the cultures. After
nZVI addition, a clear shift of the bacterial community structure
occurred. A new peak (in red) was detected to the detriment of the
dominant peak (in green in Figure 7), which was highly affected
by nZVI addition (Figures 7B–D).

Indeed, especially at T67, a shift in diversity was observed,
with the detection of a new peak (in red in Figure 7) at the
expense of the main peak (in green). This shift was more marked
for lower nZVI concentrations (Figure 7B), where the new peak
became dominant on the fingerprints (Figure 7). However, as
nZVI concentrations increase, the new peak appears less and
less dominant, and proportions between green and red peaks are
quite similar for conditions D (Figure 7). After nZVI addition,
the relative proportion of bacteria corresponding to peaks 1 and
2 increased in the community. This result is intermediate for
condition C (Figure 7C). For condition B, the new peak in red
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FIGURE 7 | Bacterial community fingerprints assessed by CE-SSCP of 16S rRNA gene on DNA and RNA (cDNA). (A–D) Corresponds to the different nZVI
concentrations, i.e., 0, 8.6, 30.8, and 70.1 mg Fe.L−1, respectively; T19: before nZVI addition, T43: 24 h after nZVI addition, T67: 48 h after nZVI addition.

appeared at T43, 24 h after nZVI addition, and became dominant
at T67, 48 h after nZVI addition. Finally, the relative proportion
of increasing bacteria, corresponding to the red peak, was the
highest at T67, especially for B and C conditions for which it
became the dominant peak. Globally, nZVI had an impact on
the bacterial community structure, either favoring or affecting
presence and abundance of the bacterial strains.

Bacteria Identification
Cloning and sequencing of community 16S rRNA gene at
the end of the experiment (T67) and CE-SSCP migration
patterns of retrieved clones allowed to attribute several sequences
to the main peaks of the fingerprints (Figure 8A). All 16S
rRNA gene clone sequences were closely related (>99% blast
identity) to that of members of the Pseudomonas genus
(Figure 8B). Species from the Pseudomonas genus are difficult
to distinguish with 16S rRNA gene sequences, as they are
very closely related to each other (Anzai et al., 2000).
However, although we cannot clearly link a sequence to
a species, phylogenetic comparison with close members of
the Pseudomonas genus confirmed the shift in community
composition. For the first peak of interest (in green), prior to
nZVI addition, three clones were identified (Clone_nZVI_Ps#1,
#2, and #3). In particular, Clone_nZVI_Ps#1 branched among
facultative anaerobic Pseudomonas that are able to perform
nitrate reduction (Supplementary Material SM4). Consequently,
Pseudomonas strains corresponding to the dominant green peak
in the fingerprints could be the one able to perform nitrate
reduction, and could be involved in the nitrate reduction
process observed in the experiments. For the second peak of
interest (in red), after nZVI addition, the three clones identified

(Clone_nZVI_Ps#4, #5, and #6) are phylogenetically different
from Clone_nZVI_Ps#1 and #3. They are highly related to each
other (dissimilarity < 0.01%), and very close to Pseudomonas
kunmingensis, Pseudomonas knackmussii, and Pseudomonas
chloritidismutans sequences. Pseudomonas kunmingensis is an
aerobic bacteria able to perform nitrate reduction (Romanenko
et al., 2005; Xie et al., 2014). Pseudomonas knackmussii
and Pseudomonas chloritidismutans are facultative aerobic
bacteria, unable to perform nitrate reduction (Supplementary
Material SM4). However, as nitrate reduction then resumed,
either the rising strain could reduce nitrate or nitrate reduction
involved bacteria not detected by CE-SSCP. Indeed, one
last clone sequenced (Clone_nZVI_Ps#7) also affiliated to
Pseudomonas, did not correspond to a peak visible on the
CE-SSCP fingerprint.

DISCUSSION

This work studied the impact(s) of nZVI addition on the
abundance, the activity and the structure of a bacterial
community grown from a natural groundwater. This was
experimentally assessed by focusing on a key function
in groundwater, nitrate reduction. Moreover, a follow-up
experiment was carried out to look at the bacterial community’s
reaction when inoculated in fresh culture medium after their
exposure to nZVI.

Addition of nZVI, even at low concentrations of
∼9 mg L−1 significantly decreased molecular biomass
and bacterial abundance 24 h after addition as shown by
LIVE/DEAD R©observations, molecular biomass and 16S rRNA
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FIGURE 8 | (A) Correspondence of sequenced clones in bacterial community fingerprints (here presented data from condition D 1 at T67). Green clones correspond
to the first peak of interest and red clones to the second peak of interest (peak that appeared in the presence of nZVI). (B) Evolutionary relationships of taxa. The
percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the branches. The tree is
drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree.

and narG gene abundances. However, molecular biomass then
increased again rapidly in all conditions suggesting only a
temporary effect on bacterial abundance. Few studies have
assessed the impact of nZVI in planktonic groundwater or water
studies. Barnes et al. (2010) observed an increase in CFU counts
in river water submitted to 100 mg L−1 nZVI with no initial
decrease. Kirschling et al. (2010) also observed no impact of
1.5 g L−1 nZVI on the number of 16S rRNA gene copies in
bacterial communities from TCE contaminated groundwater.
However, this was shown after 250 days incubation so it is
possible that the community had time to adapt. Fajardo et al.
(2012) found little impact of 34 mg.nZVI.g−1 soil on microbial

viability; however, as underlined by Fajardo et al. (2013) and
Sacca et al. (2014), the impact of nZVI in soils is closely linked
to their composition whereas in the present study, in an aqueous
solution, bacterial communities would be more directly exposed,
as it would be the case in aquifers (less complex compared to
soils, low content of natural organic matter).

Similarly, the growth state and nitrate-reducing activity,
assessed by the ratio of narG transcripts and nitrate depletion,
were only affected temporally by the three concentrations of
nZVI, suggesting an adaptation of the bacterial community to
the new environment containing nZVI. The activity of remaining
bacteria in condition B, the most affected by nZVI addition,
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even appeared to be stronger compared to the less impacted
cultures. At the end of the experiment, no nitrates were left
in nZVI-exposed cultures, whereas a residue was always found
in controls without nZVI. One explanation could be anaerobic
corrosion of nZVI, leading to the release of H2 in the media,
a well-known electron donor for bacteria, reinforcing their
metabolism and resulting, after an adaptation period, to a more
complete nitrate reduction in the presence of nZVI. A lower
nitrate concentration was also observed during the resilience
step for cultures having been exposed to nZVI, and could be
explained both by residual H2 introduced in fresh media by
the inoculum (1/10 volume), or by the bacterial community
structure modifications generated by nZVI during the first step
of the experiment. Even if nitrate reduction activity resumed
and if parameters related to bacterial abundance and activity
returned to “normal” values, the structure of the bacterial
community was modified by nZVI. Indeed CE-SSCP fingerprints
revealed the increase of a new peak after nZVI addition, first
in condition B which was the most impacted globally, and then
in conditions C and D. This new peak then dominated the
incubations and was confirmed to be a different strain to the
initially dominating peak by sequencing fragments of 16S rRNA
gene. These changes in the community structure due to nZVI
were previously studied, and attributed both to H2 release and
changes in redox conditions, favoring the growth of methanogen
or sulfate-reducing bacteria (Kirschling et al., 2010; Xiu et al.,
2010), but also to some specific nZVI coatings, protecting bacteria
from oxidative stress, and creating a new carbon source in the
media (Kirschling et al., 2010). In our case (non-coated nZVI),
a rapid impact could be observed, attributable to toxic effect
(oxidative stress), but the community structure was definitely
modified even if nitrate-reduction resumed after a lag-phase
This impact on community structure is highly dependant on
the media, as was shown in soils (Fajardo et al., 2018). The
variability of the media is however lower in groundwater
compared to soils, and so changes in community structure
due to nZVI are expected to occur more currently. These
results are finally comparable to several previous experiments
carried out either in water samples or soils. Indeed, both
Fajardo et al. (2012) and Sacca et al. (2014) observed significant
changes in bacterial community diversity and structure when
applying nZVI to soils as well as Kirschling et al. (2010) in
contaminated groundwater using a DGGE approach, whereas
Barnes et al. (2010) found no impact of nZVI in river-water
bacterial communities.

When re-cultivated in fresh media without nZVI (step 3),
the temporary inhibition in nitrate reduction observed for
cultures previously exposed to nZVI could also correspond to
an adaptation period in the opposite way, due to the absence
of nZVI in fresh substrate. Lag phase represents the earliest
and most poorly understood stage of the bacterial growth cycle
(Rolfe et al., 2012). In bacterial growth models, lag phase is
generally described as an adaptation phase of the bacterial
community when introduced in a new environment. In our case,
the changing parameter is the absence of nZVI in the fresh
culture media (lower oxidative stress, lower Fe concentrations).
Bacterial growth after this lag phase is expected to be exponential

(Rolfe et al., 2012). As the conditions were the same for the
cultures without nZVI, it therefore seems logical that no lag
phase was observed. As previously shown (Rolfe et al., 2012), high
concentrations of iron could be observed in bacterial cells during
lag phase, and these concentrations were associated with transient
sensitivity to oxidative stress. Moreover, it was shown that toxicity
of nZVI is growth phase dependent (Chaithawiwat et al., 2016).
A new exposition to nZVI during this lag phase (corresponding to
a resilience period for the bacterial communities), would possibly
have been lethal for the bacterial community.

Surprisingly, toxicity was higher for lower nZVI
concentrations. Even if DLS analyses did not enable to highlight
significant differences between the different concentrations
in terms of mean sizes of NP aggregates and NP size sorting,
trends were observed: more single nZVI or small aggregates
were present in lower nZVI concentrations, and higher nZVI
concentrations tend to result in the formation of higher
aggregates. Consequently, the increase of NP concentrations
enhances their aggregation. These observations are consistent
with the literature (Baalousha, 2009). During exposure to nZVI,
pH tended to increase, and was always above pH 8.0. For
pH > 7, functional groups of bacteria and biofilms are globally
deprotonated, and are thus negatively charged (Fein et al., 2001;
Borrok and Fein, 2004). The formation of ionic bridges between
negatively charged bacterial cells and NP with divalent cations
present in solution (e.g., Ca2+ and Mg2+), could lead to strong
interactions between bacterial membranes and nZVI, and thus
to toxic effects. The presence of large aggregates could result in a
decrease in these interactions, and consequently in the observed
decrease in toxicity. The formation of large aggregates in cultures
with higher nZVI concentrations decreases the ZVI area per unit
volume of liquid (Baalousha, 2009), and could also lead to the
observed lower toxicity for higher nZVI concentrations. ROS
generated would indeed be lower in the media with lower active
ZVI area per volume unit, leading to a lower toxic effect.

As toxicity may be due to different mechanisms, these
mechanisms may differ as a function of nZVI concentrations.
At high concentrations, the main toxicity mechanism could
be due to the release of ROS. At low concentrations, it could
be rather due to cell/NP interactions. There is probably a co-
occurrence of these mechanisms in any case, but their relative
part could be dependent on nZVI concentrations and subsequent
aggregation. As Fajardo et al. (2012) suggested for soils, these
results point to a dose and species-specific impact of nZVI
applications in groundwater.

CONCLUSION

This study aimed to characterize the impact of nZVI addition
on a bacterial community grown in controlled conditions from
a natural groundwater sample. The impact of nZVI addition was
assessed on bacterial abundance, activity (especially denitrifying
activity) and community structure. Even if the impact is
only temporary on abundance and activity, due to a good
resilience/adaptation of the bacterial community, a shift was
observed in community structure. Remediation of contaminated
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groundwater using nZVI could consequently expose the bacterial
groundwater community to shifts in their structures, and thus
such techniques could have a long-term impact on bacterial
communities and by extension on groundwater ecological
functions, such as nitrate reduction. It is consequently important
to study the impact on the bacterial community structure and on
potential metabolic functions of the aquifers, at the long-term and
at the field-scale.

AUTHOR CONTRIBUTIONS

MCr contributed to the experimental design, carried out
experimental work, data analysis, and drafted the manuscript. JH,
CJ, and PO contributed to the experimental design, data analysis,
and drafting and revising the manuscript. MCh carried out some
of the experiments linked to molecular biology in the study.

FUNDING

We are thankful for funding received from the European Union
Seventh Framework Programme (FP7/2007–2013) under Grant

Agreement No. 309517. We gratefully acknowledge the financial
support provided to the PIVOTS project by the Région Centre –
Val de Loire (ARD 2020 program and CPER 2015–2020) and
the French Ministry of Higher Education and Research (CPER
2015–2020 and public service subsidy to BRGM). This operation
was co-funded by European Union. Europe was committed to
the Centre-Val de Loire region with the European Regional
Development Fund.

ACKNOWLEDGMENTS

We thank NANOIRON (Rajhrad, Czechia) for providing the
nZVI used in the present experiments. We also thank the Carnot
program for financing the post-doctoral position that allowed
conducting this study.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2019.00533/full#supplementary-material

REFERENCES
An, Y., Li, T., Jin, Z., Dong, M., Xia, H., and Wang, X. (2010). Effect of bimetallic

and polymer-coated Fe nanoparticles on biological denitrification. Bioresour.
Technol. 101, 9825–9828. doi: 10.1016/j.biortech.2010.07.110

Antizar-Ladislao, B., and Galil, N. I. (2010). Biofilm and colloidal biomass
dynamics in a shallow sandy contaminated aquifer under in-situ remediation
conditions. Int. Biodeterior. Biodegradation 64, 331–338. doi: 10.1016/j.ibiod.
2010.03.002

Anzai, Y., Kim, H., Park, J. Y., Wakabayashi, H., and Oyaizu, H. (2000).
Phylogenetic affiliation of the pseudomonads based on 16S rRNA sequence. Int.
J. Syst. Evol. Microbiol. 50, 1563–1589. doi: 10.1099/00207713-50-4-1563

Auffan, M., Achouak, W., Rose, J., Roncato, M.-A., Chanéac, C., Waite, D. T.,
et al. (2008). Relation between the redox state of iron-based nanoparticles and
their cytotoxicity toward Escherichia coli. Environ. Sci. Technol. 42, 6730–6735.
doi: 10.1021/es800086f

Baalousha, M. (2009). Aggregation and disaggregation of iron oxide nanoparticles:
influence of particle concentration, pH and natural organic matter. Sci. Total
Environ. 407, 2093–2101. doi: 10.1016/j.scitotenv.2008.11.022

Bardos, P., Merly, C., Kvapil, P., and Koschitzky, H.-P. (2018). Status of
nanoremediation and its potential for future deployment: risk-benefit and
benchmarking appraisals. Remediat. J. 28, 43–56. doi: 10.1002/rem.21559

Barnes, R. J., van der Gast, C. J., Riba, O., Lehtovirta, L. E., Prosser, J. I., Dobson,
P. J., et al. (2010). The impact of zero-valent iron nanoparticles on a river water
bacterial community. J. Hazard. Mater. 184, 73–80. doi: 10.1016/j.jhazmat.2010.
08.006

Borrok, D., and Fein, J. B. (2004). Distribution of protons and Cd between
bacterial surfaces and dissolved humic substances determined through chemical
equilibrium modeling. Geochim. Cosmochim. Acta 68, 3043–3052. doi: 10.1016/
j.gca.2004.02.007

Brookes, P. (1995). The use of microbial parameters in monitoring soil pollution
by heavy metals. Biol. Fertil. Soils 19, 269–279. doi: 10.1007/BF00336094

Bru, D., Sarr, A., and Philippot, L. (2007). Relative abundances of proteobacterial
membrane-bound and periplasmic nitrate reductases in selected environments.
Appl. Environ. Microbiol. 73, 5971–5974. doi: 10.1128/AEM.00643-07

Buzea, C., Pacheco, I. I., and Robbie, K. (2007). Nanomaterials and nanoparticles:
sources and toxicity. Biointerphases 2, MR17–MR71. doi: 10.1116/1.2815690

Chaithawiwat, K., Vangnai, A., McEvoy, J. M., Pruess, B., Krajangpan, S., and
Khan, E. (2016). Impact of nanoscale zero valent iron on bacteria is growth

phase dependent. Chemosphere 144, 352–359. doi: 10.1016/j.chemosphere.2015.
09.025

Crampon, M., Hellal, J., Mouvet, C., Wille, G., Michel, C., Wiener, A., et al. (2018).
Do natural biofilm impact nZVI mobility and interactions with porous media?
A column study. Sci. Total Environ. 61, 709–719. doi: 10.1016/j.scitotenv.2017.
08.106

Cundy, A. B., Hopkinson, L., and Whitby, R. L. D. (2008). Use of iron-based
technologies in contaminated land and groundwater remediation: a review. Sci.
Total Environ. 400, 42–51. doi: 10.1016/j.scitotenv.2008.07.002

Dejonghe, W., Berteloot, E., Goris, J., Boon, N., Crul, K., Maertens, S., et al. (2003).
Synergistic degradation of linuron by a bacterial consortium and isolation
of a single linuron-degrading variovorax strain. Appl. Environ. Microbiol. 69,
1532–1541. doi: 10.1128/aem.69.3.1532-1541.2003

Diao, M., and Yao, M. (2009). Use of zero-valent iron nanoparticles in
inactivating microbes. Water Res. 43, 5243–5251. doi: 10.1016/j.watres.2009.
08.051

Dong, H., Li, L., Lu, Y., Cheng, Y., Wang, Y., Ning, Q., et al. (2019). Integration of
nanoscale zero-valent iron and functional anaerobic bacteria for groundwater
remediation: a review. Environ. Int. 124, 265–277. doi: 10.1016/j.envint.2019.
01.030

Fajardo, C., García-Cantalejo, J., Botías, P., Costa, G., Nande, M., and Martin, M.
(2018). New insights into the impact of nZVI on soil microbial biodiversity
and functionality. J. Environ. Sci. Health A Tox. Hazard. Subst. Environ. Eng.
doi: 10.1080/10934529.2018.1535159 [Epub ahead of print].

Fajardo, C., Ortiz, L. T., Rodriguez-Membibre, M. L., Nande, M., Lobo, M. C.,
and Martin, M. (2012). Assessing the impact of zero-valent iron (ZVI)
nanotechnology on soil microbial structure and functionality: a molecular
approach. Chemosphere 86, 802–808. doi: 10.1016/j.chemosphere.2011.
11.041

Fajardo, C., Sacca, M. L., Martinez-Gomariz, M., Costa, G., Nande, M., and
Martin, M. (2013). Transcriptional and proteomic stress responses of a soil
bacterium Bacillus cereus to nanosized zero-valent iron (nZVI) particles.
Chemosphere 93, 1077–1083. doi: 10.1016/j.chemosphere.2013.05.082

Fein, J. B., Martin, A. M., and Wightman, P. G. (2001). Metal adsorption onto
bacterial surfaces: development of a predictive approach. Geochim. Cosmochim.
Acta 65, 4267–4273. doi: 10.1016/S0016-7037(01)00721-9

Freilich, S., Zarecki, R., Eilam, O., Segal, E. S., Henry, C. S., Kupiec, M., et al. (2011).
Competitive and cooperative metabolic interactions in bacterial communities.
Nat. Commun. 2:589. doi: 10.1038/ncomms1597

Frontiers in Microbiology | www.frontiersin.org 13 March 2019 | Volume 10 | Article 533

https://www.frontiersin.org/articles/10.3389/fmicb.2019.00533/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2019.00533/full#supplementary-material
https://doi.org/10.1016/j.biortech.2010.07.110
https://doi.org/10.1016/j.ibiod.2010.03.002
https://doi.org/10.1016/j.ibiod.2010.03.002
https://doi.org/10.1099/00207713-50-4-1563
https://doi.org/10.1021/es800086f
https://doi.org/10.1016/j.scitotenv.2008.11.022
https://doi.org/10.1002/rem.21559
https://doi.org/10.1016/j.jhazmat.2010.08.006
https://doi.org/10.1016/j.jhazmat.2010.08.006
https://doi.org/10.1016/j.gca.2004.02.007
https://doi.org/10.1016/j.gca.2004.02.007
https://doi.org/10.1007/BF00336094
https://doi.org/10.1128/AEM.00643-07
https://doi.org/10.1116/1.2815690
https://doi.org/10.1016/j.chemosphere.2015.09.025
https://doi.org/10.1016/j.chemosphere.2015.09.025
https://doi.org/10.1016/j.scitotenv.2017.08.106
https://doi.org/10.1016/j.scitotenv.2017.08.106
https://doi.org/10.1016/j.scitotenv.2008.07.002
https://doi.org/10.1128/aem.69.3.1532-1541.2003
https://doi.org/10.1016/j.watres.2009.08.051
https://doi.org/10.1016/j.watres.2009.08.051
https://doi.org/10.1016/j.envint.2019.01.030
https://doi.org/10.1016/j.envint.2019.01.030
https://doi.org/10.1080/10934529.2018.1535159
https://doi.org/10.1016/j.chemosphere.2011.11.041
https://doi.org/10.1016/j.chemosphere.2011.11.041
https://doi.org/10.1016/j.chemosphere.2013.05.082
https://doi.org/10.1016/S0016-7037(01)00721-9
https://doi.org/10.1038/ncomms1597
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-10-00533 March 19, 2019 Time: 11:44 # 14

Crampon et al. nZVI Toxicity Towards Bacteria

Fu, F., Dionysiou, D. D., and Liu, H. (2014). The use of zero-valent iron for
groundwater remediation and wastewater treatment: a review. J. Hazard. Mater.
267, 194–205. doi: 10.1016/j.jhazmat.2013.12.062

Ghosh, I., Mukherjee, A., and Mukherjee, A. (2017). In planta genotoxicity of
nZVI: influence of colloidal stability on uptake, DNA damage, oxidative stress
and cell death. Mutagenesis 32, 371–387. doi: 10.1093/mutage/gex006

Goldberg, S., Criscenti, L. J., Turner, D. R., Davis, J. A., and Cantrell, K. J. (2007).
Adsorption–desorption processes in subsurface reactive transport modeling.
Vadose Zone J. 6, 407–435. doi: 10.1021/es101822v

Hall, T. A. (1999). BioEdit: a user-friendly biological sequence alignment editor and
analysis program for Windows 95/98/NT. Nucleic Acids Symp. Ser. 41, 95–98.

Holden, P. A., Schimel, J. P., and Godwin, H. A. (2014). Five reasons to use bacteria
when assessing manufactured nanomaterial environmental hazards and fates.
Curr. Opin. Biotechnol. 27, 73–78. doi: 10.1016/j.copbio.2013.11.008

Hunter, R. J. (2001). Measuring zeta potential in concentrated industrial slurries.
Colloids Surf. Physicochem. Eng. Asp. 195, 205–214. doi: 10.1016/S0927-
7757(01)00844-5

Jang, M.-H., Lim, M., and Hwang, Y. S. (2014). Potential environmental
implications of nanoscale zero-valent iron particles for environmental
remediation. Environ. Health Toxicol. 29:e2014022. doi: 10.5620/eht.e2014022

Jiang, D., Zeng, G., Huang, D., Chen, M., Zhang, C., Huang, C., et al. (2018).
Remediation of contaminated soils by enhanced nanoscale zero valent iron.
Environ. Res. 163, 217–227. doi: 10.1016/j.envres.2018.01.030

Kandeler, F., Kampichler, C., and Horak, O. (1996). Influence of heavy metals on
the functional diversity of soil microbial communities. Biol. Fertil. Soils 23,
299–306. doi: 10.1007/BF00335958

Kirschling, T. L., Gregory, K. B., Minkley, J. E. G., Lowry, G. V., and Tilton, R. D.
(2010). Impact of nanoscale zero valent iron on geochemistry and microbial
populations in trichloroethylene contaminated aquifer materials. Environ. Sci.
Technol. 44, 3474–3480. doi: 10.1021/es903744f

Kocur, C. M., Lomheim, L., Molenda, O., Weber, K. P., Austrins, L. M., Sleep, B. E.,
et al. (2016). Long-term field study of microbial community and dechlorinating
activity following carboxymethyl cellulose-stabilized nanoscale zero-valent iron
injection. Environ. Sci. Technol. 50, 7658–7670. doi: 10.1021/acs.est.6b01745

Lefevre, E., Bossa, N., Wiesner, M. R., and Gunsch, C. K. (2016). A review of the
environmental implications of in situ remediation by nanoscale zero valent iron
(nZVI): behavior, transport and impacts on microbial communities. Sci. Total
Environ. 565, 889–901. doi: 10.1016/j.scitotenv.2016.02.003

Li, Z., Greden, K., Alvarez, P. J. J., Gregory, K. B., and Lowry, G. V. (2010).
Adsorbed polymer and NOM limits adhesion and toxicity of nano scale
zerovalent iron to E. coli. Environ. Sci. Technol. 44, 3462–3467. doi: 10.1021/
es9031198

Liu, Y., Li, S., Chen, Z., Megharaj, M., and Naidu, R. (2014). Influence of zero-
valent iron nanoparticles on nitrate removal by Paracoccus sp. Chemosphere
108, 426–432. doi: 10.1016/j.chemosphere.2014.02.045

López-Gutiérrez, J. C., Henry, S., Hallet, S., Martin-Laurent, F., Catroux, G., and
Philippot, L. (2004). Quantification of a novel group of nitrate-reducing bacteria
in the environment by real-time PCR. J. Microbiol. Methods 57, 399–407. doi:
10.1016/j.mimet.2004.02.009

Mueller, N. C., Braun, J., Bruns, J., Černík, M., Rissing, P., Rickerby, D., et al. (2012).
Application of nanoscale zero valent iron (NZVI) for groundwater remediation
in Europe. Environ. Sci. Pollut. Res. 19, 550–558. doi: 10.1007/s11356-011-
0576-3

Obiri-Nyarko, F., Grajales-Mesa, S. J., and Malina, G. (2014). An overview of
permeable reactive barriers for in situ sustainable groundwater remediation.
Chemosphere 111, 243–259. doi: 10.1016/j.chemosphere.2014.03.112

O’Carroll, D., Sleep, B., Krol, M., Boparai, H., and Kocur, C. (2013). Nanoscale
zero valent iron and bimetallic particles for contaminated site remediation. Adv.
Water Resour. 51, 104–122. doi: 10.1007/s11356-011-0576-3

Rolfe, M. D., Rice, C. J., Lucchini, S., Pin, C., Thompson, A., Cameron, A. D. S.,
et al. (2012). Lag phase is a distinct growth phase that prepares bacteria for
exponential growth and involves transient metal accumulation. J. Bacteriol. 194,
686–701. doi: 10.1128/JB.06112-11

Romanenko, L. A., Uchino, M., Falsen, E., Lysenko, A. M., Zhukova, N. V.,
and Mikhailov, V. V. (2005). Pseudomonas xanthomarina sp. nov., a novel
bacterium isolated from marine ascidian. J. Gen. Appl. Microbiol. 51, 65–71.
doi: 10.2323/jgam.51.65

Sacca, M. L., Fajardo, C., Martinez-Gomariz, M., Costa, G., Nande, M., and
Martin, M. (2014). Molecular stress responses to nano-sized zero-valent iron
(nZVI) particles in the soil bacterium Pseudomonas stutzeri. PLoS One 9:e89677.
doi: 10.1371/journal.pone.0089677

Saitou, N., and Nei, M. (1987). The neighbor-joining method: a new method for
reconstructing phylogenetic trees. Mol. Biol. Evol. 4, 406–425.

Sevcu, A., El-Temsah, Y. S., Joner, E. J., and Cernik, M. (2011). Oxidative
stress induced in microorganisms by zero-valent iron nanoparticles. Microbes
Environ. 26, 271–281. doi: 10.1264/jsme2.ME11126

Stefaniuk, M., Oleszczuk, P., and Ok, Y. S. (2016). Review on nano zerovalent
iron (nZVI): from synthesis to environmental applications. Chem. Eng. J. 287,
618–632. doi: 10.1016/j.cej.2015.11.046

Thiruvenkatachari, R., Vigneswaran, S., and Naidu, R. (2008). Permeable reactive
barrier for groundwater remediation. J. Ind. Eng. Chem. 14, 145–156. doi:
10.1016/j.jiec.2007.10.001

US EPA (2002). EPA-821-R-02-012 Methods for Measuring the Acute Toxicity of
Effluents and Receiving Waters to Freshwater and Marine Organisms, 5th Edn.
Washington, DC: U.S. Environmental Protection Agency.

Weaver, L., Webber, J. B., Hickson, A. C., Abraham, P. M., and Close, M. E.
(2015). Biofilm resilience to desiccation in groundwater aquifers: a laboratory
and field study. Sci. Total Environ. 514, 281–289. doi: 10.1016/j.scitotenv.2014.
10.031

Wei, Y. T., Wu, S. C., Yang, S. W., Che, C. H., Lien, H. L., and Huang, D. H.
(2012). Biodegradable surfactant stabilized nanoscale zero-valent iron for in situ
treatment of vinyl chloride and 1,2-dichloroethane. J. Hazard. Mater. 21,
373–380. doi: 10.1016/j.jhazmat.2011.11.018

Wille, G., Hellal, J., Ollivier, P., Richard, A., Burel, A., Jolly, L., et al.
(2017). Cryo-scanning electron microscopy (SEM) and scanning transmission
electron microscopy (STEM)-in-SEM for bio- and organo-mineral interface
characterization in the environment. Microsc. Microanal. 23, 1159–1172. doi:
10.1017/S143192761701265X

Xie, F., Ma, H., Quan, S., Liu, D., Chen, G., Chao, Y., et al. (2014). Pseudomonas
kunmingensis sp. nov., an exopolysaccharide-producing bacterium isolated
from a phosphate mine. Int. J. Syst. Evol. Microbiol. 64, 559–564. doi: 10.1099/
ijs.0.055632-0

Xie, Y., and Cwiertny, D. M. (2012). Influence of anionic cosolutes and pH on
nanoscale zerovalent iron longevity: time scales and mechanisms of reactivity
loss toward 1, 1, 1, 2-tetrachloroethane and Cr (VI). Environ. Sci. Technol. 46,
8365–8373. doi: 10.1021/es301753u

Xiu, Z. M., Jin, Z. H., Li, T. L., Mahendra, S., Lowry, G. V., and Alvarez, P. J.
(2010). Effects of nano-scale zero-valent iron particles on a mixed culture
dechlorinating trichloroethylene. Bioresour. Technol. 101, 1141–1146. doi: 10.
1016/j.biortech.2009.09.057

Xue, W., Huang, D., Zeng, G., Wan, J., Cheng, M., Zhang, C., et al. (2018).
Performance and toxicity assessment of nanoscale zero valent iron particles in
the remediation of contaminated soil: a review. Chemosphere 210, 1145–1156.
doi: 10.1016/j.chemosphere.2018.07.118

Zhang, W.-X. (2003). Nanoscale iron particles for environmental remediation: an
overview. J. Nanopart. Res. 5, 323–332. doi: 10.1023/A:1025520116015

Zhang, W. X., and Elliott, D. W. (2006). Applications of iron nanoparticles for
groundwater remediation. Remediat. J. 16, 7–21. doi: 10.1002/rem.20078

Zhao, Y., Qu, D., Zhou, R., Yang, S., and Ren, H. (2016). Efficacy of forming
biofilms by Pseudomonas migulae AN-1 toward in situ bioremediation of
aniline-contaminated aquifer by groundwater circulation wells. Environ. Sci.
Pollut. Res. Int. 23, 11568–11573. doi: 10.1007/s11356-016-6737-7

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 © 2019 Crampon, Joulian, Ollivier, Charron and Hellal. 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 March 2019 | Volume 10 | Article 533

https://doi.org/10.1016/j.jhazmat.2013.12.062
https://doi.org/10.1093/mutage/gex006
https://doi.org/10.1021/es101822v
https://doi.org/10.1016/j.copbio.2013.11.008
https://doi.org/10.1016/S0927-7757(01)00844-5
https://doi.org/10.1016/S0927-7757(01)00844-5
https://doi.org/10.5620/eht.e2014022
https://doi.org/10.1016/j.envres.2018.01.030
https://doi.org/10.1007/BF00335958
https://doi.org/10.1021/es903744f
https://doi.org/10.1021/acs.est.6b01745
https://doi.org/10.1016/j.scitotenv.2016.02.003
https://doi.org/10.1021/es9031198
https://doi.org/10.1021/es9031198
https://doi.org/10.1016/j.chemosphere.2014.02.045
https://doi.org/10.1016/j.mimet.2004.02.009
https://doi.org/10.1016/j.mimet.2004.02.009
https://doi.org/10.1007/s11356-011-0576-3
https://doi.org/10.1007/s11356-011-0576-3
https://doi.org/10.1016/j.chemosphere.2014.03.112
https://doi.org/10.1007/s11356-011-0576-3
https://doi.org/10.1128/JB.06112-11
https://doi.org/10.2323/jgam.51.65
https://doi.org/10.1371/journal.pone.0089677
https://doi.org/10.1264/jsme2.ME11126
https://doi.org/10.1016/j.cej.2015.11.046
https://doi.org/10.1016/j.jiec.2007.10.001
https://doi.org/10.1016/j.jiec.2007.10.001
https://doi.org/10.1016/j.scitotenv.2014.10.031
https://doi.org/10.1016/j.scitotenv.2014.10.031
https://doi.org/10.1016/j.jhazmat.2011.11.018
https://doi.org/10.1017/S143192761701265X
https://doi.org/10.1017/S143192761701265X
https://doi.org/10.1099/ijs.0.055632-0
https://doi.org/10.1099/ijs.0.055632-0
https://doi.org/10.1021/es301753u
https://doi.org/10.1016/j.biortech.2009.09.057
https://doi.org/10.1016/j.biortech.2009.09.057
https://doi.org/10.1016/j.chemosphere.2018.07.118
https://doi.org/10.1023/A:1025520116015
https://doi.org/10.1002/rem.20078
https://doi.org/10.1007/s11356-016-6737-7
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

	Shift in Natural Groundwater Bacterial Community Structure Due to Zero-Valent Iron Nanoparticles (nZVI)
	Introduction
	Materials and Methods
	Experimental Design
	Physico-Chemical Analyses
	Nitrate Reduction Activity Measurements

	Characterization of Bacterial Communities
	LIVE/DEAD® BacLightTM Viability Assays
	DNA and RNA Extractions and cDNA Generation
	qPCR of 16S rRNA and narG Genes
	CE-SSCP Fingerprints
	Bacteria Taxonomic Identification
	Phylogenetic Analysis

	Statistical Analyses

	Results
	Physico-Chemical Parameters
	Effects of nZVI on Microbial Abundance
	Molecular Biomass
	Bacterial Abundance
	Nitrate-Reducing Bacteria Abundance
	Bacteria Viability

	Effects of nZVI on Microbial Activity
	Nitrate Reduction Kinetics
	Bacterial Activity: RNA vs. DNA
	Nitrate Reduction Activity: narG mRNA/16S rRNA and narG mRNA/narG DNA

	Effects of nZVI on Microbial Community Structure
	Bacteria Identification

	Discussion
	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


