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Summary and thesis outline
An enormous progress has been evidenced during the last years about the
development of a great variety of product based on metal nanoparticles. Besides their
unique physicochemical properties, the high probability of their release to environment
particularly to soil and the potential non-target effects on beneficial microorganisms
became concerning. The present thesis is focused on the effect of commercial copper
nanoparticles (NCu) on the nitrifying communities of a soil-plant system and how this
may influence on the nitrogen assimilation in plants.
A first attempt to evaluate the NCu impact on the nitrogen cycle at in vitro scale
indicated that Nitrosomonas europaea, a model nitrifying bacteria was more sensitive to
nanoparticles than to copper sulfate (CS, used as dissolved copper ions), where alterations
on the membrane integrity were suggested as a toxicity mechanism. Despite the clear
differences between the NCu behavior on culture media conditions or on a more complex
matrix such as soil, this finding has provided valuable information about the
consequences in nitrification if soil accounts inhibitory concentrations of NCu. On this
basis, the physicochemical behavior of NCu was evaluated in a Chilean Andisol soil
through sorption isotherm experiments, and a copper fractionation was performed to
determine the fate and distribution of copper in soil. A stronger sorption capacity of NCu
was found compared to copper sulfate. However, their dissolution lead to the distribution
of copper ions to exchangeable fractions in a dose-dependent way, increasing
consequently their bioavailability.
The effects of NCu in a soil-plant system over five months of incubation were
monitored under greenhouse conditions, where five periodic sampling of soil and plants
were performed (T1-T5). The considered parameters were soil microbial enzyme
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activities (dehydrogenase and urease), phytoavailability of copper in soil and
translocation to plant, nitrification and nitrogen assimilation in plant. In general, it was
observed that NCu significantly reduced the dehydrogenase activity in the short-term of
incubation. However, this was recovered after 2 months. The opposite trend was observed
for urease activity due to some long-term effects. These effects could have been
influenced by changes in bioavailability of copper. Particularly, a higher dissolution of
Cu2+ from NCu was induced by plant roots from the first week, which was evaluated
through the diethylenetriaminepentaacetic acid (DTPA) method (commonly used to
extract the labile fraction of copper in soil).
The size-specific effects of NCu with regard to the fate and bioavailability of copper
in soil-plant system have not been well elucidated. In this study, it was reported that the
amount of copper was increasing in all the soil fractions over the entire incubation period.
However, copper was notoriously distributed in the oxides fraction, followed by the
residual, and then the organic matter. The copper amount in the exchangeable fraction
was also increased in a time-dependent way, which is a good indicative to predict the
plant uptake. In this sense, it was corroborated that the translocation factor of copper in
plants treated with NCu was significantly increased in time and differences were observed
respect to CS, where a more severe increase on the copper uptake was found. This
difference has been attributed to the ability of nanoparticles to enter the plant cells and
promote the dissolution of ions, unlike the rapid dissolution of CS to Cu2+. Nevertheless,
more studies are required to elucidate the mechanisms inside the plant cell.
On the other hand, the nitrification, a key step of the nitrogen cycle and essential
microbiological process for the soil fertility and the plant growth, was sensitive to the
presence of NCu in soil. This was evidenced by > 40% of inhibition on the nitrate
production after two months, independently of the NCu concentration. However, from
iii

then, less significant differences were observed on the nitrification rate respect to control.
This suggest that soil nitrification in soil-plant system and specifically the
microorganisms involved in this process might have increased the resistance to copper
over time, and possibly to subsequent copper applications, which should be studied in the
long-term.
Alterations in nitrification may alter the plant performance. On the basis of the
observed alterations of NCu on the nitrate production, it was demonstrated that the
nitrogen assimilation in plant was significantly affected. After five months of incubation,
the nitrogen content in leaves was decreased in 30% and 40% approximately in soil
exposed to NCu at 0.05% and 0.15% w/w, respectively. This information could
corroborate that a low nitrogen content in plants was influenced by the negative impact
on the nitrification caused by the presence of NCu.
The impact of NCu on the structure of soil microbial communities was also studied.
Specifically, copper influenced important changes in the structure of bacterial
communities evidenced by around 50% of similarity among all the treatments including
NCu at different sampling times. This could be related to different processes mediated by
bacteria in soil that should be addressed in more detailed studies. Similarities of 70% and
65% were observed in ammonia-oxidizing bacteria and archaea (AOB and AOA)
communities, respectively, where the most notorious differences were attributed to the
time of incubation. A lower variation compared to the previous communities was
observed for nitrite oxidizing bacteria (NOB) communities, evidenced by 80% of
similarity between the treatments.
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It is known that nitrification is controlled by the activity of both ammonia- and
nitrite-oxidizers that convert ammonium to nitrate. In this sense, the abundances of total
bacteria (represented by 16S rRNA gene) and AOA and AOB (by AOA and AOB- amoA
genes) were studied to obtain more specific details about the toxicity of NCu in soil, since
they have been widely studied as indicators for soil health. In general, it was observed a
stimulatory response in the three target genes respect to control, where a gradual increase
of the bacterial abundance occurred with increasing concentrations of NCu. The most
significant changes in the number of gene copies was produced in AOB (also the most
abundant): after five months, the AOB abundance in treatments of NCu 0.15% was 2-fold
higher compared to control, while the AOA abundance was minimally increased at the
same concentration. This information suggest that AOA communities were probably the
most tolerant to high NCu doses under the conditions stablished in this study.
Additionally, the impact of NCu was also studied in soil containing the herbicide
atrazine, in order to simulate more realistic environmental conditions. The most notorious
effect was the influence on the dissipation of the pesticide, either in presence of absence
of plants, evidenced by the severe increase on the half-life at the highest NCu
concentration. Also, remarkable differences about the sorption parameters were obtained
respect to the occurred with CS, which shed light about the risks of nanoparticles being
released simultaneously with other pollutants.
Finally, it can be concluded that NCu had a negative effect on the structure and
composition of nitrifying communities, having a detrimental impact on the soil
functioning. This was reflected on a reduced nitrogen assimilation for plants. However,
resistance mechanisms were suggested to occur in soil microorganism which require
more detailed studies.
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CHAPTER I
General Introduction

1.1. General Introduction
The nanomaterials are defined as materials with 1-1000 nm of length, at least in
one dimension. However, there are still controversial opinions about how to define a
nanomaterial (Jeevanandam et al., 2018). Among them, metal nanoparticles (MNPs) have
been extensively studied due to their high surface area to volume ratio, which enhance
their surface reactivity and consequently allow a greater antimicrobial activity against
different pathogen types. For this reason, the nanotechnology has become one of the most
promising areas in research during the last years, due to the great variety of applications
that they may have, such as medicine, textile industry, agriculture, etc. (Rubilar et al.,
2013; Charbgoo et al., 2017a; Magro et al., 2018).
Among the different MNPs, Copper nanoparticles (NCu) have received great
attention due to their interesting properties, such as good thermal and electrical
conductivity, and an enhanced antimicrobial activity compared to their bulk counterpart
(Chatterjee et al., 2014). Indeed, NCu are less expensive than other MNPs such as silver,
for example, which turns them a more interesting and cost-effective antimicrobial agent
(Jia et al., 2012). In this context, Chile has a great potential in the development of NCu
since account one fifth of the copper worldwide, according to a report of the Grand View
Research Inc., global (GVR). However, either the NCu production or their environmental
impact has been scarcely studied in this country.
Despite the great advantages of the nanotechnology, the problems begin after the
full life-cycle of MNPs, i.e., after their manufacture, utilization and disposal through
wastes or sewage sludges containing them (often used in agriculture as fertilizer) (Brar et
al., 2010), where soil has been considered as their most important endpoint, followed by
water bodies and atmosphere (Keller et al., 2013). Although no exact information exists
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about the current concentrations of MNPs in soil and the methods of quantification of
MNPs are still hard to perform, diverse estimative studies have predicted an increase of
the market of MNPs, raising a great concern due to their detrimental consequences after
their release into the environment (Giese et al., 2018). Some toxicological studies have
addressed the adverse effects of different MNPs on marine and soil invertebrates (Zou et
al., 2013; Fajardo et al., 2014; Hanna et al., 2014) and plants (Morales et al., 2013;
Vannini et al., 2014). Moreover, the negative impact of MNPs on soil functioning and
processes mediated by microorganisms has been studied, where the effect has been also
dependent on the type of metal (Ben-Moshe et al., 2013; Chai et al., 2015; Parada et al.,
2019b). For instance, some MNPs such as Silver and Titanium nanoparticles have
demonstrated to cause alterations on soil enzymatic activities such as dehydrogenase,
urease, nitrification, among others (McGee et al., 2017; Samarajeewa et al., 2017). Also,
they have been reported to provoke modifications on fungal and bacterial community
composition of bulk and rhizospheric soils (Simonin and Richaume, 2015; Cao et al.,
2017ab). These antecedents raise concern since microbial communities have a key role in
biogeochemical cycles such as the nutrient cycling. Hence, the homo and heteroaggregation of MNPs in soil are crucial processes to determine their bioavailability and
consequently their impact on the biota (El Hadri et al., 2018). In this context, it has been
reported about the influence of soil properties modulating the toxicity and behavior of
MNPs, where the most studied have been the organic matter content, the clay content,
cation exchange capacity and pH (Cornelis et al., 2013; Langdon et al., 2014). However,
there are still scarce studies focused on the behavior of NCu in soil and their effect on
microbial processes and communities, although preliminary reports have shed light about
the different dissolution and sorption capacity of copper as nanoparticle, respect to the
dissolved copper ions (Julich and Gath., 2014; Sekine et al., 2017).
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The nitrogen cycle has demonstrated to be a biogeochemical cycle susceptible to
MNPs. In detail, it has been evidenced the inhibition of the nitrification in soil, as well
as, the negative effect on a model ammonia oxidizing bacterium such as Nitrosomonas
europaea and bacterial and ammonia-oxidizing archaea and bacteria populations (AOA
and AOB, respectively) (Arnaout and Gunsch., 2012; Masrahi et al., 2014; Simonin et al.,
2016ab). In this regard, NCu have been found to induce cytotoxicity on nitrifying bacteria
of a biologic wastewater treatment and reactors (Clar et al., 2016; Zhang et al., 2017).
Soil remain unexplored on this field, which raises concern due to the potential ecological
risk, and even more for potential negative impact on the plant growth.
Another important parameter that has remained mostly unexplored is the influence
of pollutants co-existing with NCu in soil. Assuming a realistic scenario in soils, NCu
may interact with pesticides commonly applied in farming activities e.g. insecticides,
fungicides or herbicides. In this study, the herbicide atrazine (2-chloro-4- (ethylamine)6-(isopropyl amine)-s-triazine), widely used to control pre-and post-emergence broadleaf
in major crops, was selected to evaluate the combined effect with NCu in soil, because,
even when has been banned in Europe ten years ago, in some countries is still used,
reaching values of 7 Kg ha-1 (Bethsass et al., 2006; Ackerman, 2007; Noshadi and
Ghotbizadeh., 2017). Considering that copper has been found to inhibit the microbial
degradation of some pesticides (Liu et al., 2007; Kim et al., 2011) and that differences in
the adsorption capacities of atrazine between a rhizosphere and a non-rhizosphere soils
have been reported (Cao et al., 2018), the effect of NCu was further evaluated co-existing
with the herbicide ATZ in soil, in presence and absence of plants. Some studies have
reported the combined effect of heavy metals with atrazine in soil, particularly, an
inhibitory effect on the nitrification and alterations on the pesticide dissipation (Chen et
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al., 2014; Chen et al., 2015). However, is still unknown the effect of metal nanoparticles
combined with pesticides in soil such as Atrazine.
According to the antecedents previously mentioned, it is hypothesized that the
presence of copper nanoparticles in a soil-plant system will negatively affect the structure
and composition of bacterial nitrifying communities, having a detrimental impact on soil
functional stability, which will be evidenced through a reduced nitrogen availability for
plants.
The findings obtained from this study highlight the importance of assessing and
predict the risks of MNPs in environmental matrices (e.g. soil), considering the lack of
regulations after their utilization.
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1.2. Hypothesis
The presence of copper nanoparticles in a soil-plant system will negatively affect
the structure and composition of bacterial nitrifying communities, having a detrimental
impact on soil functional stability, which will be evidenced through a reduced nitrogen
availability for plants.

1.3. General objective
To evaluate copper nanoparticle effect on nitrifying bacteria in a soil-plant system.

1.4. Specific objectives
1.4.1. To determine antimicrobial susceptibility of pure nitrifying bacteria to copper
nanoparticles under in vitro conditions.

1.4.2. To assess copper nanoparticles bioavailability in an Andisol soil through adsorption
processes.

1.4.3. To evaluate the impact of different copper nanoparticles concentrations on
nitrifying communities and on nitrification process in a soil-plant system.

1.4.4. To evaluate the combined effect of copper nanoparticles with the herbicide Atrazine
on nitrifying communities in a soil-plant system.

5

CHAPTER II
Review: The nanotechnology among us: are metal
and metal oxides nanoparticles a nano or mega
risk for soil microbial communities?

6

2.1. Introduction
The production of metal nanoparticles and metal oxide nanoparticles
(MNPs/MONPs) has experienced fascinating developments during the last decade, and
their application in medicine, electronics, cosmetic, and textile industry is expanding.
Moreover, MNPs/MONPs have been proposed as a new frontier in modern agriculture
(Mishra et al., 2017). The significant applicability of MNPs/MONPs has mostly been
attributed to their interesting enhanced physicochemical properties (e.g. high reactivity,
better optical properties, and great surface area to volume ratio). However, this massive
use of MNPs/MONPs has raised great concern due to their potential interaction with
different compartments in the environment, which has been evident from several
interesting reviews on this topic that have been published in later years (Mehndiratta et
al., 2013; Rubilar et al., 2013; Thul et al., 2013; Durán et al., 2014a; Durán et al., 2014b;
Rai et al., 2014; Simonin and Richaume., 2015; Rajput et al., 2017). Overall, a large
number of nanotoxicological studies have been performed in aquatic organisms, such as
daphnids, zebrafish, algae, fresh water bivalve, diatom, among others, providing an
overview regarding the potential toxicity of MNPs/MNOPs. In this regard, some actual
publications are listed in Table 1. As can be seen, studies with MNPs/MONPs frequently
have evaluated toxicity mechanisms that are expressed, such as the production of reactive
oxygen species (ROS), disruption of membranes, glutathione (GSH) levels, cytotoxicity,
and enzyme activities, among other parameters (Yang et al., 2018).

7

Table 1. Toxicity studies of metal and metal oxide nanoparticles to aquatic and terrestrial
organisms reported on literature during the last five years (2013-2018).

Metal

Target Organism

Tested dose (mg L-1-mg
kg-1)

Artemia salina

10

Dunaliella
tertiolecta

0.01-10

Phaeodactylum
tricornutum

2.5-40

Daphnia magna

0.002-200

Corbicula
fluminea

0.01-0.1

Phaeodactylum
tricornutum

2.5-40

TiO2

CeO2

Pseudokirchneriell
a subcapitata
Ruditapes
decussatus

0.01-1
0.05-0.1

Chlorella vulgaris

50-300

Daphnia magna

0.25-10

Cyprinus carpio

50

Raphidocelis
subcapitana
Daphnia magna
Lumbriculus
variegatus

0-100

ZnO

α-Al2O3
γ-Al2O3

Fe2O3

Artemia salina

100

Helix aspersa

0.05-1

Raphidocelis
subcapitana
Daphnia magna
Lumbriculus
variegatus

0-100

Parameters
Trophic transfer of arsenic,
superoxide dismutase (SOD) and
acetylcholonesterase (AChE).
Growth inhibition, oxidative stress,
reactive oxygen species (ROS)
accumulation and chlorophyll
content.
Physiological and biochemical
responses in 96 h growth tests in
batch-culture.
Median lethal concentration (LC50)
(8 h): 0.139, 0.778, and > 500 mg
L-1 under 100, 50 and 10% of light
intensity, respectively.
Genotoxicity and physiological
effects using comet assay and a
multi-enzymatic biomarker.
Physiological and biochemical
responses in 96 h growth tests in
batch-culture.
Median effective concentration
(EC50): 0.024 mg L-1.
Biochemical and histological
alterations.
Reduced lactate dehydrogenase
(LDH) level at 300 mg L-1 and
increased glutathione content at
>100 mg L-1. Lipid peroxidation
increased in a dose-dependent way.
LC50 (48 h): 1.32 mg L-1
EC50 (24 h): 1.41 ± 0.03 mg L-1
Dose-dependent inhibition of
feeding rate.
Hyperaccumulation in liver and gill
and a decrease in Na+/K+-ATPase
activity.
Inhibitory effect on SOD activity
and glutathione (GSH) levels.

Ecotoxicity.
LC50 (96 h) > 100 mg L-1 for γAl2O3 (5 nm).
α-Al2O3 toxic in a lesser extent.
Nanoparticles (NPs) accumulated in
guts.
ROS production, lipid peroxidation,
DNA integrity loss, protein
carbonyl content, ubiquitin and
cleaved caspases conjugates levels.

Ecotoxicity.

Reference
Yang et al.
(2018)
Morelli et
al. (2018)
Deng et al.
(2017)
Mansfield
et al.
(2015)
KoehléDivo et al.
(2018)
Deng et al.
(2017)
Booth et al.
(2015)
Sellami et
al. (2017)
Suman et
al. (2015)

Lopes et al.
(2014)

Hao et al.
(2013)

Brown et
al. (2018)

Ates et al.
(2013)

Sidiropoul
ou et al.
(2018)

Brown et
al. (2018)
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Metaphire
posthuma

100-1000

Brachionus
plicatilis
Artemia
franciscana
Trigriopus fulvus

0-100

Chlamys farreri

10

Chlamydomonas
reinhardtii

0.1-1000

Arbacia lixula

0.0007-0.02

Mytilus
galloprovincialis

1-3

CuO

Cu0

Danio rerio

0.25-8 (25, 50 and 100
nm)

Gautam et
al. (2018)

EC50 at sub-lethal endpoints.

Rotini et
al. (2018)

Released ions on the hemocytes,
and ROS generation.
EC50 (72 h): 150.45 ± 1.2 mg L-1
No observed effect concentration
(NOEC) ≤100 mg L-1
Decrease in carotenoids content
(from 0.71 µg mL-1 in control to
0.13 µg mL-1 in 1000 mg mL-1).
Embryotoxicity tests and metabolic
profiles.
Reduced growth in 68%. Copper
accumulated 79.14 ± 12.46 µg Cu
g−1 dry weight, higher than in
control (by 60-fold).
LC50 (25 nm): 1.07 mg L-1
LC50 (50 nm): 2.02 mg L-1
LC50 (100 nm): 2.39 mg L-1
Inhibition of hatching and increased
malformation of embryos.

Sun et al.
(2017)

Melegari et
al. (2013)

Cappello et
al. (2017)
Hanna et
al. (2014)

Hua et al.
(2014)

Epinephelus
coioides

0.02-0.1

Time- and dose-dependent copper
accumulation in tissues. Higher
SOD activity, Glutathione
concentration and Na+/K+-ATPase
activity. Exacerbated apoptosis in
liver and gills.

Daphnia magna

0.2-2

Parental mortality, somatic growth
and reproductive parameters.

Pacheco et
al. (2018)

Ruditapes
decussates

0.05-0.1

Sellami et
al. (2017)

Oncorhynchus
mykiss

0.1

Biochemical and histological
alterations.
Tissue metal concentration,
oxidative stress, histopathology of
the blood cell and spleen.
Survival, change in biomass and
avoidance behaviour.

Clark et al.
(2018)

500

Chlorophyll content, biomass.

Jiang et al.
(2017)

25.6-2500

Lethal toxicity, reproduction
toxicity, bioaccumulation.

Topuz and
van Gestel.
(2017)

Au

Ag

Phagocytic response, generation of
cytotoxic molecules,
phenoloxidase, SOD, catalase, acid
and alkaline phospahate and total
protein of coelomocytes.

Allolobophora
chlorotica
Hydrilla
verticilata
Gambusia affinis
Radix spp
Enchytraeus
crypticus

0-100

Wang et al.
(2014)

Brami et
al. (2017)

The studies about the impact of nanoparticles (NPs) in the environment, and more
specifically in sediments, sludge or soils, have been a real challenge for scientists, because
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their behavior, migration, possible interactions and transformations, could be completely
opposite in relation to their bulk or dissolved counterparts.
Additionally, their quantification in these organic matrixes is currently difficult
principally due to technical limitations, although recent advances have been made on this
topic. Some current reports have demonstrated that single-particle inductively coupled
plasma mass spectroscopy (spICP-MS) techniques could be a powerful tool for the
detection of copper or silver NPs, among other MNPs/MONPs (Navratilova et al., 2015;
Mahdi et al., 2017; Schwertfeger et al., 2017). However, this technique could have some
technical limitations for the determination of rare earth oxides NPs (Fréchette-Viens et
al., 2017). In this regard, the prediction and quantification of MNPs/MONPs in the
environment has been based on computational models as the only mechanism to obtain
information (Sun et al., 2014; Bundschuh et al., 2018). A general approach based on these
models has suggested that soil is the main environmental compartment for the final
disposal of MNPs/MONPs (8-28%), followed by water bodies (0.4–7%) and the
atmosphere (0.2–1.5%) (Keller et al., 2013). Additionally, estimations have predicted an
increase of freshwater CeO2 NPs from 1 pg L-1 to a few hundred ng L-1 by 2050, with
noticeable differences depending on the type of NPs (Giese et al., 2018). The
MNPs/MONPs could enter the soil during their life cycle, through their release during
their manufacture, utilization, application in bioremediation processes, or by disposal of
wastes containing them as solids or sewage sludges (Fijalkowski et al., 2017; Galdames
et al., 2017; Wigger, 2017; Funari et al., 2018) (Figure 1). When the NPs enter into the
soil and take part in this complex structure, a new challenge for researchers begins. The
first problem to solve is the distinction of MNPs/MONPs from natural NPs and secondly,
the characteristics and properties of both MNPs/MONPs (i.e. type of metal, coating, size,
shape, charge) and soil (i.e. pH, ionic strength, organic matter and clay content). These
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intrinsic characteristics and the possible interaction between them, could affect
physicochemical processes involving MNPs/MONPs transformations (Bundschuh et al.,
2018), which will certainly affect their behavior and reactivity, and concomitantly, the
potential impact on the microorganisms. Some studies about individual factors and their
effects have been evaluated (Moghaddasi et al., 2017; Reith and Cornelis, 2017; Das et
al, 2018). However, it has been less reported about the potential effects that could cause
the interplay of these individual factors. Therefore, the recent research has been a useful
progress towards understanding the behavior and the effects of MNPs/MONPs in the soil.
It is still a challenge to know the real levels that these tiny structures can generate in a
complex and diverse soil matrix. For these same reasons, it is difficult to interpret,
explain, and compare the observed differences in many studies developed in soil
(Simonin and Richaume, 2015). This is not an easy mission, considering that each soil
evaluated and its respective physicochemical or microbiological characteristics, is a
specific environmental condition. Once released in soil, it is expected that MNPs/MONPs
may persist for a long-time period depending on the soil’s characteristics, which could be
a threat to beneficial microbial communities and their functionality. Consequently, some
groups have researched their effects on soil microbial communities, using a mixture of
parameters involving respiration, enzymatic activity, enumeration, or community
structure (Pawlett et al., 2013; Vittori Antisari et al., 2013; Shah et al., 2016). The
observed effects have differed depending mainly on MNPs/MONPs characteristics or soil
type. It should be noted that important gaps were identified during the last few years about
the effects of NPs on soil ecosystem such as the interaction with other contaminants (other
metals or chemicals), aging processes and shape of NPs (Bundschuh et al., 2018), as well
as, topics scarcely studied including engineered or biogenic synthesis, or the speciation
of metals (Sekine et al., 2017). Therefore, throughout this review we provide an overview
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of the current state of knowledge concerning exposure to MNPs/MONPs on soil and how
these topics have been addressed.

Figure 1. Main entry routes of metal (MNPs) and metal oxide nanoparticles (MONPs)
into the soil from different sources.

The aim of this review is to provide basic information about hazardous
implications of different classes of MNPs/MONPs (silver, gold, iron, zinc, titanium,
copper, magnetite, cerium and aluminum), obtained from the assays carried out in soil
microcosms, that involve studies of the impact on the structure of microbial communities,
soil functionality, and biogeochemical processes mediated by microorganisms. The
information provided in this study reflects the knowledge obtained during the last five
years (2013–2018), which is useful to conclude if a “nano intervention” could really
become a mega risk for the stability of the microbial communities and their associated
biological processes. In this review, we do not cover detailed aspects on the fate or
chemical transformations of MNPs/MONPs into soil, as it has been detailed by McKee
and Filser (2016) and by Bundschuh et al. (2018). However, a brief discussion about of
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soil-MNPs/MONPs interactions has been covered, because it is necessary to understand
their bioavailability and potential adverse effects.
2.2. Soil-metal nanoparticle interaction
Soil has been considered as the most important sink of MNPs/MONPs and it has
been proven that they can react in different forms when they reach the soil environment
(Figure 2). This mainly depends on the factors related to physicochemical characteristics
of MNPs/MONPs and soil (Julich and Gath, 2014; Simonin and Richaume, 2015; Read
et al., 2016; Bundschuh et al., 2018; El Hadri et al., 2018). For instance, the role of organic
matter and humic substances in MNPs/MONPs stability in soil has been studied, through
the capacity of the soil matrix to reduce the mobility of the NPs (Benoit et al., 2013).
Consequently, alterations in the microbial population might be expected. Hadri et al.
(2018) evaluated the interaction of functionalized gold NPs (Au-NPs) with soil particles
and concluded that the presence of natural organic matter is a key factor in their adhesion
to soil, and that the concentration or surface coating does not significantly affected these
interactions. Similarly, Moghaddasi et al. (2017) observed that the attachment of coated
and uncoated zinc oxide NPs (ZnO-NPs) in different soils was dependent on the organic
matter content, but in this case, the effect was also dependent on the concentration of
ZnO-NPs. In another interesting work, Reith and Cornelis (2017) evaluated the effects of
soil properties on the mobility of Au-NPs and platinum NPs (Pt-NPs). Interestingly, low
percentages (1–20%) of added NPs (100 µg kg-1) were recovered from watery extracts,
and the majority was adsorbed onto the organic matter (53–77%) and Fe/Mn-oxide (up
to 42%) fractions. The authors concluded that the elevated clay content, organic carbon
and Fe/Mn-oxides decreased the Au-NPs and Pt-NPs mobility and the elevated sand
content increased their mobility. It should be noted that the presence of organic matter
and humic substances represents an important nutrient source for soil microorganisms.
13

Therefore, high concentrations of MNPs/MONPs might impose toxic effects to these
microorganisms.

Figure 2. Main interactions produced between metal (MNPs) and metal oxide
nanoparticles (MONPs) with soil components and organisms.

Nonetheless, MNPs/MONPs behavior in soil has not only been influenced by the
organic matter itself, but also by different products of their decomposition such as fulvic
and humic acids, which has been reported to be involved in the interface interaction
mechanisms of titanium NPs (TiO2-NPs) (Luo et al., 2018). On the other hand, it has been
suggested that pH should be considered during nanotoxicological studies (Read et al.,
2016). These authors reported that soil zinc (as NPs or dissolved ions) showed a strong
pH-dependent effect on microbial communities, with the largest changes produced
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between pH 4.8 and 5.9. Contrary to this, Topuz et al. (2017) reported that the
bioavailability of silver NPs (Ag-NPs) was mainly affected by the organic carbon content
more than the soil pH. The surface coating, aggregation or disaggregation abilities and
dissolution also may govern the behavior of MNPs/MONPs in soil, influencing their
transport in water and ground waters, and consequently their deposition into soils (Shah
et al., 2016; Bundschuh et al., 2018). Another important aspect, that must be taken into
consideration, is the aging of MNPs/MONPs in soil. During an interesting work, Sekine
et al. (2017) reported facilitated dissolution of copper NPs (Cu-NPs) in the short time (0–
5 days), and such behavior was aligned with the behavior of copper ions dissolved from
a salt (CuCl2) under acidic soil conditions. However, during basic conditions, dissolution
was slower and copper was mainly bound to FeO(OH) or natural organic matter (NOM).
Additionally, the same authors reported that in the long term (135 days), the fate of all
copper forms evaluated could be probably dictated by the soil properties. In summary,
the fate and possible consequences that MNPs/MONPs may have in soil due to their
interactions could depend on their type, size, charge, coating or concentration, among
other properties that certainly are key factors and need to be studied more carefully.
Moreover, the environmental conditions (pH, organic matter content, clay or sand
content) as well as the residence time in soil should be taken into consideration. Certainly,
the data reported so far represents an important and relevant advance in our knowledge
about the behavior of the MNPs/MONPs in soil. However, multiple questions are
necessary to address future work (size of NPs, presence or absence of other metals or
contaminants, interaction with amorphous clays, amongst others) in order to be aware of
the risks that MNPs/MONPs accumulation involves with soil microbial communities,
regarding the key role that soil microorganisms have to support the ecosystem health, biogeochemical process and the plant performance.
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2.2.1. Silver nanoparticles
Silver NPs (Ag-NPs) have gained popularity due to their antimicrobial properties,
leading to their use in many consumer products worldwide such as: clothing, food storage,
cleaning products, and biomedical applications (Haider and Kang, 2015). Due to this
reason, it is expected an increase in the Ag-NPs concentration that could be released into
the environment. In this context, the application of sewage sludge as an agricultural
amendment has been mentioned as one of the major entry routes for Ag-NPs into the soil,
where is suggested that they could be transformed into silver sulfides (Kampe et al.,
2018). In this regard, Doolette et al. (2016) evaluated the effect of Ag-NPs (44 nm),
sulphidised-silver nanoparticles (Ag2S-NPs) (152 nm) and Ag+ (silver ion from AgNO3)
on soil microbial communities using metagenomic sequencing. The authors observed that
hazardous concentrations of both NPs for operational taxonomic units (OTUs) were equal
or lower compared to Ag+. However, the Ag2S-NPs were significantly less toxic when a
protection level of 80% was considered for OTUs. Other studies revealed a significant
reduction in dehydrogenase and urease activities in soil exposed to 50 mg kg-1 of Ag-NPs
(20 nm). Also, a substantial shift in bacterial community composition was observed,
where Acidobacteria and Verrucomicrobiota were decreased and the Proteobacteria
phylum was increased. The fungal community structure and the bacterial and archeal
amoA gene abundance were significantly affected (McGee et al., 2017). Similar results
have been reported in soil from low artic sites, where Ag-NPs (20 nm) at 660 mg kg-1
caused a decrease of signature bacterial fatty acids and of the richness and evenness of
bacterial and fungal DNA sequences. A decrease of 50 % in microbial respiration was
observed. Also, nitrogen-fixing Rhyzobiales bacteria were vulnerable to Ag-NPs (Kumar
et al., 2014). The authors mentioned the importance of the particle size during toxicity
studies, since Ag-NPs showed a remarkable impact on the microbial community
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compared to silver microparticles (3 µm). The presence of Ag-NPs (1–10 nm) at 10 and
100 mg kg-1 in a forest soil caused an evident decrease in microbial biomass C at both
concentrations. Moreover, the authors reported an increase in the metabolic quotient,
which reveals stress due to environmental changes produced by the NPs (Carbone et al.,
2014). Biological activities at concentrations between 0–50 mg kg-1 of Ag-NPs (40 nm)
were evaluated in calcareous soils with different textures and salinity levels (Rahmatpour
et al., 2017). The authors suggest that the biological effects caused by the NPs were
dependent on soil type and Ag dose, since soils with low clay content were the most
sensitive to Ag-NPs and no effects were observed at concentrations of < 20 mg kg-1. The
effect of polyvinylpyrrolidone (PVP) coated with (0.3%) Ag-NPs (30 nm) between 49
and 1815 mg kg-1 on biological parameters has been evaluated in a sandy loam soil by
using an array of tests including: microbial respiration, enzyme activity, nitrification,
molecular and physiological profiles, and others (Samarajeewa et al., 2017). The results
revealed that the impact on biological parameters was evident in all the concentrations
evaluated, with a half maximal inhibitory concentration (IC50) as low as 20–31 mg kg-1,
depending on the tests applied. The effects of Ag-NPs (20 nm) on rhizosphere
microorganisms has also been evaluated (Sillen et al., 2015). Interestingly, the bacterial
community was more affected than the fungal cultures, and an increase in maize biomass
was observed. Moreover, changes in rhizosphere were different compared to bulk soil,
indicating that the rhizosphere could influence the Ag-NPs behavior. The effects of
citrate-coated commercial Ag-NPs (9–10 nm) at low concentration (1 mg kg-1) were
evaluated on plant growth and soil microorganism community parameters (Liu et al.,
2017). Wheat plants cultured from seedlings to harvest were exposed to Ag-NPs. The
composition of the soil microbial community was characterized by high throughput
sequencing of 16S rRNA genes. The results showed that the NPs exposition did not inhibit
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wheat seed growth nor modified the seed amino acid content. The administration of AgNPs affected the structure of the bacterial community, particularly during the transition
from seedling to the vegetative stage, affecting the soil diversity and richness. In recent
work, nanocomposites of silver-graphene oxide at concentrations between 0.1–1 mg g-1
decreased enzymatic activities in soil up to 80%, and a similar decrease (8%) was
observed during the nitrification process (Kim et al., 2018). Although the study developed
by Batista et al. (2017) was mainly focused on litter decomposition, the authors reported
that the effect of Ag-NPs (26–44 nm) on microbial communities was modulated by AgNPs or AgNO3 more than by temperature. However, the negative effects were more
pronounced at 10 and 23 ºC. This fact emphasizes the importance in considering the
temperature for the next studies about the impact of Ag-NPs in soil.
A recent evidence suggested that MNPs/MONPs can impact both microbial
community composition and soil enzyme activity. However, their impact is dependent on
the NPs type, concentration, shape, dissolution behavior, and chemical surface. Amongst
the MNPs/MONPs evaluated, Ag-NPs (50 nm) (100 mg kg-1 soil) significantly inhibited
soil enzyme activities (Asadishad et al., 2018). The influence of spherical Ag-NPs (size
of 20.4 ± 3.2 nm and zeta potential of -23.0 ± 1.0 mV) at different concentrations (0.025,
0.25 and 2.5 mg kg-1) on rhizospheric microbial communities and maize (Zea mays L.)
growth have been evaluated, and compared to bulk Ag. The results demonstrated that 2.5
mg kg-1 of Ag-NPs significantly reduced the dissolved organic carbon content in
rhizospheric soils, and plant biomass, compared to bulk Ag. The NPs were found to
accumulate in plant tissues, increasing antioxidant enzyme activity. Thus, high
concentrations of Ag-NPs impaired plant growth and soil fertility (Cao et al., 2017).
Recently, the influence of Ag-NPs (7–14 nm) on earthworms, is considered to be a vital
indicator of soil health, and tomato plants (Lycopersicon esculentum) were evaluated
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through a 72 weeks’ soil experiment (Das et al., 2018). Ag-NPs (25 and 50 mg kg-1)
caused severe oxidative stress in earthworms (Eisenia fetida). Moreover, Ag-NPs (50
ppm) decreased the microbial growth in soil and nutrient availability, with a significant
silver dissolution being observed in the soil. Finally, the authors reported the
transformation of silver into Ag2S and Ag3PO4 forms, which significantly affected S and
P availability. Ecologically representative soil protozoan organisms (an environmental
isolated Acanthamoeba strain and Acanthamoeba castellanii ATCC 30234 strain) were
selected to evaluate the toxicity of Ag-NPs (30 and 70 nm in size) for 24 and 96 h, at
concentrations from 20 to 600 mg L-1 (Grün et al., 2017). A dose-dependent decrease in
metabolic activity and adherence ability were observed for both strains after Ag-NPs
exposure for 96 h. The authors compared the toxicity of Ag-NPs with silver ions
(AgNO3). Short-term exposition of protozoan organisms to AgNO3 caused severe
toxicity, whereas prolonged exposure led to similar effects with both AgNO3 and AgNPs. Biogenically synthesized Ag-NPs (2–5 nm) demonstrated potent antimicrobial
activity for plant disease management without changing the microflora of the native soil,
as assayed in an experimental model of Alternaria brassicicola and Arabidopsis thaliana
(Kumari et al., 2017). The Ag-NPs were synthesized from a cell-free extract of
Trichoderma viride and were found to have spherical morphology. The activity of
important soil enzymes such as urease, acid and alkaline phosphatase, dehydrogenase and
β-glucosidase did not alter NPs treatment (5 µg mL-1), compared to control plants. In
addition, Ag-NPs did not alter the number of cultured fungi, bacteria, and actinomycetes.
It should be noted that the impact of Ag-NPs in soil microbial communities can
exhibit diverse effects, since it strongly depends on several parameters, including the
shape of NPs. In this context, the impact of Ag-NPs with different shapes (spheres, plates,
and rods), and silver ions on bacterial toxicity and soil microbial communities have been
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evaluated in laboratory settings (Zhai et al., 2016). Overall, the results revealed that the
microbial community was affected by changing the shape of Ag-NPs. The authors
speculated that Ag-NPs may change the microbial community by adversely affecting
specific enzymes. Further studies are required.

2.2.2. Gold nanoparticles
Gold NPs (Au-NPs) may have different shapes such as triangles, rods, spheres,
starts or squares, which can be used in several applications such as medicine, diagnosis
and therapy, or cancer treatment. Moreover, Au-NPs associated with graphene in
nanocomposites can be applied in sensors, photoelectrodes, and photo-catalysis
processes, among others (Menon et al., 2017). Nonetheless, there are few studies
regarding the effects of Au-NPs in soil microorganisms, and most of them refer to their
low toxicity. For instance, Asadishad et al. (2017) reported that commercial citrate coated
(50 nm) and PVP coated Au-NPs at three concentrations (0.1, 50, and 100 mg kg-1) and
three particle sizes (5, 50, and 100 nm) were ecotoxically safe, and stimulatory effects on
five extracellular enzymes important during nutrient cycling were observed. Moreover,
an increase in Actinobacteria and Proteobacteria was observed in soil treated with citrate
coated Au-NPs. Similar results were obtained by Maliszewska (2016), who used
biogenically synthesized Au-NPs (size of 14 ± 3 nm, zeta potential of –33 ± 3 mV)
obtained from the biomass of Streptomyces rimosus. The impact of Au-NPs (16 and 33
mg kg-1 soil, after 28 days of incubation) was evaluated on microbial communities in
garden soil, as assayed for community level physiological profiles and the enumeration
of culturable soil microorganisms. The enzymatic activities of soil enzyme
dehydrogenases: urease, alkaline phosphatase and β-glucosidase were evaluated. The
results demonstrated that biogenic Au-NPs, up to the highest tested concentration, did not
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change the soil process, thus these nanoparticles can be considered not to be harmful.
Since it is also important to study the catabolic functions of microbial communities,
Weber et al. (2014) assessed the effects of Au-NPs on rhizosphere communities from
Typha roots by using the BIOLOG ECO plate (Biolog), method commonly used to
evaluate the ability of a community to utilize several kinds of carbon sources. Only a
small inhibitory effect was observed at a concentration of 0.05 µg mL-1 and a slight
positive effect on catabolic capabilities for loamy soil communities occurred. The authors
finally suggested that the effect of Au-NPs on catabolic capabilities of microbial
communities is minimal. Shukla et al. (2015) performed in vitro studies to evaluate the
effect of Au-NPs (~45 nm) on the growth of plant growth promoting rhizobacteria
(PGPR). In detail, Au-NPs at 6.25 mg L-1 provoked 63% acceleration of growth in
Paenibacillus elgii, 57% in Pseudomonas fluorescens, and 33% in Bacillus subtilis, while
Pseudomonas putida was unaltered. Accordingly, the authors conclude that Au-NPs may
be used for the development of nano-biofertilizers. As can be seen from the literature
during the last years, Au-NPs have been one of the less evaluated in soil microbial
community studies. Therefore, future studies should be focused about Au-NPs impact in
soil, as their use in medical application and environmental release will increase
unavoidably.

2.2.3. Iron and iron oxides nanoparticles
Iron is one of the most abundant elements in the earth crust and is ubiquitous in
many biogeochemical compartments (Braunschweig et al., 2013). Zero-valent Iron, Iron
Oxide, and Magnetite NPs (ZVFe-NPs, FeO-NPs and Fe3O4-NPs, respectively) are
mainly used as effective tools to remediate pollution in soil through reductive
transformations and detoxification of many contaminants (Galdames et al., 2017; Tiwari
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et al., 2017). There is currently no detailed information regarding their impact on soil
microbial communities. However, during the last five years, some research groups have
shed light about their potential effects. The iron crystal structure, along with NPs size,
charge, solubility and presence of organic matter molecules are reported to impact the
NPs reactivity and thus, their toxicity (Braunschweig et al., 2013). In addition, the
cytotoxic effects of iron-based NPs towards bacteria are associated with oxidative stress
through generation of ROS. These effects might lead to the interplay of oxygen with
reduced iron species or from the disturbance of the ionic transport chain due to the affinity
of cell membranes to the NPs (Braunschweig et al., 2013; Duran et al., 2014b).
For instance, Shah et al. (2014) reported that according to results obtained with
pyrosequencing, ZVFe-NPs in soil (size range of 2–58 nm at 550 mg kg-1) did not cause
significant changes in bacterial communities. Also, the impact observed could be more
attributed to environmental parameters more than to the presence of the NPs. Quasispherical FeO-NPs (10.0 ± 2.5 nm) at concentrations of 1 and 10 mg kg-1 soil
demonstrated, in contrast to Ag-NPs, positive effects on N and C cycles, evidenced by
increased microbial metabolic activity and nitrification potential (He et al., 2016). As
discussed by the authors, this phenomenon could be attributed to the role of iron as an
essential micronutrient involved in microbial metabolism and biochemical reactions such
as nitrate synthesis, nitrogen fixation or DNA synthesis. ZVFe-NPs concentrations as
high as 1000 or 2000 mg kg-1 have been evaluated in soil and the results demonstrated
that 1000 mg kg-1 (to be used in rhizoremediation processes) did not cause negative
effects on microbial parameters, but did cause indirect toxic effects on plant root
elongation (Lacalle et al., 2018). Conversely, when 2000 mg kg-1 were applied,
heterotrophic cultivable bacteria, fungal colonies, microbial biomass carbon and nitrogen
mineralization were significantly decreased after 180 days of incubation (Rashid et al.,
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2017). On the other hand, Fe3O4-NPs have been widely used in biomedical applications,
mainly due to their biocompatibility beneficial characteristics (Magro et al., 2018).
Nonetheless, some studies have reported their impact on the soil environment: Antisari et
al. (2013) evaluated the effect of Fe3O4-NPs on microbial biomass, and their availability
through soil particles. The results showed an increase on microbial C/N ratio from 8 in
the control to 17 at the lowest rate of Fe3O4-NPs evaluated (10 mg kg-1) in the first week
and on a metabolic quotient after 60 days, which represents microbial stress and changes
produced in the bacterial/fungal biomass ratio, according to the authors. Besides, it was
evidenced through cellular lyses with the CHCl3 method that Fe was taken up by soil
microorganisms from NPs dissolution, whereas Fe3O4-NPs showed a low solubility. In
fact, they formed small aggregates in soil. Based on these results, the authors concluded
that studies of diversity on microbial communities, as well as the type of interaction
between NPs and organic or inorganic compounds need to be understood, for a better
comprehension of the risks about NPs in the soil. Moreover, it has been reported that the
effect of Fe3O4-NPs may vary according to the soil type. In relation to this, Frenk et al.
(2013) observed a harmful and higher effect of Fe3O4-NPs on microbial communities in
a sandy loam soil compared to sandy clay soil, through changes in bacterial composition
and hydrolytic activity. In contrast, no effects were observed in the sandy clay soil. Cao
et al. (2017) investigated the impact of quasi-spherical Fe3O4-NPs (10.2 ± 2.6 nm),
synthesized by the co-precipitation technique, on arbuscular mycorrhizal (AM)
community, and fungi/plant soil ecosystems. Using a greenhouse pot experiment, Zea
mays L. growth and AM fungal community was monitored following administration of
Fe3O4-NPs (0.1, 1.0, and 10.0 mg kg-1), and compared with bulk Fe3O4. The authors
observed that the highest tested concentration of Fe3O4-NPs was toxic to AM fungi by
impairing their diversity, and changing their community structure, in comparison with
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bulk Fe3O4. Therefore, particulate Fe3O4 might deteriorate the nutrient provision of AM
fungi for maize, impairing soil fertility.

2.2.4. Zinc, zinc oxide and titanium oxide nanoparticles
During the last years, Zinc, Zinc Oxide, and Titanium Oxide NPs (Zn-NPs, ZnONPs and TiO2-NPs, respectively) have been extensively used in cosmetics such as
sunscreens, plastics, and paints. Moreover, these NPs have been applied in the
remediation of contaminated soil and water (Athanasekou et al., 2017; Haider et al., 2017;
Jiang et al., 2018). Studies carried out with ZnO-NPs and TiO2-NPs in soil have reported
contrasting results about the effects of these NPs on microbial communities or biological
activities. In this regard, Shen et al. (2015) evaluated the fluorescein diacetate hydrolyzing
and dehydrogenase activities and the ammonification as ecotoxicological parameters in
different soils exposed to ZnO-NPs (10–300 nm) at concentrations between 1000 and
10000 mg kg-1 of soil. The ammonification was significantly modified from 1000 mg kg1

and all enzyme activities, as well as the respiration parameters, were negatively affected

by the presence of ZnO-NPs. However, the toxicity was strongly correlated with pH: a
higher negative impact on acidic or neutral soils and a lower impact on alkaline soils.
According to the authors, this could be explained by the influence of pH on the ionic
dissolution ZnO-NPs. The effects of commercial ZnO-NPs (58.40 ± 30.13 nm) at 1000
mg kg-1 on soil microbes and their soil functions on Date palm (Phoenix dactylifera) were
evaluated (Rashid et al., 2017). The administration of ZnO-NPs on litter-amended soil
decreased the fungal and bacterial colony forming units, compared to control. Zn was
detected in the microbial biomass upon nanoparticles administration in soil, suggesting
an uptake and accumulation of ZnO-NPs into the cell cytosol of the microorganisms.
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Overall, ZnO-NPs were toxic to microbe soil, affecting their carbon and nitrogen
mineralization. Similar results were found by Chai et al. (2015) where a reduction in
Azotobacter, P-solubilizing, K-solubilizing bacteria and enzyme activity in soil was
observed following the addition of ZnO-NPs at the same concentration. A negative
impact on beneficial soil microorganisms and on the production of plant growth
promoting substances has been reported (Haris and Ahmad, 2017). After the exposure to
increased concentrations of ZnO-NPs, the cell viability of P. aeruginosa, P. fluorescens
and B. amyloliquefaciens decreased significantly as well as the production of indole acetic
acid. Contrary to this, Sindhura et al. (2014) reported that the addition of Zn-NPs did
cause alteration of enzymatic activity in soil or of microbial activity. Moreover, an
increase in biological activities and physiological parameters of the plants has been
observed. Recently, Xu et al. (2018) evaluated the effects of commercial ZnO-NPs (size
of 90 nm) and bulk ZnO at different concentrations (0, 1, 10, 100 mg kg-1) on the growth
of Lactuca sativa L. and their impact on the associated rhizospheric soil bacterial
community. The authors reported that NPs or bulk material, at concentrations of 10 mg
kg-1, modified the soil bacterial community structure. In addition, some lineages within
the Cyanobacteria showed a similar or different response towards bulk ZnO and ZnONPs, as demonstrated by their taxonomic distribution. The results indicated that distinct
microbial processes occurred in soil as a result of the treatments. The long-term effects
(56 d) of commercial ZnO-NPs (<50 nm) were evaluated at concentrations of 50 and 500
mg kg-1 on the activities of soil exoenzymes in planted soils (acid phosphatase,
fluorescein diacetate (FDA) hydrolase, β-glucosidase, urease, dehydrogenase, and
arylsulfatase) (Kwak et al., 2016). The study was performed by using the Organization
for Economic Cooperation and Development (OECD) standard soil. Except for FDA
hydrolase activity, significant effects (increase or decrease of enzymatic activity) were
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reported for all the enzymes. The main conclusions were that ZnO-NPs at 50 and 500 mg
kg-1 might adversely affect soil enzymes, mainly urease and acid phosphatase, which may
compromise the nitrogen and phosphorous cycles in the soil. Zinc might interact with
sulfhydryl moieties at the active sites of enzymes, such as urease, decreasing catalytic
activity. The impact of commercial ZnO-NPs (50 nm) and TiO2-NPs (100 nm) in various
soils was evaluated by using the Phytotoxkit FTM method (Jośko and Oleszczuk, 2013).
The results demonstrated that both nanoparticles affected the growth of Lepidium sativum
roots, however no impact on seed germination was reported. The toxicity was evaluated
by the contact time between soil and the NPs, along with the effects of temperature and
light. ZnO-NPs were found to be more toxic in comparison to TiO2-NPs. In addition, a
reduction of NPs toxicity was found as the temperature and aging were increased, while
enhanced toxic effects were observed under light conditions. The authors assumed that
the increased temperature and extended contact time of NPs with soil (aging) might
enhance the interactions of the NPs with soil components and reduce the negative effects
of the NPs due to the formation of complexes between Zn and organic matter. They
conclude that the impact of NPs in plants is caused by several factors that control the NPssoil-plant system. Also, further studies are required to better understand this relation by
considering the use of various soil types. Alterations in soil microbial communities have
also been observed after the addition of TiO2-NPs. Moll et al. (2017) reported that TiO2NPs (of 29 and 92 nm) caused alterations in prokaryotic communities but not in fungal
communities. Interestingly, these authors reported that the composition of the prokaryotic
community, evaluated by Illumina Miseq (16S or ITS2 regions), was different during the
treatment with NPs, bulk zinc (> 100 nm) and control without NPs. This indicates that
the response of microbial communities to TiO2-NPs could be regulated by the NPs size.
Simonin et al. (2016a) evaluated the effects of TiO2-NPs (21 nm) at 1 and 500 mg kg-1 in
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soil. These authors reported that even at the lowest concentration, TiO2-NPs had a
negative impact on the nitrification activities and the abundance of ammonia-oxidizing
microorganisms after 90 days of exposure. A study carried out in soil columns evaluated
the effects of TiO2-NPs applied as a single (50 mg L-1) or repeated exposure (two of 25
mg L-1 or three of 16.5 mg L-1) on the abundance and activity of soil nitrifying microbial
communities after two months of incubation. The results demonstrated that under
repeated exposures the addition of NPs was more harmful to soil microorganisms
(Simonin et al., 2016b). Soil exposition to concentrations of < 200 mg kg-1 of undoped or
nitrogen-doped TiO2- NPs (40–60 nm ms) did not cause alterations in the microbial
composition of maize or soybean rhizosphere. However, both NPs caused a negative
impact on arbuscular mycorrhizal fungi (Burke et al., 2014). Conversely, no effects on
arbuscular mycorrhizal fungi or biological nitrogen fixation by rhizobia were observed in
a soil amended with TiO2-NPs (~29 nm) at concentrations between 100 and 1000 mg kg1

(Simonin et al., 2017). More sensitive microorganisms as nitrifying bacteria or archaea

have been affected by TiO2-NPs in soil. However, a non-classical dose-response was
found by Simonin et al. (2017). The authors evaluated concentrations between 0.05 and
500 mg kg-1 and reported that the archaea abundance was reduced by 40% with all the
concentrations evaluated. Moreover, whilst no effect was found in the Nitrospira
abundance, Nitrobacter was affected (25% reduced nitrification) at 0.05 mg kg-1, and the
highest concentrations (100 and 500 mg kg-1). In relation to soil properties, it has been
reported that the toxicity of TiO2-NPs is related to soil pH and organic matter content,
more than the soil texture itself (Simonin and Richaume, 2015). More recently, Huang et
al. (2018) reported that TiO2-NPs (8–25nm) in the presence of metalaxyl did not cause
significant changes in biomass or the bacterial community regardless of the metalaxyl
concentration.
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2.2.5. Copper and copper oxides nanoparticles
Copper and Copper Oxide NPs (Cu-NPs and CuO-NPs, respectively) have raised
great interest due to their beneficial characteristics such as high thermal and electrical
conductivity, lubrication, catalyst, and low cost (Gawande et al., 2016; Din and Rehan,
2017; Khalaj et al., 2018) whereby, they have been included in many consumer products.
However, some studies have reported on their impact regarding soil microorganisms.
Frenk et al. (2013) evaluated the harmful impact of different concentrations of CuO-NPs
on the bacterial community activity of two soil types. They concluded that a sandy loam
(SL) soil was more affected than a sandy clay loam (SCL) soil due to the stronger effect
of CuO-NPs on bacterial hydrolytic activity, community, composition, and oxidative
potential. Even when the SCL soil was affected in a lesser extent, the oxidative potential
was significantly reduced and the community composition changed. The abundance of
bacteria from Bacilli class was reduced after 0.1% and 1% CuO-NPs exposure for SL and
SCL soil, respectively. Rhizobiales and Sphingobacteriaceae were also negatively
affected. The authors discussed the probability of clay and organic matter content
interacting with CuO-NPs, consequently the toxicity might have decreased. The effects
of CuO-NPs on microbial communities associated with salt marsh plants (Pragmites
australis and Halimione portulacoides) rhizosphere were evaluated and compared with
ionic Cu (Fernandes et al., 2017). CuO-NPs and ionic Cu significantly changed the
microbial community, suggesting that CuO-NPs might cause disturbances in ecosystem
functions. The impact of commercial CuO-NPs (40 nm) at different concentrations (0,
100, 500, and 1000 mg kg-1 soil) on microbes in a flooded paddy soil was evaluated and
compared to TiO2-NPs (20 nm) (Xu et al., 2015). CuO-NPs demonstrated higher negative
effects on soil microbes compared to TiO2-NPs, as indicated by a decrease in soil
microbial biomass and important soil enzymatic activities (phosphatase, urease, and
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dehydrogenase). In addition, due to the superior dissolution of CuO-NPs, these NPs
affected soil microbes by impairing nutrient bioavailability and increasing oxidative
stress. The impact of CuO-NPs on the bacterial soil community was compared to Fe3O4NPs (both of < 50 nm) (Ben-Moshe et al., 2013). The results demonstrated the superior
toxicity of CuO-NPs to soil bacterial communities, as assayed by denaturing gradient gel
electrophoresis fingerprinting. In this regard, Shah et al. (2016) reported that the high
organic carbon content in soil could increase the retention time of Cu-NPs and ions in the
soil and therefore, a high impact on microbial communities was produced. Moreover, the
same authors reported that soil pH could have a strong influence on the fate of Cu-NPs in
soil and consequently on microbial communities. They reported that Cu-NPs (10–100
nm) in an acidic soil caused changes in the overall bacterial community richness, and CuNPs showed high rates of transformation to ions and adsorption to soil through the
complex formulation. According to the above discussion, alkaline, neutral or acidic
conditions should be considered in studies with NPs in the soil. Moreover, under more
realistic environmental conditions, a rhizosphere soil could have a stronger influence on
the dissolution and toxicity of Cu-NPs compared with bulk soil (Gao et al., 2018), and
therefore, different effects on soil microbial communities could be expected. In another
study, Zhai et al. (2017) evaluated different shapes and sizes of MNPs/MONPs and their
dissolution potential on the metabolic potential of soil bacteria. Interesting results showed
that although the size of NPs is important in relation to antimicrobial properties, the shape
should be considered. For example, spherical Cu-NPs (500 nm) were more toxic to soil
microbial communities than rod-shaped Cu-NPs (78 nm), which would be related to their
morphology and dissolution capacity (ion release).
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2.2.6. Cerium and aluminum oxide nanoparticles
Cerium and Aluminum Oxide NPs (Al2O3-NPs and CeO2-NPs, respectively) have
several applications. For example, CeO2-NPs have been involved in bio-sensing and
biomedical applications (Charbgoo et al., 2017b; Rajeshkumar and Naik, 2018) and as an
antimicrobial agent (Farias et al., 2018). The Al2O3-NPs have been studied as an additive
to biodiesel-diesel blends, to enhance the rheological and filtration properties of fluids or
as antimicrobial agents (Ansari et al., 2014; Smith et al., 2018; Wu et al., 2018). Their
toxic effects on the environment have been evaluated mainly on plants, aquatic
organisms, terrestrial invertebrates, or individual bacteria (Rico et al., 2013; Yanik and
Vardar, 2015; Doskocz et al., 2017; Vidya and Chitra, 2017;). However, studies about
their impact on the soil have been reported during the last five years. For instance, Moll
et al. (2016) evaluated the effects of CeO2-NPs (50 nm) at 400 mg kg-1 on symbiotic
microorganisms in soil with a cover of red clover. The authors reported insignificant
effects on mycorrhizal fungi or rhizobia. Li et al. (2017) evaluated whether commercial
CeO2-NPs (25 nm) might affect soil fertility and quality by modifying the enzymatic
activity of soil enzymes. The study was performed in a soil-grass microcosm system, and
the authors measured the specific enzymatic activity of three soil enzymes (β-glucosidase,
phosphatase, and urease). CeO2-NPs at concentrations of 0, 100, 500, and 1000 mg kg-1
soil mixture were applied in individual pots with organic hard red wheat (Triticum
aestivum). CeO2-NPs at concentrations of 100 and 1000 mg kg-1 inhibited β-glucosidase
and urease activities, and stimulated the phosphatase activity. In addition, the authors
reported that the aging of CeO2-NPs alleviated their impact on soil enzymes, decreasing
their toxicity (Li et al., 2017). On the other hand, little information exists about the
negative effects of Al2O3-NPs on microbial communities, even when Al2O3-NPs (50 nm)
have been applied at high concentrations (5000 mg kg-1) (Fajardo et al., 2014). Similar
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results were found by McGee et al. (2017), where Al2O3-NPs (20–30 nm) did not cause
major changes at 50 mg kg-1 in the microbial community structure or in enzyme activities.
In this sense, the impact of Al2O3-NPs on fungal and bacterial communities in agricultural
pastureland soil was evaluated by molecular fingerprinting and enzyme analysis and
compared with the impact of Ag-NPs. Overall, Al2O3-NPs (50 mg kg-1) had no effects on
microbial communities (both bacterial and fungal composition).
It is noticeable the scarce information about the soil impact of Al2O3-NPs and
CeO2-NPs, compared with the rest of MNPs/MONPs mentioned in this review, even
when the second are considered as one of the most used worldwide, especially in medicine
(Zhou et al., 2016). Indeed, according to a report of the Grand View Research Inc., the
global CeO2-NPs production is expected to reach US$1.04 billion by 2025.

2.3. Conclusions and perspectives
It is evident from the reviewed literature that the majority of MNPs/MONPs may
disturb negatively biological processes in soil, due to the fact that many bacterial groups
have been susceptible to their exposure. In addition, they can significantly influence the
enzymatic activities of important soil enzymes and thus, change the soil bacterial
community (You et al., 2018). However, further research should be focused on Ag-NPs,
Cu-NPs, and TiO2-NPs, because they have been demonstrated to cause a more severe
stress in a dose-dependent way. The scarce information about the effects produced by
Al2O3-NPs and CeO2-NPs is not a sufficient basis to conclude if their presence in soil
may be a risk for the microbial communities. The information provided about Au-NPs
and Fe2O3-NPs in this review indicates that their exposure has not led to severe effects on
soil microbial communities, and conversely, stimulatory effects on biological activities
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have been observed. It is known that the impact of MNPs/MONP, produced on microbial
communities, has mainly been influenced by the soil properties. Specifically, pH and
organic carbon content, more than soil texture, have been identified as the main factors.
Although some studies have also suggested the clay content is an important factor in this
process. However, the specific mechanisms involved in the low or high toxicity of
MNPs/MONPs have been uncertain so far, whereby more efforts should be devoted to a
better understanding. On the other hand, even when the toxic effects of some
MNPs/MONPs on soil invertebrates and microorganisms have been demonstrated, it has
been scarcely considered the influence that the presence of others compounds co-existing
in soil may have. In relation to this, it has been suggested that persistent pollutants (e.g.
pesticides) interacting with metals such as copper or cadmium could intensify or alleviate
their toxicity. Therefore, the antagonistic or synergistic interaction potentially produced
between MNPs/MONPs and other contaminants should be explored, in order to simulate
realistic conditions for soil contamination. In this regard, it is necessary to evaluate more
chronic exposure scenarios (repeated applications of MNPs/MONPs) under more realistic
concentration conditions of both NPs and other contaminants. Despite the reported
changes on the diversity of microbial communities and the impact on beneficial bacteria
in various soil types exposed to MNPs/MONPs, the scarce research about the response of
ecological processes mediated by bacteria, fungi or actinobacteria is noticeable. Although
there has been progress in recent years, evidence for acute biodiversity changes derived
from MNPs/MONPs is still limited. Important questions about their effect in the long
term remain unanswered. As mentioned before, several MNPs/MONPs can change with
aging, and then it is possible to ask: Will these changes affect negatively or positively
microbial communities? Will microbial communities adapt to the presence of more toxic
MNPs/MONPs in soil over time? Or could the interaction of MNPs/MONPs with the soil
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components be permanent over time? It is still necessary to answer these and other
questions to have the complete scenario about the real magnitude (nano or mega risk) of
the impact of metal nanoparticles on soil microbial communities.
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CHAPTER III
“Antimicrobial susceptibility of pure nitrifying
bacteria to copper nanoparticles”
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3.1. Introduction
Metal nanoparticles (MNPs) have been used for a great variety of purposes due to
their physicochemical, electronic and antibacterial properties. However, their
indiscriminate use has concerned to the scientific community due to potential ecological
risks, which has been evidenced on the literature during the last years (Rubilar et al.,
2013; McShane et al., 2014). For this reason, special attention is being focused on the
impact of MNPs once they are released to the environment, mainly in soil, and the
consequences on beneficial microorganisms inhabiting there involved in biogeochemical
processes such as the nitrogen cycle.
During the last years, Copper nanoparticles (NCu) have demonstrated to have
strong antibacterial and antifungal properties (Chatterjee et al., 2014; Kanhed et al., 2014;
Kruk et al., 2015). Indeed, NCu are currently cheaper than other MNPs such as silver or
gold, whereby they are being incorporated into a great variety of medical devices or textile
industry as antimicrobial agent (Borkow et al., 2009; Allaker, 2010; Abramova et al.,
2013). Despite of the increased use and production of NCu, there is still scarce
information about the toxic impact of them on the environment compared to other metals.
The nitrification process has demonstrated to be remarkably susceptible to MNPs
in wastewater treatments as well as in soil system (Choi and Hu, 2009; Masrahi et al.,
2014). Moreover, the sensitivity of pure nitrifying bacteria to MNPs has been reported
(Radniecki et al., 2011; Arnaout and Gunsch, 2012; Yang et al., 2013). Some studies have
shown the inhibitory effect of copper (as dissolved ions) on nitrification in wastewater
and the toxicity on a nitrifying bacteria such as N. europaea (Lee et al., 2009; Ore et al.,
2010). Additionally, it has been reported a decreased number of ammonia-oxidizing
bacteria (AOB) and ammonia-oxidizing archaeal (AOA) communities on soils

35

contaminated with copper for long periods (Mertens et al., 2010). These antecedents
suggest that nitrification could be a susceptible process on a scenario of NCu polluted
soils. Therefore, in this chapter, the NCu impact is addressed on a pure nitrifying-bacteria
such as Nitrosomonas europaea, given its importance to the nitrogen cycle in soil
specifically in the nitrification process.

3.2. Materials and methods
3.2.1. Characterization of copper nanoparticles. Powdered copper nanoparticles
(NCu) with a nominal average particle size of 40-60 nm (purchased from Sigma-Aldrich,
≥ 99.5% purity) were characterized by UV–VIS spectroscopy through the observation of
the Surface Plasmon Resonance using a spectrophotometer Genesys 10S (Thermo
Scientific). A stock solution of NCu dispersed in deionized water and specific media of
N. europaea was prepared (500 mg L-1) and sonicated to prevent their aggregation or
settling. Moreover, the hydrodynamic diameter and the zeta potential of NCu were
determined through dynamic light scattering (DLS) using a Zetasizer Nano-ZS90
(Malvern Instruments). The size and morphology of the nanoparticles were evaluated
through scanning electron microscopy (SEM) using a STEM SU-3500 transmission
module (SEM-STEM; Hitachi-Japan).

3.2.2. Antibacterial activity of copper nanoparticles. The antibacterial activity of NCu
was evaluated on a pure culture of a gram-negative and nitrifying bacteria N. europaea
(NCIMB 11850). N. europaea was grown in a liquid culture specified on the literature
(Perez et al., 2015) and incubated in dark at 150 rpm and 30 °C. A growth curve of N.
europaea was performed in presence of NCu (1, 5 and 10 µg mL-1) using the counting of
viable cells method (Herbert, 1990). The minimum inhibitory concentration (MIC) of
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NCu at increasing concentrations was estimated, which were based on concentrations
previously reported on literature for copper oxide nanoparticles (Chatterjee et al., 2012).
The antibacterial activity of NCu was compared to copper sulfate (CS, used as dissolved
copper ions). Briefly, the culture of N. europaea was allowed to grow at 30 °C in a
rotatory shaker at 150 rpm up to the logarithmic phase, according to the growth curve
(~1×106 CFU mL-1). Then, 5 mL of culture media (on sterile test tubes) containing
increasing concentrations of NCu and CS at ion equivalent concentrations (1-10 µg mL1

) were inoculated with an aliquot of 50 µL of bacterial suspension. The experiments were

run in triplicates. The tubes were incubated at 30 °C for 3 days at 150 rpm to assure the
growth up to stationary phase, and the optical density was inspected at 600 nm to
determine the MIC values. The MBC values were determined using counting of viable
cells grown on a nutrient agar plate multiplied by the factor dilution. MBC was
determined as the lowest concentration able to kill the 99.9% of the strain (Pearson et al.,
1980).

3.2.3. Membrane integrity test of Nitrosomonas europaea. A culture of N. europaea
grown up to logarithmic phase (~1×106 CFU mL-1) in specific medium was treated with
different concentrations of NCu (10, 50 and 100 µg mL-1) during 48 hours to evaluate
their bactericidal impact. Following the exposure, the impact on bacterial membrane
integrity was assessed using a live/dead BacLight bacterial viability kit (Invitrogen)
according to the manufacturer’s protocol and then analyzed by Confocal Laser
Microscopy (CLSM). The viability of cells was detected by differential staining with a
mixture of a green fluorochrome, SYTO 9 (staining live or dead cells), and a red
fluorochrome, propidium iodide (staining only damaged membranes of bacteria). Finally,
SEM microscopy was used to evaluate the interaction of NCu with N. europaea.

37

3.3. Results
3.3.1. Characterization of copper nanoparticles. Figure 1 shows the UV-visible
spectrum for NCu. The Surface Plasmon Resonance (SPR) effect has been widely used
as a tracer for the presence of MNPs. In this study, it was observed a SPR between 500
and 550 nm, which is slightly lower than the normally reported for copper (~ 550-600
nm) from studies of synthesis of copper nanoparticles (Dang et al., 2011; Ramyadevi et
al., 2012). In this context, the absorption of electromagnetic waves at shorter wavelengths
have been suggested as a consequence of the partial oxidation characteristic of copper
nanoparticles (Tokarek et al., 2013). The large bandwidth of SPR obtained also gives
information about the increased size and agglomeration of the particles (Neelgund et al.,
2015). A second SPR was displayed from 580 nm until 800 nm. In relation to this, Cuevas
et al. (2015) have suggested that a peak between 580 and 590 nm correspond to copper
nanoparticles. However, changes of absorption between 590 and 800 nm are used to be
associated to cuprous oxide (Cu2O) nanoparticles formation. This has been a critical
parameter on the NCu elaboration of controlled size due to the reactivity of this metal and
its low stability. Also, the size distribution of NCu was measured using dynamic light
scattering (DLS) after to be sonicated, as well as, the zeta potential (Figure 1).

Figure 1. UV-Vis absorption spectrum, size, PDI and Zeta potential of NCu.
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According to the results obtained, the hydrodynamic diameter average of NCu dispersed
in deionized water was 345.3 ± 7.8 nm with a polydispersity index (PDI) of 0.4. This
value of PDI indicates that NCu have a heterogeneous size and also suggest the presence
of aggregates (Ruparelia et al., 2008). Additionally, the NCu size was measured in the
specific culture media of N. europaea, in order to consider the conditions in which the
antibacterial tests were performed. In this context, a greater size was reported (1720 nm)
and NCu seemed to be rapidly agglomerated in the test media. Interestingly, the obtained
size of NCu from DLS analysis (345 nm) was much larger (5-fold) than the nominal size
pointed out by the manufacturer (40-60 nm). This information was corroborated by SEM
microscopy, which revealed the presence of NCu of <1µm of size forming large
aggregates (Figure 2A). Nevertheless, those aggregates were partially dispersed after 1
hour of sonication (Figure 2B). On the other hand, the zeta potential measurement is an
important indicative of the effective charge of a particle approaching a surface (Hunter,
1993), and also a good indicator of the interaction between the nanoparticle and the cell
membrane of bacteria, whose charge is normally negative. As it was demonstrated (Figure
1) the zeta potential value for NCu dispersed in water was -18.1 mV ± 4.2, which could
facilitate their aggregation and reduce their stability in aqueous suspension due to their
proximity to zero. As it has been explained on literature, a greater stability is obtained for
values below or above −30 mV and +30 mV, respectively, which is related to strong
repelling forces between the particles and consequently a major stability in suspension
(Nogueira et al., 2012).
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Figure 2. SEM micrographs of NCu dispersed in deionized water before and after
sonication (A and B respectively).

3.3.2. Antibacterial activity of copper nanoparticles. In this study, NCu showed a
remarkable antibacterial activity against N. europaea. The extent of inhibition on the
bacterial growth of N. europaea was different after to be exposed to increasing
concentrations of NCu (1, 5 and 10 µg mL-1) respect to the dissolved copper ions (CS).
However, a dose-dependent effect was observed for both. As it was shown in the growth
curve (Figure 3), the growth of N. europaea was more affected by the presence of NCu
on the culture media at concentrations higher than 5 µg mL-1, which was evidenced from
their reduced viability since the second day of exposure. However, it could have been
produced a possible bias due to the observed aggregation of the nanoparticles with
components of the growth media, as previously discussed in activity 3.3.1. Similar results
were obtained in a previous study focused on the impact of silver nanoparticles on N.
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europaea, where it was observed that the bacterial membrane was disrupted after being
exposed to 2 µg mL-1 of nanoparticles (Arnaout and Gunsch, 2012).

Figure 3. Growth curve of Nitrosomonas europaea exposed to NCu (A) and
CS (B) through the counting of viable cells method.

Also, it has been demonstrated the inhibitory effect of copper nanoparticles on the growth
of Escherichia coli at concentrations higher than 3 µg mL-1, which were also more toxic
than the dissolved ions form represented by copper chloride (Chatterjee et al., 2012). This
phenomenon has been explained by the tendency of copper nanoparticles to release a
higher amount of copper ions with time and remain in the cell media even after they
seemed to be agglomerated (Karlsson et al., 2013).
The minimum inhibitory concentration (MIC) and minimum bactericidal concentration
(MBC) were determined based on the inspection of visible growth of N. europaea through
optical density at 600 nm and the counting of viable cells grown on agar, respectively
(Table 2). The MIC value measured for NCu was 3 µg mL-1, which was confirmed
through the absence of visible growth of the bacteria. Additionally, it was observed that
5 µg mL-1 of NCu were enough to kill the 99.9% of bacteria and consequently was the
MBC. These values were lower than the obtained for CS. In contrast, a similar study
showed the bactericidal impact of silver nanoparticles on N. europaea, where the MIC
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value was 0.5 µg mL-1, however, the MIC of their dissolved ions (added as silver nitrate)
was 20-fold lower (Yang et al., 2013). In this context, it has been suggested that the
reactivity of metal nanoparticles on bacteria is related to the morphology, as well as, the
differences of toxicity may be influenced by the agglomeration of the smaller
nanoparticles, or irregular shapes chemically reactive containing weaker bonds than their
bulk counterparts. Consequently, foreign molecules bind efficiently (Pelletier et al.,
2010).
On the other hand, it is known the high sensitivity of nitrifiers to environmental
alterations, which has been explained previously as a consequence of the low margin for
energy harvesting characteristic of the chemolithoaautotrophic metabolism (Klotz and
Stein, 2011).
Table 1. Minimum inhibitory concentrations (MICs) and Minimum bactericidal
concentrations (MBCs) of NCu and CS on Nitrosomonas europaea
NCu

CS

Turbidity
development

CFU mL-1

Turbidity
development

CFU mL-1

0

++

2.2 x 107

++

2.2 x 107

1

++

1.1 x 107

++

1.9 x 107

2

+-

3.5 x 106

++

1.3 x 107

3

-- (MIC)

7.9 x 10

5

+-

1.1 x 10

7

4

--

2.1 x 10

5

+-

8.8 x 10

6

5

--

1.1 x 10 (MBC)

4

+-

8.3 x 10

6

6

--

3.5 x 10

3

-- (MIC)

7.4 x 10

4

7

--

none

--

8.3 x 104

8
9
10

----

none
none
none

----

4.4 x 104 (MBC)
none
none

μg ml

-1

+ + : Full growth (DO600 nm > 0.08)
+ - : Intermediate growth (DO 600 nm > 0.01)
- - : No growth (DO600 nm < 0.01)

3.3.3. Membrane integrity test of Nitrosomonas europaea. It has been widely discussed
about the mechanisms related to the antibacterial activity of metal nanoparticles. In
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particular, one of the most studied to date has been their ability to disrupt the membrane
activities. The effects of increasing concentrations of NCu (10, 50 and 100 µg mL-1) on a
culture of N. europaea (grown up to log phase) after 48 hours of incubation at 30° C are
shown in Figure 4. Untreated cells (Positive control) showed green fluorescence,
indicating the presence of viable cells and intact cell wall structure. In contrast, it was
observed a toxic effect on the viability of N. europaea from 10 µg mL-1 of NCu. A similar
effect was previously reported on cells of Escherichia coli (Chatterjee et al., 2012) where
2 hours of exposure to 6 µg mL-1 of copper nanoparticles chemically synthesized were
enough to kill the 79.2% of the cells.

Figure 4. Confocal micrographs of Nitrosomonas europaea exposed to increasing
concentrations of NCu after 48 hours of incubation: Positive control (A), 10 µg mL-1
(B), 50 µg mL-1 (C) and 100 µg mL-1 (D).

As it was demonstrated by SEM analysis (Figure 5), an interaction between bacteria and
NCu was produced, which caused the formation of cavities or the cell wall pitting. This
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has been suggested as another route for the entry of nanoparticles to the membrane
through pores, where also proteins are secreted to the membrane surface (Neal. 2008).
These findings are in line with a recent study performed by Yu et al. (2016), who observed
that a membrane disturbance was produced on N. europaea by the synergic cytotoxicity
of mixed cerium dioxide and zinc oxide nanoparticles (50 µg mL-1 and 10 µg mL-1
respectively) which were internalized into the cell. A similar effect was observed by Yuan
et al. (2013) after that N. europaea was exposed to silver nanoparticles, which produced
damage of the cell wall facilitating the leakage of intracellular contents. The same authors
also observed that the expression of important functional proteins such as ammonia
monooxygenase and hydroxylamine oxidoreductase could be repressed. This could be an
evidence of the inhibition on nitrification produced by metal nanoparticles.
The toxic effect of NCu on bacterial cells has been associated to the release of copper
ions, which causes the production of reactive oxygen species (ROS) on the surface of
cells (Bondarenko et al., 2012). However, is still uncertain whether the toxicity depends
on the release of ions or cellular mechanisms produced at nano-scale level.

Figure 5. SEM micrographs of the interaction of NCu (10 µg mL-1) with Nitrosomonas
europaea.

44

3.4. Conclusions
Considering the results obtained in this study, it could be concluded that NCu were toxic
for Nitrosomonas europaea, even when their size was larger than the nominal size.
Moreover, the inhibitory effect of NCu on N. europaea was higher compared with their
dissolved ions represented by copper sulfate (CS). Given the high sensitivity of N.
europaea to NCu and assuming that they could reach inhibitory concentrations in soil,
research in advance would be focused on the potential inhibitory of NCu on essential
processes such as the nitrification.
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CHAPTER IV
“Bioavailability of copper nanoparticles through
sorption processes in soil”
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4.1. Introduction
NCu have been included on a variety of consumer products during the last years,
such as medical devices, textile industry and many other commercial applications, due to
their reported antimicrobial properties (Abramova et al., 2013; Sportelli et al., 2016;
DeAlba-Montero et al., 2017). In general, this has been attributed to the better
physicochemical properties of NCu compared to their bulk (Chatterjee et al., 2014). In
fact, the copper effect at nano-scale level, specifically on the environmental system, has
demonstrated to be higher compared to non-nano forms (copper salts), as it has been
previously reported for aquatic and terrestrial organisms (Griffitt et al., 2009; Amorim &
Scott-Fordsmand, 2012).
Considering the expected increase of MNPs production for the next few years
(Gao et al., 2013; Keller et al., 2013), the risks associated to their environmental release
(mainly via manufacturing, use and disposal) are still uncertain. Some studies have shed
light about this concerning topic during the last years (Nogueira et al., 2012; Lazareva
and Keller, 2014; Hegde et al., 2016). The MNPs impact on soil microbial communities,
including NCu, has been only partially studied during the last years (Collins et al., 2012;
Frenk et al., 2013; Shah et al., 2016; Parada et al., 2019ab). In this regard, it has been
evidenced that soil systems may behave as a NCu sink, controlling the decrease or
increase of the copper bioavailability caused by the sorption or dissolution of copper ions
in soil. This physicochemical behavior strongly depends on soil parameters such as pH,
cation exchange capacity or surface properties. In this context, it has been studied the
NCu adsorption in soil using isotherm models and their dissolution processes depending
on soil aging (Julich and Gath, 2014; Sekine et al., 2017). These studies may help to
predict how the NCu bioavailability could endanger the health of some groups of
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beneficial microorganisms in soil (for instance, nitrifying microorganisms, crucial for the
nitrification), which has been poorly explored until now, and needs to be clarified.
The nitrification process in wastewater and soil systems as well as pure nitrifying
bacteria have widely demonstrated to be susceptible to MNPs (Choi and Hu, 2009;
Radniecki et al., 2011; Arnaout and Gunsch, 2012; Yang et al., 2013; Masrahi et al.,
2014). Although the effect of NCu remains unexplored in this context, some studies have
shown the inhibitory effect of copper on nitrification and its toxicity towards a pure
nitrifying bacterium such as Nitrosomonas europaea (Lee et al., 2009; Ore et al., 2010).
Additionally, a decreased number of ammonia-oxidizing bacteria (AOB) and ammoniaoxidizing archaeal (AOA) communities have been reported on long-term-copper
contaminated soils (Mertens et al., 2010). This suggests that nitrification could be a
susceptible process on a NCu polluted scenario, influenced by the fate and behavior of
the nanoparticles in soil (sorption processes). It is important to mention that according to
national legislation, soils containing copper concentrations higher than 100 mg kg-1 are
considered as polluted (Acevedo, 2005). According to this, it is hypothesized that the
NCu presence (at pollutant concentrations) in a soil-plant system will have a negative
effect on nitrifying communities, having a detrimental impact on soil functional stability,
which will be evidenced through a reduced nitrogen availability for plants.
Regarding the above mentioned, the specific objective of the present study is to
evaluate changes on the bioavailability of copper nanoparticle in a volcanic soil through
sorption processes. This highly relevant research will help to predict whether NCu
represent a real threat to ecosystem health and specifically to soil microorganisms.
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4.2. Materials and methods.
4.2.1. Sorption experiments of NCu in soil. The NCu sorption onto soil surface was
evaluated using an Andisol soil collected from Freire soil series (0-20 cm depth). The soil
was dried at 40° C, sieved to 2 mm and stored at room temperature. The main chemical
properties of soil are summarized in detail in Table 1. To assess the affinity of soil for
NCu, sorption isotherm experiments were conducted using the method described by
Julich and Gath (2014). The soil was spiked with a stock solution of sonicated NCu of
40-60 nm (purchased from Sigma Aldrich, Chile) using batch experiments. In detail, 10
g of dried soil were mixed with 25 mL of 0.01 M Ca(NO3)2 containing increasing
concentrations of NCu ranging between 0-1500 mg kg-1. Coppes sulfate (CS) was also
used as dissolved copper ions. The solutions were shaken horizontally for 16 hours. Then,
the samples were centrifuged at 1500 rpm for 30 minutes and the supernatant was filtered
(0.45 µm nylon filters), acidified with HNO3 and analyzed by atomic absorption
spectroscopy (AAS). Finally, the isotherms were modeled using the Freundlich and
Langmuir equations (Figure 1), since it has been demonstrated that these models are
appropriate for copper. Additionally, the distribution coefficient (or Kd) was calculated
because provides a ratio of sorbed to desorbed copper concentrations.
Table 1. Chemical properties of the soil used for this study (Freire series).
Parameter
N (mg kg-1)
P (mg kg-1)
K (mg kg-1)
pH (in water)
Organic Matter (%)
K (cmol kg-1)
Na (cmol kg-1)
Ca (cmol kg-1)
Mg (cmol kg-1)
Al (cmol kg-1)
CEC (cmol kg-1)
Al Saturation (%)
Base saturation (cmol kg-1)
Cu (mg kg-1)

Value
21
5
102
6.13
11
0.26
0.11
10.86
1.12
0.01
12.35
0.08
12.35
2.12
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Figure 1. Langmuir and Freundlich equations (A and B respectively), where Qi
corresponds to mg of copper adsorbed per Kg of soil, Qm and b are empiric constants
and Ci corresponds to the equilibrium concentration of copper in solution after the
adsorption. For the Freundlich equation, KF is the Freundlich affinity coefficient and n
is the (non-) linearity parameter.

4.2.2. Fractionation of copper in soil. The copper distribution (%) in different fractions
(easily exchangeable, bound to carbonates, bound to organic matter and residual) of soil
exposed to NCu was determined using a sequential extraction of metals according to the
method of Tessier et al. (1979). This method is one of the most frequently used to estimate
the metal mobility in sediments, consequently related to bioavailability. Pot experiments
were carried out using an Andisol soil (collected as it was pointed in the activity 4.2.2)
and vigorously mixed by hand with NCu and CS at 0.05% and 0.15% w/w at ion
equivalent concentrations (added partially to assure a homogeneous distribution),
previously sonicated to avoid aggregation. A control was made using soil without NCu
or CS. All treatments were made in triplicates. The pots were kept at room temperature
for 14 days at 60% WHC. The extraction steps (specified in Table 2) were performed
using 1 g of soil (dry weight) in 50-ml centrifuge tubes and after each step, the samples
were centrifuged at 4000 rpm during 15 minutes, and the supernatant was collected,
filtered and acidified with HNO3 until the moment of AAS analysis (UNICAM Solar
969).
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Table 2. Sequential extraction of copper according to the method described by Tessier
et al. (1979).
Soil Phase
Exchangeable

Procedure
Shaking 1 h at 25° C in 1 M MgCl2 (pH 7)

Carbonates

Shaking 5 h at 25° C in 1 M CH3COONa/CH3COOH (pH 5)

Fe and Mn oxides

Shaking 6 h at 96° C in 0.04 NH2OH·HCl dissolved in CH3COOH
25% v/v (pH 2)

Organic Matter

Shaking 2 h at 85° C in 30% H2O2/0.02 M HNO3 (pH 2) and 3
hours in 3.2 M CH3COONH4/20%(v/v) HNO3

Residual

Microwave digestion with HNO3/HCl

4.2.3. Statistics. The data obtained from this study were subjected to a one-way ANOVA
and Tukey’s multiple-range test (P<0.05), which was used to compare the significant
differences among all the treatments when necessary.

4.3. Results
4.3.1. Sorption isotherms of NCu. Values of distribution coefficient (Kd) are shown in
Figure 2. A different sorption behavior of copper ions released from NCu and CS was
observed. Specifically, a major sorption in soil amended with NCu was evidenced by
higher Kd values in all the concentrations evaluated. However, the Kd values in soil
amended with NCu decreased from concentrations higher than 600 mg kg-1, whereas in
soil amended with CS decreased from 300 mg kg-1. This demonstrates a major sorption
of copper ions from NCu in soil and a better dissolution of Cu2+ ions from CS.
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Figure 2. Distribution coefficient of copper from batch experiments exposed to
increasing concentrations of NCu and CS (from 0 to 1500 mg kg-1 of copper).

According to literature, the copper sorption in soil mainly follows the Langmuir and
Freundlich isotherms (Usman, 2008; Julich and Gath, 2014). In this context, the Langmuir
equation is developed under the assumption that there is a fixed maximum amount of
sorption sites where the sorbate (copper ions in this case) can sorb in soil, which
corresponds to a monolayer surface, whilst the Freundlich equation assumes the sorption
to heterogeneous sites on the sorbent. The data obtained from the experiments with both
copper forms had a different fitting using both isotherm models.
The Figure 3 shows the data plotted in log scale and fitted to a linear regression of the
Freundlich and Langmuir isotherm models. In this case, the data were better fitted to the
Freundlich equation compared with Langmuir, evidenced by their determination
coefficient of the linear regression line (R2) (> 0.98 for the Freundlich equation). This
corroborates the heterogenous behavior of soil as sorbent.
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Figure 3. Freundlich and Langmuir plots for NCu (A, B) and CS (C, D),
respectively.

As shown on the modelled isotherms (Figure 4), the amount of sorbed copper in soil (Qi)
increased as the solution concentrations at equilibrium (Ci) also increased. At the highest
concentrations used in this experiment, the copper ions from the treatment of CS were
more shifted to the solution concentration. On the other hand, copper ions from NCu were
slightly more shifted to the solid phase. However, it is important not to dismiss the fact
that copper could have been separated from the equilibrium concentrations in solution
(Ci) in the filtration step after centrifuging. Consequently, a possible bias could have been
produced that resulted in a lower Ci. Similarly, approximately 100% of copper added
could have been sorbed in soil, which demonstrates the high Andisol affinity to copper
that has been previously reported (Cortés Páez et al., 2015).
The fitting to the Langmuir model suggests that there is a more limited coverage for
sorption in soil surface, which according to previous reports (Abraham et al., 2014), could
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be related to the preference for physic or chemical binding with more favorable sites or
due to a stronger electrostatic repulsion to copper ions, provoking a blocking effect in
surface soil particles. In this aspect, Guan et al., (2011) mentioned that copper sorbed to
organic matter is better fixed to the Langmuir model. However, when stronger sorption
sites are saturated (such as organic matter), the precipitation increase and consequently,
copper sorption is fixed to the Freundlich equation. These antecedents could explain the
NCu behavior observed in this study, and corroborates the assumption of a heterogeneous
distribution of copper ions in Andisols. According to the KF values obtained (Figure 4),
it was confirmed that the sorption capacity of copper in soil was almost 2-fold higher in
the soil exposed to NCu (KF: 446 and 233 for NCu and CS, respectively). If the parameter
1/n is near to 0 is indicative of favorable interaction between adsorbate and adsorbate.
Thus, it was evidenced that, despite the difference in the sorption capacity of copper in
soils amended with both copper forms (represented by the KF value), the affinity for
copper in soil was mainly unfavorable for both cases. However, in the soil exposed to
NCu the affinity was slightly weaker than in soil amended with CS, which was supported
by a major 1/n (0.95 and 0.91, respectively).
Similar results to the present study were obtained by Gao et al. (2017), who initially
observed that dissolved copper ions from a salt (Cu(NO3)2) added to a sandy soil was
higher than copper ions from copper oxide nanoparticles (CuO-NPs). Nevertheless, the
CuO-NPs dissolution increased more than Cu(NO3)2 with time (> 30 days) (demonstrated
by X-ray absorption spectroscopy). The authors attributed these changes to the influence
of the copper concentration used (100 mg kg-1) and to the soil aging time. Consequently,
a better copper dissolution derived from nanoparticles than copper derived from salts is
suggested to potentially occur in soil in long term experiments. However, no studies
referring to sorption copper ability were performed in that report.
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It is also important to mention that the differences of equilibration processes in soil will
be dissimilar, strongly depending on the soil solution chemistry and the copper form
added (nano or dissolved ions).

Figure 4. Copper sorption isotherms and parameters of the Freundlich Model
in presence of NCu and CS.

4.3.2. Fractionation of NCu in soil. As shown in Figure 5, copper was principally
distributed in the residual fraction (68.8%) and organic matter (18.5%) in control soil (i.e.
without copper amendments). These observations were similar to the reported by Guan
et al. (2011) and Nascimento et al. (2003), who also observed that copper was mostly
distributed in the residual fraction: 50% and > 65%, respectively. The interaction between
soil and copper ions involves carboxyl and hydroxyl groups as one of the main copper
binding sites, according to the information reported by Zhang et al. (2012) using infrared
spectroscopy. However, among the different treatments evaluated in this study, NCu at
the highest dose (0.15% w/w) provoked the most significant changes. Particularly, a
higher copper distribution on carbonates, Fe-Mn oxides and exchangeable fractions was
found, as shown in the quantitative results obtained by AAS (Table 3). A strong copper
association capacity with crystalline structures or silicates of minerals in soil (represented
as the residual fraction) could be observed as the copper concentration was increased.
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These results, observed as copper distribution (%) respect to each treatment (Figure 5),
evidenced a decreased copper distribution in residual and organic matter bound fractions
and an increased copper distribution in Fe-Mn, carbonates and exchangeable fractions,
which was more noticeable in NCu treatments compared with CS, even when the same
copper concentrations were used. This demonstrates that both copper forms follow the
same tendency of distribution in soil, but copper ions released from NCu could be
potentially more bioavailable than copper ions from CS. As shown in Figure 5, the
amount of copper in the exchangeable fraction of soil exposed to NCu at the two
concentrations was significantly higher (P<0.05) compared to CS. This observation could
be related to the differences obtained in the sorption parameters previously discussed on
isotherm studies (section 4.3.1), where differences in the sorption capacity and affinity of
copper from NCu or CS treatments may result in a different behavior of copper ions.
Consequently, a lower affinity for soil surface could enhance the copper ion dissolution.
Similar results were obtained by Du et al. (2018), where a higher distribution of copper
in the acid-extractable fraction (equivalent to the exchangeable fraction) was found in a
soil exposed to copper nanoparticles, compared to the same soil exposed to copper
microparticles.

Figure 5. Copper fractionation of NCu and CS in soil.
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These results contrast with those obtained by Guan et al. (2011) in a Mollisol amended
with CS (100-800 mg kg-1), who observed an initial copper precipitation derived from CS
in stronger competitive sites, such as Fe and Mn oxides, and then to weaker sites as
carbonates. Therefore, the Fe and Mn fraction increased rapidly, followed by the
exchangeable fraction (containing carbonates).
The exchangeable and carbonate-bound fractions have been suggested as an adequate
form to represent the heavy metal mobility in the short term. Therefore, they may help to
predict the copper uptake by plants or microorganisms (He et al., 2009). Moreover, a
well-known way to predict how plants can be affected by copper uptake is to estimate
copper bound to organic matter, as well as copper bound to reducible Fe-Mn oxides,
suggested to help in the prediction of copper bioavailability under flooding or
waterlogging conditions (Bhattacharyya et al., 2006).
Table 3. Results of copper fractionation in soil obtained by AAS (means and
standard deviations)
Treatments
Control

Carbonates
Exchangeable bound
0.01 ± 0.00 b 0.05 ± 0.01 b

NCu 0.05%

0.38 ± 0.03 b

6.17 ± 0.66 b

NCu 0.15%

4.25 ± 1.28 a

CS 0.05%
CS 0.15%

Fractions (mg L-1)
Fe-Mn oxides Organic matter
bound
bound
0.93 ± 0.11 c
1.63 ± 1.85 ab
7.26 ± 0.76 c

Residual
5.36 ± 0.95 d

1.73 ± 0.50 ab

27.85 ± 5.74 bc

71.77 ± 22.25 a 39.72 ± 4.93 a

3.33 ± 0.88 a

49.10 ± 3.33 a

0.20 ± 0.01 b

3.271 ± 0.26 b

5.25 ± 1.15 c

0.19 ± 0.11 b

21.34 ± 2.61 c

1.18 ± 0.04 b

15.89 ± 1.32 b

16.11 ± 1.29 b

1.03 ± 0.08 ab

36.01 ± 2.26 b

Signficant differences between the treatments on each fraction are represented by different
letters (one-way ANOVA and post-hoc Tukey’s multiple-range test; P < 0.05).
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4.4. Conclusions

The sorption behavior of NCu in the Andisol soil evaluated in this study was
contrasting to the observed with their control form CS, which was evidenced by higher
Kd values (distribution coefficient) of copper in soil. Also, according to the Freundlich
model it was found that copper exhibited a remarkable major capacity of sorption in soil
exposed to NCu (evidenced by KF constant), but the affinity parameter (1/n) demonstrated
that this interaction was slightly weaker compared to CS. Nevertheless, these results
cannot be extrapolated to real conditions in soil, since batch experiments used in this
study only give information about the liquid/solid partitioning of copper ions considering
equilibrium conditions, which is not related to the copper ion behavior under flow
conditions.
On the other hand, the fractionation study gave valuable information about
changes of the copper distribution in soil as its concentration was increased, which could
help to predict how soil microorganisms can be affected by the bioavailable copper
derived from the exchangeable and carbonate fractions. In this context, when the same
copper concentration derived from NCu and CS was added, a higher copper percentage
was obtained in the exchangeable fraction in NCu treatments. Consequenlty, this study
demonstrates that the ability of copper ions to sorb or desorb from soil surface may be
significantly altered when copper is applied as NCu, which can impair negative
consequences on microbial communities in soil and therefore on the growth of plants
(discussed in the following chapters).
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CHAPTER V
“Impact of copper nanoparticles on nitrifying
communities and on nitrification process in a soilplant system”
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5.1. Introduction
As mentioned in previous chapters, copper nanoparticles (NCu) are being
increasingly used for commercial purposes, such as medical devices, textile,
agrochemicals and pesticides (Adeleye et al., 2014; Sportelli et al., 2016; DeAlbaMontero et al., 2017). In fact, it has been estimated that their global production in 2010
reached the 200t/yr (Keller et al., 2013). This has been mainly attributed to their
antimicrobial and physicochemical properties, which have been more effective compared
with their bulk form (Chatterjee et al., 2014). According to this, the effect of NCu could
be potentially higher after their disposal into the environment, as it has been previously
reported for aquatic and terrestrial organisms (Amorim & Scott-Fordsmand, 2012; Hua
et al., 2014; Wang et al., 2014). On the other hand, the effect on microbial communities
after NCu are released into the soil has been scarcely studied, which raises concern
considering the expected increase of MNPs production for the next years (Hegde et al.,
2016; Shah et al., 2016).
It has been reported about the influence of soil parameters (such as pH, organic
matter content or soil surface properties) on the capacity of NCu to sorb or dissolute in
soil, and consequently provoke the increase or decrease of bioavailability to beneficial
microorganisms (Julich and Gath, 2014; Sekine et al., 2017). The negative consequences
of this physicochemical process on functional soil microorganisms such as nitrifying
(essential for nitrification: process of ammonia oxidation to nitrate) has been unexplored
for NCu, unlike other MNPs widely studied (Radniecki et al., 2011; Arnaout and Gunsch,
2012; Yang et al., 2013; Masrahi et al., 2014). In this sense, the ammonia oxidation has
long been considered to be catalyzed by autotrophic ammonia oxidizing bacteria and
archaea communities. Specifically, a decreased number of ammonia-oxidizing bacteria
(AOB) and ammonia-oxidizing archaeal (AOA) have been reported on long-term-copper
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contaminated soils, which shed light about what may occur at nano-scale level of copper
(Mertens et al., 2010).
The impact of NCu in soil-plant system remain mostly unexplored, which would
be significant because is the most appropriated way to evaluate the NCu effect on the
environment and human health simultaneously. In this regard, some studies about soilplant system have reported differences on the copper dissolution behavior after
amendment with copper oxide nanoparticles or copper bulk, and consequently differences
on the phytotoxicity (Gao et al., 2018). Nonetheless, more detailed studies about the
interaction of NCu with soil and the consequences of their bioavailability (in the short or
long term) on diverse biological parameters in soil should be addressed.
Therefore, considering the potential sensitivity of nitrification to NCu pollution in
soil (Cu >0.1 g Kg-1 according to national legislation) (Acevedo, 2005) it is hypothesized
that NCu will negatively affect the structure and composition of bacterial nitrifying
communities in a soil-plant system, having a detrimental impact on soil functional
stability, which will be evidenced through a reduced nitrogen availability for plants.
Regarding the above mentioned, the specific objective of the present study is to
evaluate the impact of different concentrations of copper nanoparticle on nitrifying
communities and on nitrification process in a soil-plant system. This highly relevant
research will help to predict whether NCu represent a real threat to ecosystem health and
specifically to soil microorganisms.
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5.2. Materials and methods.
5.2.1. Soil-plant system establishment. Soil from Freire series (0-20 cm depth) was
collected from the experimental station Maquehue and processed as mentioned in activity
4.2.1. The chemical properties of the soil are detailed in chapter IV. Soil-plant systems
were established in PVC seedling trays using Avena sativa seeds, which were grown up
to seedling size (2 weeks) and the moisture content was maintained at 60% of the waterholding capacity (WHC) of soil.
5.2.2. Copper amendment and sampling. The soil-plant system was amended with
commercial NCu of 40-60 nm (Sigma-Aldrich) previously dissolved and sonicated in
deionized water to obtain two concentrations in soil (0.05 and 0.15% w/w). Similar to
previous activities, copper sulfate (CS) was used as dissolved copper ions at copper ion
equivalent concentrations, and controls were also performed without plants. 15 replicates
were made per treatment to assure the sampling of triplicates at the 5 times after the
copper application, hereafter termed as T1-T5 (after 1, 3, 8, 12 and 16 weeks,
respectively). At each soil sampling, the plants were carefully separated from soil
attached to the roots and stored at -80ºC to be used later. The soil collected was
maintained at room temperature (for enzymatic activities measurements) and 1 g was
stored at -80º C (until total DNA extraction).
5.2.3. Enzymatic activities. Microbial activity of soil collected from T1-T5 was
monitored through Dehydrogenase activity (DHA), which was determined by 2,3,5Triphenyl Tetrozolium Chloride (TTC) reduction technique (Casida 1977) and expressed
as µg of triphenylformazan (TPF) produced g-1h-1. In detail, 2 g of soil were mixed with
2 ml of 1% TTC solution (in buffer tris) in test tubes. These were placed on an orbital
shaker at 25º C in dark for 24 hours. The reaction product (formazan) was extracted with

62

10 ml and centrifuged 10 min at 4500 rpm (4º C). The absorbance was determined at 485
nm. The concentrations were calculated preparing a curve calibration.
The urease activity of the same samples was determined according to the method
described by Tabatai and Bremner (1972). In detail, 3 g of soil were mixed with 12 ml of
buffer phosphate 0.1 M (pH 6) and 3 ml of urea (6.4% w/v). 3 ml of deionized water were
used instead of urea for controls of each sample. These were incubated at 37º C for 2
hours on an orbital shaker (150 rpm). Then, 15 ml of KCl 2 M were added and incubated
for 1 hour at the same condition. Finally, the solution was filtered and the N-NH4+ was
determined by ion selective electrode.
5.2.4. Extraction of bioavailable copper and fractionation in soil. Soil samples from
the activity 5.2.2 at different sampling times (T1, T3, T4 and T5) were evaluated and
processed according to the method described by Lindsay and Norvel (1978). In detail, 2
g

of

air-dried

soil

were

extracted

using

a

method

with

the

reagent

diethylenetriaminepentaacetic acid 0.005 M (termed DTPA), containing 0.1 M
triethanolamine (TEA). The extraction was performed using a reciprocal shaker at 180
rpm for 2 h. Then, the samples were centrifuged for 10 min at 3000 rpm, and the
supernatants were filtered (0.2 μm PTFE filter). All the samples were acidified with 20%
HNO3 and analyzed by atomic absorption spectroscopy (AAS). Additionally, a
fractionation of copper from soil exposed at the highest concentration (0.15% ww)
sampled at T1, T3 and T5 was performed using a three-step sequential extraction
procedure proposed by the Community Bureau of Reference (BCR) in 1987 (described
in Guan et al., 2011).
5.2.5. Translocation of copper in plant. Leaves and roots samples obtained at T1, T3
and T5 were dried, grinded and digested using concentrated nitric acid at 95 ºC. Once
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digested, the samples were filtered (0.45 µm MCE filter) and analyzed using atomic
absorption spectroscopy (AAS) for total copper determination. The translocation factors
of copper (TF, ratio of the concentrations between leaf and root) in all the treatments were
determined according to the method described by Bose and Bhattacharyya (2008).
5.2.6. Effect of NCu on Nitrification. The potential nitrification rate (PNR) was
determined in soil, according to the method described by Masrahi et al. (2014) with some
modifications. Briefly, 4.5 g of wet soil (% humidity known) collected from T1-T5, were
mixed with 30 ml of a buffer solution containing: 1 mM of ammonium phosphate
monobasic and 0.25 mM of ammonium sulfate (adjusted to pH 7.2 ± 0.2). These were
placed on an orbital shaker at 180 rpm for 24 h allowing gas exchange. During this period,
5 ml were sampled from each flask three times (after 2, 4 and 22 hours) and then were
centrifuged at 4000 rpm for 10 minutes. Supernatants were frozen until the nitrate
analysis. A colorimetric method using salicylic acid was performed to determine nitrate
concentration: 80 µl of supernatant were mixed with 0.32 ml of Reagent A (5% of sodium
salicylate dissolved in H2SO4) and then, after the reaction was cooled, 7.6 ml of reagent
B (1.7 M of NaOH) were added. Absorbance values were read at 410 nm at UV-vis
spectrophotometer. The Vmax was calculated as the slope of nitrate production over time
by way of linear regression analysis.
5.2.6.1. Nitrogen assimilation in plant. Plants were harvested in triplicate at T1, T3 and
T5. Leaves and roots were washed and separately stored at -80 ºC until the moment of
analysis. Then, the samples were dried, grinded and the nitrogen content was determined
using an elemental analyzer (Elemental analyzer CHNS, Eurovector EA 3000).
5.2.7. DNA extraction and soil microbial communities analysis: Changes on the
structural diversity of soil microbial communities were observed by PCR-Denaturing
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Gradient Gel Electrophoresis (DGGE). First, total DNA was extracted after 1, 3, 8 and
16 weeks of copper application, using the NucleoSpin Soil DNA Isolation Kit (MachereyNagel GmbH & Co. Germany), according to the manufacturer’s instructions. Then, PCR
amplifications were performed using GoTaq DNA Polymerase (Promega, Co. Madison,
WI, USA). The PCR reaction contained Green GoTaq® Flexi” 5X, 1.25 mM MgCl2, 200
µM DNTPs, 200 µM of each primer, 1.25U of Taq polimerase (Go Taq® Flexi DNA
polimerase, Promega Corp), 3 µL of template DNA (diluted to 50 ng µl-1) and deionized
water to a final volume of 50 µl. The bacterial DNA was amplified with primers F341GC and R534, which target the V3 variable region of the 16S rRNA gene (Muyzer et al.,
1993). The amoA gene region of beta-proteobacterial ammonia oxidizers and archaeal
ammonia oxidizers (AOB and AOA respectively) and Nitrite oxidizers bacterial
communities (NOB) were also evaluated. More detailed information about PCR
conditions and primers that were used are detailed in the Table 1.
Table 1. Primers and conditions for PCR-DGGE.
Target

Primers set
341F-GC

Sequence 5'-3'
CG-clampGCCTACGGGAGGCAGCAG

534R

ATTACCGCGGCTGCTGG

16S rRNA

Bacterial
amoA1F-GC
amoA gene
(AOB
communities)
amoA2R
CrenamoA23F
Archaeal
amoA gene
(AOA
communities)
CrenamoA616R

nxrA gene
F1nxrA-GC
(NOB
communities)
R2nxrA

PCR
conditions
94 °C 5 m; 30
cycles (94 °C
30 s, 55 °C 30
s, 72 °C 30 s);
72 °C 10 m

GC-clampGGGGTTTCTACTGGTGGT

94 °C 30 s; 30
cycles (94 °C
15 s, 55 °C 20
s, 72 °C 40 s);
CCCCTCKGSAAAGCCTTCTTC 72 °C 1 m
ATGGTCTGGCTWAGACG

GCCATCCATCTGTATGTCCA

95 °C 5 m; 35
cycles (94 °C
30 s, 55 °C 45
s, 72 °C 45 s);
72 °C 7 m

GC-clamp94 °C 3 m; 35
CAGACCGACGTGTGCGAAAG cycles (94 °C
45 s, 55 °C 45
s, 72 °C 45 s);
TCCACAAGGAACGGAAGGTC 72 °C 5 m

Ref.
Muyzer
et al.
(1993)

Ma et al.
(2015)

Tourna
et al.
(2008)

Wertz et
al.
(2008)
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Forty-base pair GC-clamp attached to the 5' end of the forward primers (except for AOA): CGC CCG CCG
CGC GCG GCG GGC GGG GCG GGG GCA CGG GGG C

5.2.7.1. Cluster analysis. Phoretix 1D software (Nonlinear Dynamics, Durham, USA)
was used for cluster analysis of DGGE fingerprints. The similarity matrix for bacterial
16S rRNA and amoA genes fingerprints were calculated based on the Pearson correlation
coefficient (Häne et al., 1993). On the base of the obtained matrices from the analysis of
Phoretix 1D, changes on the presence or absence of bacterial and fungal groups were
analyzed via nonmetric multidimensional scaling (NMDS) using PRIMER-v7 software.
5.2.8. Abundance of bacterial and nitrifying communities. Changes on the abundance
of soil microbial communities, specifically of total bacteria (16S rRNA gene) and
bacterial and archaeal ammonia-oxidizers (AOB and AOA communities) (amoA gene)
were evaluated. Total DNA (obtained as mentioned in activity 5.2.7) of samples collected
at 1, 8 and 16 weeks after of copper applications (T1, T3 and T5) were diluted in sterile
deionized water to obtain a final concentration of 1 ng μl-1. Then, quantitative Real Time
PCR (qPCR) reactions were carried using HOT FIREPol® EvaGreen® qPCR Mix Plus
(ROX) (Solis BioDyne). The primers and the conditions used in the different qPCR assays
are shown in Table 2. The qPCR reactions were performed in 10 μl containing 800 nM
of each primer (in the case of 16S and AOB amplifications) or 400 nM of each primer (in
the case of AOA amplifications) and 0.25 ng of DNA corresponding to the different
samples. Standard curves were obtained using serial dilutions of the three target genes
(synthetic standards). The PCR efficiencies for the different assays were >70% with R2
values > 0.9.
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Table 2. Primers and conditions for qPCR.
Target
gene
16S rRNA

Bacterial
amoA
Archaeal
amoA

Primers set

Sequence 5'-3'

qPCR conditions

Ref.

Bac1369F

CGGTGAATACGTTCYCGG

Prok1492R

GGWTACCTTGTTACGACTT

95°C 12 m; 40
Suzuki et al.
cycles of: 95ºC 30 s,
(2000)
60°C 20 s, 72°C 20 s

amoA1F

GGGGTTTCTACTGGTGGT

95°C 12 m; 40
Ma et al.
cycles of: 95ºC 15 s,
CCCCTCKGSAAAGCCTTCTT
(2015)
amoA2R
60°C 20 s, 72°C 20 s
C
95°C 12 m; 40
CrenamoA23F
ATGGTCTGGCTWAGACG
Tourna et al.
cycles of: 95ºC 15 s,
CrenamoA616R GCCATCCATCTGTATGTCCA 65°C 20 s, 72°C 20 s (2008)

5.2.9. Statistics. The data obtained from this study were subjected to a one-way ANOVA
and Tukey’s multiple-range test (P<0.05), which was used to compare the significant
differences among all the treatments when necessary.

5.3. Results and discussion
5.3.1. Enzymatic Activities. The dehydrogenase activity (DHA) has been widely used as
an indicator to assess the microbial activity in soil. The DHA activity in soils after copper
application (NCu or CS) is shown in Figure 1. There was a significant dose-dependent
impact of copper at the initial sampling in soil-plant system (DHA decreased by 67% and
by 70% in soils amended with NCu and CS respectively at 0.15%). However, the DHA
was increased in all treatments from the 8 weeks, but significantly less than control. This
suggests that copper had a negative impact on microbial activity but the tendency
observed (Figure 1A) demonstrates that this can be recovered or adapted with time in
plant presence.
In contrast, the opposite effect was observed in plant absence (Figure 1B) where the DHA
activity decreased in a time- and dose-dependent way. This contrasting effect was
similarly observed by Lee et al. (2012) in soil exposed to zinc oxide nanoparticles, where
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a more toxic effect was produced in plant absence compared to their presence, suggesting
the role of plants as a help to decrease the toxicity trough attachment or absorption of the
metal by the root surface, which is also a process dependent on the plant species. Also, as
observed in the experiment of bioavailability (below discussed), it was demonstrated that
the toxicity of NCu or CS may have changed over the period evaluated due to the aging
effect in soil, equilibration processes, or their distribution in different fractions in soil as
discussed in the previous chapter.

Figure 1. DHA activity in soil-plant system (A) and bulk soil (B) treated with NCu and
CS. Different letters represent different statistical groups by Tukey-HSD comparisons at
P < 0.05 level and error bars indicate the standard error of the mean (n=3).

On the other hand, the variations in the available nitrogen for a soil may be evaluated
through changes in the urease activity. The results obtained revealed that copper caused
a great variability of urease activity over time, which was more pronounced in the soil68

plant system (Figure 2A) according to the statistical differences. In this context, the urease
activity had a sharper increase as consequence of copper amendments after 3 weeks (T2),
respect to control. Similarly, a stimulatory effect on the urease activity in soil was
observed by He et al. (2011), who attributed this phenomenon to changes induced in the
bacterial community by iron oxide nanoparticles or to a possible stimulatory effect on
Actinomycetes-like species (known to facilitate the organic matter decomposition and
therefore enhance the urease activity). However, in this study, the effects of Cu2+
dissolved from CS on urease were much less significant (3.1% decreased) after 8 weeks
of incubation than the effects caused by NCu (50.98% decreased) at 0.15% respect to the
control. The factors in soil that can affect this process in time are not yet understood,
although different dissolution behavior or changes in bioavailability of copper (NCu or
CS) could influence the toxicity of copper ions to the enzyme activity, which was
observed in DTPA experiments (detailed below) and has been observed with other forms
of copper or nano copper in a different context (Gao et al., 2017).
In bulk soil amended with copper (Figure 2B), the urease was significantly decreased at
the initial sampling compared with control (by 69% and 75% with NCu and CS,
respectively). However, a stimulatory effect was observed after 3 weeks. This behavior
tends to stabilize for CS (as occurred in soil-system) but in contrast, a decrease for NCu
soil amended was found from the 8 weeks.
Similar to these results, Shin et al. (2012) observed a significant dose-response
relationship between urease activity and silver nanoparticles concentrations (90%
decreased) in a bulk soil after 7 days of exposure. However, scarce studies exist about the
NCu impact in this topic. Changes in time here observed may have been induced by
bacterial community alterations or maybe due to different physicochemical alterations in
soil, as supported by Kim et al. (2008) who observed a positive correlation between the
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inhibition in the urease activity and CaCl2-extractable copper in soils aged with copper
for one year, which was higher than the produced by zinc.
According to the observed either in plant or absence of plant, the negative effects of NCu
on the urease activity could impair negative consequences on agricultural soils due to the
risk of urea pollution, which can persist longer or lixiviate in soil. This also demonstrate
that, as the urease activity is affected by the NCu presence, the following step
(nitrification) could be also negatively affected.

Figure 2. Urease activity in soil-plant system (A) and bulk soil (B) treated with NCu and
CS. Error bars indicate the standard error of the mean (n=3). Different letters represent
different statistical groups by Tukey-HSD comparisons at P < 0.05.

5.3.2.

Bioavailability

of

copper

and

fractionation

in

soil.

The

diethylenetriaminepentaacetic acid (DTPA) method has been typically used to predict the
metal bioavailability in soil. As shown in Figure 3, significant differences were observed
when the bioavailability of NCu was compared to CS in presence or absence of plant,
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(statistics data in supplementary Table 1). This fact highlights the importance of
considering the size of copper on this type of studies in soil.
It was remarkable in bulk soil that the bioavailability of Cu2+ (from NCu or CS) increased
with time over a period of 16 weeks. It was also evidenced the plant roots ability to
influence a higher dissolution of Cu2+ from NCu at the first week after copper applications
(Figures 3A and 3B). However, differences were observed from then.

Figure 3. DTPA Extractable copper on bulk soil and soil-plant system at different
concentrations: copper nanoparticles at 0.05% and 0.15% (A-B) and copper sulfate at
0.05% and 0.15% (C-D).

As shown in Figure 3C, it is hypothesized that in plant presence at the first week after
copper application, copper ions dissolved from CS were rapidly oxidized to Cu 2+ and
consequently complexed with soil, being less bioavailable to plants compared to NCu
(since a lower DTPA extractable copper was measured).
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In contrast, the extractability of NCu was higher at the same time (Figure 3A) due to the
probable presence of different oxidation states compared to CS in soil solution (0, +1 or
+2). This information could be supported by a previous study (Huang et al., 2017) where
it was found that the presence of synthetic root exudates (SRE) enhance the dissolution
capacity of NCu and facilitates their transformation to different oxidation forms (Cu2+,
Cu+, and Cu0 predominantly).
Whilst a sharp increase in the dissolution of Cu2+ from CS 0.05% was observed up to 12
weeks, a slight decrease was observed for NCu over the time in plant presence. According
to this, it could be suggested that NCu may undergo chemical transformation or could be
forming very stable complexes with soil components. Besides, it is not ignored the idea
of a possible NCu bioaccumulation in plants, as reported in previous studies performed
in soil (Zuverza-Mena et al., 2015; Peng et al., 2017), in which the authors observed that
different forms of NCu were translocated from soil to plant. This could partially explain
the lowered bioavailability of copper ions from NCu in time (below discussed).
Also, a consistent effect of the copper concentration applied in soil (0.05% or 0.15%) in
both treatments (NCu or CS) was observed. Nevertheless, by the end of the incubation
period (16 weeks), copper was more bioavailable in soil exposed to NCu, which
demonstrates that the larger surface area of NCu can improve their dissolution in a more
prolonged time, increasing the risks for beneficial soil microorganisms in the long term.
It is important to mention that the knowledge on the fate and transformation of NCu is
still limited because of the great complexity of the soil matrix, and even more in plant
presence. In this context, the distribution of copper in soil fractions in the treatment of
NCu 0.015% over time was also evaluated. As shown in Figure 4, it was found that in
general the concentrations of copper in all the fractions increased with time, which can
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be attributed to the slow nanoparticle dissolution and to the influence of soil parameters
such as the pH, although this needs to be confirmed in further studies.

Figure 4. Copper distribution in fractions of soil amended with NCu 0.15% w/w after 1,
8 and 16 weeks (T1, T3 and T5).
Over the entire period of incubation, copper was predominantly distributed in oxides and
residual fractions, followed by organic matter and exchangeable fractions. However, the
most notorious increase of copper distribution ocurred in the oxides fraction: from 67.3%
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after 1 week to 76.5% after 16 weeks in soil containing NCu compared to 30.5% in
control. As observed, the slower distribution of copper in organic matter (which remained
between 4 and 4.5% of total copper) could have lead to their higher distribution to
stronger sites of adsorption such as iron and manganes oxides, followed by a gradual
increase of distribution in the exchangeable fraction. In the same way, it has been
demonstrated the strong affinity of the oxides fraction for copper in a soil-plant system
(Guan et al., 2011), which is concerning since copper bound to iron and manganese oxides
can contribute to the copper mobility and bioavailability.
5.3.3. Copper translocation from roots to leaves. Few studies have focused on the NCu
translocation in plants under realistic conditions such as in soil system. On the contrary,
most of them have been performed under hydroponic conditions (Hong et al., 2015; Le
Van et al., 2016). As shown in Figure 5, it was found that a dose and time-dependent
effect was produced in the copper uptake during all the incubation period (up to 16
weeks), specifically in soil exposed to NCu 0.15%. However, CS at the same dose caused
a more significant increase in the copper uptake at T3 (8 weeks of exposure). After that
period a significant decrease was evidenced. Considering the contrasting tendency in the
copper uptake from NCu or CS treatments, it is hypothesized that the gradual increase of
copper uptake in plants exposed to NCu may be associated to the slower copper ion
dissolution in T3 (8 weeks) compared to CS, as reported in the previous experiment
carried out to evaluate the bioavailability of copper in soil solution (Figure 3). This has
been also discussed in previous reports where the difference of dissolution behavior
between copper or copper oxide nanoparticles and their dissolved ions has been addressed
(Du et al., 2018; Gao et al., 2018). Additionally, it was evident among all the treatments
that the translocation factor (TF) of copper ions was significantly reduced at NCu 0.15%
from T1 compared to control, which suggest an immediate negative effect in plant.
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However, a slight higher copper translocation was observed in NCu treatments compared
to CS, where the TF tended to decrease. In this regard, as mentioned by Peng et al. (2015),
a possible promotion of dissolution of copper oxide nanoparticles into the plant cells can
occur due to the intrinsic acidic conditions of the plant. The authors demonstrated that
copper ions (II) were released from nanoparticles and combined with cysteine, citrate,
and phosphate ligands. This information suggests that the differences in the behavior of
NCu and CS related to copper translocation in plant could be partially explained by
different speciation of copper (XRD analysis of NCu in Figure S1). A rapid oxidation to
Cu2+ is expected for CS and therefore a higher uptake in plant.

Figure 5. Copper accumulation in leaf and root of plants exposed to NCu at 0.05% and
0.15% w/w. Copper sulfate (CS) represent dissolved copper ions. Different letters
indicate significant differences among the treatment means (P < 0.05).

As reported by Andreazza et al. (2010), copper resistant bacteria isolated from the
rhizosphere of Avena sativa (Pseudomonas putida A1; Stenotrophomonas maltophilia A2
and Acinetobacter calcoaceticus) may be involved in the increase of copper accumulation
in plant, who observed that the phytoremediation of the same plant was stimulated after
the inoculation with the microbial isolates above mentioned. According to this, it can be
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also hypothesized that microbial alterations caused by NCu could be partially involved in
the regulation of the copper translocation in plant. Although this study not focused on
phytotoxic parameters of NCu, this data provides valuable information about the dynamic
of NCu in soil-plant system and how this may be associated to the impact on important
microbial functions such as the nitrification, which will be discussed below.
5.3.4. Impact on the Nitrification. Changes of the total amount of nitrate in time are
shown in Figure 6, whereas the Table 3 lists and compare the values of potential
nitrification rate (PNR) which has been previously used as a specific indicator of soil
ammonia oxidizers communities (Masrahi et al., 2014). In soil-plant system (Figure 6A)
it was observed a significant stimulatory effect of NCu on the nitrate formed in soil after
1 week of exposure. Contrastingly, the opposite effect was observed with time, and
specifically after 8 weeks for treatment with NCu, where the nitrate production was
inhibited by > 40% for all the copper treatments. This suggest that soil nitrification in
soil-plant system and specifically the microorganisms involved in this process might have
been affected particularly by NCu in the long term, and it is hypothesized that this may
also be influenced by known pH changes (acidification) induced by root exudates (Fitz et
al., 2002), which may produce a higher copper availability, and consequently a major
impact on the ammonia oxidizing communities. This phenomenon also may be supported
by the higher nitrate production in bulk soil (Figure 6B) where less significant differences
were observed at 8 weeks respect to control (unlike soil-plant system) suggesting that
nitrate would not be assimilated and remained in soil due to the plant absence. This effect
can be explained also by the fact that plant could compete with nitrifying organisms for
the uptake of ammonium, which would reduce its availability for nitrification. However,
this may not be extrapolated to all plants, since different species have different ability to
assimilate ammonium (Yan et al., 2018).
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The high variability observed in nitrate production for bulk or soil-plant system (Figure
6) may be related to the known heterogeneity in the nitrate concentration as well as their
rapid lixiviation in soil (Allaire-Leung et al., 2001). Nonetheless, as observed in Table 3,
either in plant presence or absence, the statistical differences of nitrate formed decreased
by the last two sampling point times, suggesting that copper application (NCu or CS)
could increase the microorganisms resistance over the time, and possible enhance the
resistance to subsequent copper applications, as reported by Li et al. (2014) in soils
polluted with copper.

Figure 6. Nitrate in soil-plant system (A) and bulk soil (B) treated with NCu and CS.
Error bars indicate the standard error of the mean (n=3). Different letters represent
different statistical groups by Tukey-HSD comparisons at P < 0.05.
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Table 3. Nitrification rate in a soil-plant system amended with NCu and CS.

*Different letters inside each column indicate the significant differences at P < 0.05 level
(n=3) at each sampling time.

5.3.4.1. Effects on the nitrogen assimilation in plant. Microbial communities have an
essential role in biogeochemical processes in soil such as the nitrogen cycle and
consequently on plant productivity. Therefore, the effect of NCu on the nitrogen
assimilation in plant was evaluated. As shown in Figure 7, a noticeable decrease by the
end of the period evaluated was produced in the nitrogen content in leaves due to NCu
treatments, compared to control (31.18% and 41.34% decreased in soil exposed to NCu
0.05% and 0.15%, respectively), without significant differences between both
concentrations from the 8 weeks of incubations (T3 and T5). Interestingly, the opposite
effect was observed in treatments of CS, where the N content was significantly increased
from the 8 weeks.
It has been demonstrated that alterations in nitrification may alter the plant performance.
In this regard, the nitrogen translocation from the root to the aerial part of the plant
depends on the nitrate concentration in soil: when the nitrate concentration is reduced in
soil, the assimilation of nitrate occurs mainly in roots (Tischner, 2000). For instance,
calcium carbide (used as an nitrification inhibitor to control the uptake of nitrogen to
wheat) has induced significant changes in the nitrogen uptake of plants (Kaleem Abbasi
and Manzoor, 2013). According to previous results obtained in this study, a similar
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tendency to the observed in plant was observed in soil at the same sampling times (1, 8
and 16 weeks after copper application) (Figure 6A), where a significant reduction in the
nitrate production was reported. This information could corroborate that a low nitrogen
content in plants was influenced by the negative impact on the nitrification capacity in
soil caused by the presence of NCu, and this effect was dependent on the dose. It is
important to highlight that differences were observed respect to CS. In this regard, it is
suggested that the principal causes were the different dissolution of copper ions from NCu
or CS, as well as, the different states of oxidation, which has been reported in previous
studies (Sekine et al., 2017; Gao et al., 2018).
Oppositely, whereas no variations on the nitrogen content in roots were observed at NCu
0.05%, a more significant increase occurred at NCu 0.15% after 8 weeks of incubation.
This behavior was similar to the observed with CS. Although scarce information exists
about the NCu impact on nitrogen metabolism in soil-plant, it has been already reported
the adverse effects of copper chloride in the nitrogen metabolism in plants under aquatic
culture experiments (Xiong et al., 2006). Due to the clear dose-dependent negative effect
of NCu on the nitrogen content of leaves and the increase of nitrogen in roots, we
conclude that these nanoparticles may represent a major risk in the long term for
nitrification in agricultural systems, considering also their different reactivity and
physicochemical behavior from their dissolved ions. More information about the effect
of NCu on microorganisms involved in this process (AOA and AOB) are discussed in the
following sections.
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Figure 7. Nitrogen assimilation in leaf and root of plants exposed to NCu at 0.05% and
0.15% w/w. Copper sulfate (CS) represent dissolved copper ions. Different letters
indicate significant differences among the treatment means (P < 0.05).

5.3.5. Structure of bacterial, ammonia and nitrite oxidizing communities. The
nonmetric multidimensional scale (nMDS) analysis are shown in Figure 8. The results
evidenced different intensity of the dominant bands in all the DGGE profiles evaluated
for copper amended soils (data shown in supplementary Figure 1). The structure of
bacterial community (Figure 8A) showed a similarity around to 50% among all the
treatments. In detail, it was revealed in the clustering analysis that two clouds consistent
in control treatments were significantly distant from the cloud representing the copper
treatments, indicating an important change in the community structure compared to the
other treatments. This demonstrates that copper may influence important changes in the
structure of bacterial communities in the soil evaluated, which could be related to
different processes mediated by bacteria in soil that should be addressed. Although
controversial results have been reported in this line considering that this process is context
dependent in soil. For example, Moore et al. (2016) suggested that the impact of copper
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based nanoparticles was limited in the long-term (300 d) leading to a reconvergence of
communities. However, the authors observed a differential effect of them compared to
the effect of bulk copper. Frenk et al. (2013) evidenced a major effect of copper oxide
nanoparticles on the community composition depending on the soil type (sandy loam soil
more affected than a sandy clay loam) which denotes the protective role of organic matter
and clay content.
On the other hand, a similarity of 70% among all the treatments was observed for AOB
communities (Figure 8B), where the most remarkable effect on the structure was caused
by NCu 0.05%, which were distant from the rest of the treatments grouped into a cloud.
Although the variation between these two clouds were low, these findings can give
information about the sensitivity of this bacterial group, specifically to this type of
nanoparticles particularly at a concentration of 0.05%. Moreover, it was observed a
similarity of 65% among the AOA communities (Figure 8C), where the most remarkable
change in the structure was attributed to the effect of time exposure to copper (16 weeks)
in soil, more than to copper size or concentration. It is important to mention that is still
scarcely understood the role of AOB and AOA and their correlation with nitrification
process, since several researchers have reported controversial information about this:
some indicate that bacterial amoA abundance control nitrification (Di et al., 2009; Lu et
al., 2018), Arqueal amoA not bacterial (Gubry-Rangin et al., 2010; Gao et al., 2018b) or
the combination of both (He et al., 2007). However, this effect has been also dependent
on others factors in that studies such as the soil type or pH. This study could shed light
about the different contribution of AOB or AOA in soils amended with NCu.
A lower variation compared to the communities above mentioned was observed for NOB
communities (Figure 8D). The NMDs analysis showed that not specific clusters were
formed. Considering this, it is suggested the major dominance of bacterial nitrite-
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oxidizing groups in the nitrification compared to the ammonia-oxidizing under stress of
copper, which would demonstrate that ammonia oxidation may be more affected.
According to the antecedents, it could be concluded that the changes in nitrification here
observed could have been influenced by the impact produced in ammonia-oxidizing
communities, which raises concern since it has been discussed that the loss of bacterial
diversity can cause the loss of specific functions in soil (Singh et al., 2014).

Figure 8. Nonmetric muldimendional scale (nMDS) of total (16S) bacterial communities
(A), AOB and AOA communities (B and C) and NOB communities (D) in a copper
amended (NCu or CS) soil-plant system. Different letters (A-E) denote the treatment:
Control, NCu 0.05%, NCu 0.15%, CS 0.05%, and CS 0.15%, respectively. The numbers
(1-4) denote the sampling time after copper application: 1, 3, 8 and 16 weeks,
respectively.

5.3.6. Changes on the abundance of total bacteria and nitrifying communities. As
shown in Figure 9, changes were produced in the abundance of total bacteria (Figure 9A)
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and bacterial and archaeal ammonia-oxidizing communities (AOB and AOA,
respectively) (Figures 9B and 9C). In this context, there is scarce information about the
effect of MNPs on soil nitrification, and even more of NCu. However, few studies have
reported their negative impact on nitrification activities and on the abundances of
ammonia-oxidizing microorganisms (Simonin et al., 2016). Generally, it can be seen that
a stimulatory effect was observed due to the application of NCu in the three target genes
evaluated in copper presence until T5 (16 weeks), which is contrasting to other studies
performed with MNPs that have reported the opposite effect (Li et al., 2009; Mertens et
al., 2010; McGee et al., 2018). As shown in Figure 9A, there was a time-dependent and
gradual increase in total bacteria with increasing concentrations of NCu, which was
contrasting to the occurred with CS, where an immediate response was produced (6-fold
increased) initially (after 1 week) at the two doses. Despite the significant differences in
time, the behavior was mainly constant in these treatments.
In general, a stimulatory effect of bacterial abundance was observed due to NCu 0.05%
and NCu 0.15% after 1 week respect to control (2 to 5-fold higher, respectively), and in
a notorious lesser extent after 8 weeks. By the end of the period (16 weeks), slight
differences were obtained between NCu treatments and control. According to the
literature (Allison and Maritiny, 2008), this data suggests that NCu could have generated
resilience in time, since total bacteria were capable to return to their original composition
approximately 4 months after the stress was applied (NCu).
On the other hand, the two copper doses evaluated were able to impact in a similar way
to the abundance of AOA and AOB- amoA genes. However, the most significant changes
in the number of gene copies was produced in AOB communities (which were also the
most abundant): by the 16 weeks of incubation, the abundance of AOB in treatments of
NCu 0.15% was 2-fold higher compared to control, while in AOA the abundance was
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slightly increased at the same concentration. This information suggest that AOA
communities were probably the most tolerant to high NCu doses under the conditions
stablished in this study. In other studies, this phenomenon has been attributed to the less
permeability of archaeal membranes to ions compared to bacterial membranes and to the
different chemical structure of their membrane lipids (Valentine 2007). With the results
obtained in this study, it is unclear what is the contribution of both communities in
nitrification although some studies have identified the AOB as the responsible of the
nitrification recovery in soil contaminated with zinc, not AOA (Mertens et al., 2009).
However, it is known from literature that the role of AOA and AOB communities in
nitrification has been mostly controversial so far (Kelly et al., 2011; Li et al., 2014;
Banning et al., 2015). As mentioned by Gubry-Rangin et al. (2010), the increase in the
relative abundances of ammonia-oxidizers communities may be provoked by specific
conditions of each soil. Therefore, more studies are necessary to elucidate the influence
of NCu on ammonia oxidizers at particular conditions.
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Figure 9. Abundance of Bacterial 16S rRNA (A), AOB-amoA (B) and AOA-amoA (C)
gene copy numbers determined by qPCR. Error bars indicate the standard error of the
mean (n=3). Different letters represent different statistical groups by Tukey-HSD
comparisons at P < 0.05.
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5.4. Supplementary information

Supplementary Table 1. Extractable copper in NCu and CS amended soils at different
sample times (weeks).

Supplementary Figure 1. DGGE profiles of total bacterial communities (A and B), AOB
and AOA communities (B and C, respectively) and NOB communities (D) in a copper
amended soil-plant system (NCu or CS). The lanes were denoted as A (control) B and C
(NCu at 0.05 or 0.15%), D and E (CS at 0.05 or 0.15%). Different numbers (1-4) denote
the sampling time after copper application: 1, 3, 8 and 16 weeks, respectively.
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5.5. Conclusion
Biological parameters in soil-plant system such as enzymatic activities
(dehydrogenase and urease activities) were significantly affected by the NCu presence,
and they may have been influenced by the measured changes in copper bioavailable over
the time, as reported in this study. The differences observed in copper bioavailability
(DTPA extractable copper) reveals a different behavior of copper ions dissolution
depending on copper size (NCu or CS) over the period evaluated (4 months). The effect
was strongly dependent on plant presence, since significant differences were obtained
compared to bulk soil. This fact denotes the importance in considering the plant
contribution for future nanotoxicological studies in soil.
A dose and time dependent effect was observed in the copper uptake in plants
exposed to NCu over 4 months of incubation, with significant differences compared to
their dissolved copper ions. This effect could be influenced by the different bioavailability
of copper ions released from nanoparticles.
The nitrification as functional indicator of soil ammonia oxidizers, was affected
by the NCu presence particularly in soil-plant system. The differences on nitrification rate
was reduced over the time respect to control whilst the nitrogen assimilation in plant was
negatively affected due to the NCu presence. Therefore, it is suggested that soil
microorganisms could be adapted to this stress on the long term, more than plants.
The nMDS analyses evidenced that copper application had an impact on the
bacterial communities. Also, the structure of nitrifying communities such as AOB and
AOA was disturbed. Despite of the low variations, NCu caused the most noticeable
changes in AOB, which could explain in part the negative effects observed in the
measured nitrate concentrations.
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A stimulatory effect of NCu was produced on the bacterial abundance up to 4
months of incubation. However, slight differences respect to control were observed due
to NCu treatments. Considering this, is hypothesized that soil microorganisms were
resilient to this disturbance. Moreover, the AOB were significantly increased, more than
AOA due to NCu over 4 months of incubation (2 fold higher compared to control).
Therefore, they could be involved in the restoration of nitrification, as the nitrogen
assimilation was reduced in plants.
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Chapter VI
“Combined effect of copper nanoparticles with the
herbicide Atrazine on nitrifying communities in a
soil-plant system”
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6.1. Introduction.
Copper nanoparticles (NCu) have been intensively studied as an antimicrobial
agent, which has led to their incorporation in diverse products such as medical devices or
agricultural applications (DeAlba-Montero et al., 2017; Tan et al., 2018). Hence, NCu are
expected to be released to environment by disposal of wastes containing them and enter
to the soil, considered as an important sink of metal nanoparticles (MNPs). In this context,
the toxic effect of NCu has been demonstrated on aquatic and terrestrial microorganisms
(Unrine et al., 2010; Hua et al., 2014; Wang et al., 2014). Then, it is expected that the
presence of NCu in soil may negatively affect the microbial communities and
consequently the soil processes regulated by them, as demonstrated in previous reports
with different metal nanoparticles (MNPs) (Moore et al., 2016; Shah et al., 2016;
Asadishad et al., 2018). Among these processes, the nitrification and specifically some
nitrifying microorganisms such as Nitrosomonas europaea have been reported as
susceptible to the presence of MNPs (Radniecki et al., 2011; Simonin et al., 2017; Wang
et al., 2017), whereas very few studies have been performed with NCu in this context.
Autotrophic ammonia oxidizing bacteria and archaea communities (AOB and
AOA, respectively) are known for oxidize ammonia into nitrate. In this regard, a
decreased number of AOB and AOA communities have been reported in long-term
copper contaminated soils (Mertens et al., 2010). However, the NCu effect still remain
unexplored in this context.
Important parameters have been demonstrated to influence the physicochemical
interaction of NCu with soil components, such as the pH or organic matter content, among
others. In this sense, differences between the copper ions dissolution from nanoparticles
and their bulk counterpart have been evidenced in soil, either in presence or absence of
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plants, provoking differences on the phytotoxicity in the last case (Julich and Gath. 2014;
Sekine et al., 2017; Gao et al., 2018). Considering this, more detailed studies are
necessary to evaluate the impact of NCu and the time effect on functional soil
microorganisms such as those involved in the nitrogen assimilation in a soil-plant system.
On the other hand, a realistic environmental scenario where MNPs and
particularly NCu co-exist with other pollutants in soil has been mostly theoretical so far.
Among these pollutants, pesticides raise great concern due to their negative impact on
soil microbial processes (Chowdhury et al., 2008; Jacobsen et al., 2014). An example of
pollutant herbicides is atrazine (ATZ), which has been banned in Europe, however, is still
used in several countries and its use has reached values of 7 kg ha−1 (Noshadi and
Ghotbizadeh, 2017). The oxidative degradation of ATZ by NCu (deposited onto
montmorillonite) has been demonstrated, as well as, the ability of nanocomposites and
bionanocomposites to remove ATZ (>80%) in aquatic systems (Kalidhasan et al., 2017;
Wu et al., 2018; Zhu et al., 2018). Despite the clear differences between aquatic and
terrestrial systems, these antecedents suggest that NCu could interact with ATZ in soil,
and the negative effects of this interaction needs to be studied considering the risks that
may represent the higher reactivity of NCu compared to dissolved copper ions.
Considering the above mentioned, the main objective of this work was to evaluate
the combined effect of copper nanoparticles with the herbicide atrazine on nitrifying
communities in a soil-plant system. This research will help to predict under realistic
agricultural conditions whether copper nanoparticles co-existing with other pollutants in
soil represent a threat to ecosystems health, specifically to soil microbial communities.
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6.2. Materials and methods.
6.2.1. Soil-plant system amended with NCu and ATZ. Soil from Freire series (as
detailed in activity 1.1) was vigorously mixed by hand with Atrazine (ATZ) to get a final
concentration of 3.0 mg a.i kg−1 soil. Then, NCu or CuSO4 (dispersed in water and
sonicated in the case of NCu) were added to soil at 0.05% and 0.15% w/w and thoroughly
mixed. Finally, seedlings of Avena sativa previously grown up to 2 weeks were
transferred to the pots containing soil mixed with NCu and ATZ. Control treatments were
also performed in absence of copper. All the treatments were set in triplicates and
incubated during a period of 30 days, in which three sampling times were chosen to
evaluate changes in ATZ dissipation and microbial communities: 1, 15 and 30 days.
Additionally, the dehydrogenase activity (DHA) was measured using the method of
Casida (1977), and the copper content in leaves at the end of the incubation was
determined.
6.2.3. Real-time PCR (qPCR) of AOB and AOA amoA genes in presence of NCu
combined with ATZ. DNA was extracted from soil samples obtained after 1, 15 and 30
days of incubation, and changes in total bacteria, AOA and AOB communities were
evaluated by qPCR as mentioned in activity 5.2.8.
6.2.4. Nitrate determination. The nitrate formation after 1, 15 and 30 days of incubation
was determined according to the method described by Masrahi et al. (2014) with
modifications. Briefly, 4.5 g of wet soil (% humidity known) were mixed with 30 ml of
a buffer solution (1 mM of ammonium phosphate monobasic and 0.25 mM of ammonium
sulfate adjusted to pH 7.2). These mixtures were placed on an orbital shaker (180 rpm for
24 h) then centrifuged at 4000 rpm for 10 minutes. The supernatants were frozen until the
nitrate analysis. A colorimetric method using salicylic acid was performed to determine
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nitrate concentration: 80 µl of supernatant were mixed with 0.32 ml of Reagent A (5% of
sodium salicylate dissolved in H2SO4) and then, after the reaction was cooled, 7.6 ml of
reagent B (1.7 M of NaOH) was added. Absorbance values were read at 410 nm at UVVis spectrophotometer.
6.2.5. Determination of residual atrazine. The residual ATZ concentration was
measured mixing 10 g of soil with 20 mL of methanol (HPLC grade) for 2 hours (350
rpm, 2h). The mixture were subsequently ultrasonicated (30 min) and centrifuged (10 min
at 10000 rpm). The supernatant was filtered through a PTFE membrane (0.2 µm pore
size) and analyzed by HPLC using a Merck Hitachi L-2130 pump equipped with a
Rheodyne 7725 injector with a 20 μL loop and a Merck Hitachi L-2455 diode array
detector. Separation was achieved using a C18 column (Chromolit RP-8e, 4.6 × 100 mm).
Eluent A was phosphoric acid (0.1%) and eluent B was acetonitrile. The flow rate was set
at 1.0 mL min−1 in an isocratic mode. The column temperature was maintained at 30 ºC.
The detector was set at 222 nm for the data acquisition. Instrument calibrations and
quantification were performed against pure ATZ reference standards (0.1–10 mg L−1).
ATZ dissipation was described with the first-order kinetic C = C0 e−kt, from which the
dissipation rate constant (K) was determined and using the same equation, the ATZ halflife was determined using the equation t½ = Ln (2)/K.
6.2.6. Statistics. The data obtained from this study were subjected to a one-way ANOVA
and Tukey’s multiple-range test (P <0.05), to compare the significant differences among
all the treatments when necessary.
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6.3. Results and discussions.
6.3.1. Effect of copper nanoparticles combined with atrazine on the microbial
activity and the abundance of bacterial communities. The effect of copper
nanoparticles on bacterial and nitrifying communities was evaluated in presence of
Atrazine, an herbicide widely used to control pre-and post-emergence broadleaf in major
crops that has been banned in Europe but is still used in several countries (Bethsass et al.,
2006; Ackerman, 2007). The DHA activity was used as an indicator of the effect on the
microbial activity in soil. In this sense, the results presented in Table 1 shows a significant
reduction of the microbial activity after 30 days of exposure to ATZ/NCu 0.05% (27 mg
TPF kg-1 dry soil) and ATZ/NCu 0.15 (5 mg TPF kg-1 dry soil) respect to control or ATZ
alone (49 and 72 mg TPF kg-1 dry soil, respectively). This evidenced that microorganisms
were adversely affected due to the presence of the combination ATZ/NCu by an effect
dose and time -dependent, which was slightly more pronounced compared with ATZ/CS,
possibly due to the higher reactivity of nanoparticles. Additionally, it is important to
highlight that the inhibitory impact of MNPs and particularly of copper as dissolved ions
on the DHA activity in a soil has been previously reported (Lebrun et al., 2012; Lee al.,
2012; Shin et al., 2012). On the other hand, the increase of DHA has been reported due
to ATZ in soil (Moreno et al., 2007; Nweke et al., 2007), which may explain why the
DHA of soil exposed to ATZ alone was significantly higher than control initially and
remained unaltered over the period evaluated. Considering these antecedents, it is
hypothesized that the combination of ATZ with NCu may exert an antagonist effect on
soil microorganisms, and that the mechanisms involved need more attention in future
research.
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Table 1. Dehydrogenase activity (DHA) in soil after application of ATZ or ATZ
combined with copper (NCu and CS) at doses of 0.05 and 0.15 % w/w.
Treatment

DHA (mg TPF Kg-1 dry soil 24 h-1)
Day 1
Day 15
Day 30

Control

57.4 ± 1.1

ATZ

69.1 ± 1.9

c
ab

60.0 ± 0.6
66.6 ± 1.0

c
b

49.0 ± 1.3
72.6 ± 3.1

d
a

ATZ/NCu 0.05% 39.4 ± 0.6

e

29.4 ± 1.6

fg

27.6 ± 2.1

ATZ/NCu 0.15% 15.9 ± 0.6

h

11.7 ± 1.1

hi

5.6 ± 2.0

ATZ/CS 0.05%

30.5 ± 1.1

fg

31.6 ± 1.3

f

26.3 ± 0.7

g

ATZ/CS 0.15%

15.3 ± 0.8

h

15.1 ± 1.4

hi

10.8 ± 1.2

i

fg

j

*Each value represents the mean (n=3). Significant differences between all treatments
are indicated by different letters (determined by Tukey- HSD test; P < 0.05).

The bacterial abundance was significantly altered due to the combined effect of NCu and
ATZ (Figure 1A). In detail, after 1 day of incubation period, ATZ alone provoked a 36%
of increase in the bacterial abundance, whilst ATZ/NCu provoked from 27 to 44% of
decrease. However, the bacterial abundance after the addition of ATZ alone remained
unchanged without significant differences between in time, which demonstrates an effect
of resistance to the pesticide developed from 1 week of exposure. On the other hand, a
significant and gradual recovery was observed by a stimulatory effect caused by
ATZ/NCu over 30 days. This effect was even higher compared to ATZ alone. As above
mentioned, it can be suggested that an antagonist effect between NCu and ATZ may have
reduced the bacterial abundance at the beginning of the incubation. Nevertheless,
resilience mechanisms in soil are suggested to have occurred in soil since a rapid
adaptation to this perturbation was demonstrated in time. The addition of copper (either
NCu or CS) combined with ATZ could have increased the bacterial abundance in part
due to a stimulation on copper-resistant bacteria, as recently reported in a study where the
co-pollution of copper and ciprofloxacin was evaluated (Tuo et al., 2018). In this context,
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it has been previously discussed about the horizontal gene transfer as an evolutionary
adaptation of microorganisms under perturbed conditions (Allison and Martiny, 2008),
which are capable to restore the community composition and is an aspect that should be
studied in more detail in future research about this topic.
6.3.2. Impact on archaeal and bacterial- ammonia oxidizing communities and
nitrification. According to the observed in Figure 1C, significant differences in the
abundance of AOA-amoA gene were observed due to the exposure of soil to ATZ alone,
or combined with copper (NCu or CS). Almost an immediate effect was evident after 1
day of incubation, since the AOA were significantly inhibited compared to ATZ alone as
NCu concentration was increased (similar to the observed with CS). However, a
significant recovery was observed from the 15 days, and a sharp increase of the AOAamoA abundance was found with ATZ/NCu at 0.15%, similar to the observed in bacterial
16S rRNA gene (Figure 1A). Although the tendency on the effect caused by NCu was
similar to the observed with CS, it was noticeable by the 30 days that a more pronounced
recovery was achieved by CS. In this sense, different dissolution capacity as well as
copper speciation may be the cause of the different response in AOA communities, as
reported in previous studies (Sekine et al., 2017; Gao et al., 2018).
On the other hand, as shown in Figure 1B, an opposite behavior to AOA was observed
for AOB-amoA gene after 1 day of exposure: ATZ/NCu caused an increase on the
abundance of AOB-amoA gene respect to ATZ alone. This difference was significantly
higher in soil exposed to ATZ/NCu 0.15%, where besides, the abundance remained
almost unchanged over the incubation period. According to this, AOA were apparently
more sensitive to the combined effect than AOB.

96

In general, it was noticeable that AOA-amoA gene copies were more abundant than
bacterial (100-fold), which could indicate that the nitrification process in soil may be
driven potentially by archaea, as similarly observed in other studies (Leininger et al.,
2006; Gubry-Rangin et al., 2010; He et al., 2018).

Figure 1. Abundance of Bacterial 16S rRNA (A), AOB-amoA (B) and AOB-amoA (C)
gene copy numbers determined by qPCR. Error bars indicate the standard error of the
mean (n=3). Different letters represent different statistical groups by Tukey-HSD
comparisons at P < 0.05.

It is known that the contribution of AOB and AOA communities in soil is still
controversial (Kelly et al., 2011; Li et al., 2014; Banning et al., 2015). However, it has
been demonstrated that AOA and AOB may contribute differentially in ammonia
oxidation, for instance depending on the season (He et al., 2018). From this study, it was
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not clear the contribution of them under the combination of ATZ/NCu, although in some
cases the response of AOA and AOB was clearly opposite. Considering this, the effect of
NCu on nitrification deserve more studies considering different environmental
conditions.
To evaluate alterations of ATZ/NCu on the nitrification process, we used a buffered
solution (ammonium source, pH ~7) as a method to evaluate the response of ammonia
oxidizing communities. The results are shown in Figure 2. In this context, it was found
that after 1 day, ATZ alone not altered the nitrification compared to control, but there was
a significant and dose dependent reduction in the nitrate formation in soils exposed to
ATZ/NCu. This could be an indicative of initial perturbations in the nitrification capacity.
However over 30 days, the nitrate formation was significantly reduced in control. This
decrease was observed in a lesser extent in treatments of ATZ alone, ATZ/NCu or
ATZ/CS at 0.05%. In contrast, no significant changes in nitrate formation were caused
by ATZ/NCu 0.15% over 30 d respect to the initial nitrate amount (similarly to CS at the
same dose). A contrasting effect was observed by Chen et al (2015), where the
combination of atrazine and lead had a significant inhibition effect on net nitrification
soil.
According to the results obtained, we suggest that a functional redundancy was developed
by the nitrifiers after 1 day of exposition, which could be explained by the opposite effect
caused at pollutant concentrations of NCu (ATZ/NCu 0.15 %) on the AOA and the AOB
abundances (significantly decreased and increased, respectively). This phenomenon may
have allowed that nitrification could happen despite the severe impact caused on AOA
and the stimulation caused on AOB. Interestingly over 30 days, a functional resilience
could lead to the remained nitrate formation, as supported in Figure 1B and 1C, where
either AOA and AOB abundances were significantly increased compared to the lowest
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copper dose or ATZ alone. This effect was similar to the observed with ATZ/CS 0.15%.
Therefore, it is concluded that nitrification in presence of the herbicide ATZ was more
resilient combined with the highest NCu concentration. Further studies should consider
long-term experiments in order to know the behavior of this process under combination
of pollutants.

Figure 2. Nitrate formation (mean ± SD, n=3) in soil exposed to ATZ and ATZ combined
with NCu. Different letters represent different statistical groups by Tukey-HSD
comparisons at P < 0.05.

6.3.3. Effect of NCu combined with ATZ on the pesticide dissipation. The presence
of NCu in soil must be studied considering their co-existence with numerous pollutants
including pesticides. Therefore, the impact of NCu combined with the herbicide atrazine
(ATZ) on soil-plant system was addressed. The Figure 3 shows the effect of this
combination on the ATZ dissipation. It can be noted that NCu at 0.05% and 0.15%
decreased the ATZ dissipation, more than CS. This is supported by the decreased values
of the dissipation rate constant (K) and the increased half-life (t1/2) by the end of the
incubation period: 40-49 d in presence of NCu and 31-35 d in presence of CS, which were
higher than control (26 d). Contrasting effects were observed by Chen et al. (2015), where
an accelerated dissipation was provoked by the presence of lead: decreased half-life
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values of 10.26 and 9.28 d at 2 mg kg-1 of ATZ combined with lead at 300 and 600 mg
kg-1, respectively, compared to 11.36 d of ATZ alone. According to the observed in Figure
3, this information suggests that high NCu doses may represent a major risk for the
pesticide persistence in the environment, through a potential impact on microbial
degraders who naturally use ATZ as a carbon source such as Arthrobacter sp. strains (Gao
et al 2018b).
On the other hand, the complex formation capacity between copper and pesticides such
as carbendazim and ATZ has been evidenced (Costa et al., 2018; Moreno et al., 2018).
According to the authors, possible formation complex mechanisms of ATZ in aqueous
solution may occur at pH values > 5 and <10, where ATZ may form very stable complexes
with copper ions (II). Despite the clear differences between aquatic and soil systems, this
phenomenon can be consistent with the pH conditions of the soil evaluated in this study
and could explain the potential formation of ATZ-Cu complexes from the released ions
of NCu. The results obtained are consistent to the observed in a recent work (Parada et
al., 2019a), where the half-life values in absence of plants were lower, but still higher in
the case of NCu compared to ATZ alone (ten-fold at NCu 0.15%). Also, NCu provoked
a major ATZ adsorption compared to CS, and the effect was independent of copper
concentration. Similar effect was observed by Liu et al. (2007), who observed that copper
ions increased the cypermethrin and cyhalothrin half-lives, as well as, a negative
correlation between copper concentration (21-490 mg kg-1) and the degradation of the
pesticide DDT has been reported (Gaw et al., 2003). The authors suggested a reduced
ability of indigenous microbial community to degrade DTT as the main cause. However,
it is noticeable the different behavior of the herbicide in presence of plants, as evidenced
by the lower dissipation. In this context, it has been demonstrated that, unlike a nonrhizospheric soil, the plant presence enhances the adsorption capacity of ATZ through
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influencing the bound capacity between the dissolved organic matter and ATZ (Cao et
al., 2018). These results suggest that NCu co-existing with ATZ may represent a risk for
the nitrogen cycle in rhizospheric soils and therefore for agriculture systems.

Figure 3. Residual atrazine (ATZ) dissipation constant (K) and half-life (t1/2) (mean ±
SD, n=3) after 1, 15 and 30 days in soil exposed to ATZ or ATZ combined with NCu.
Significant differences between all treatments are indicated by different letters (one-way
ANOVA and Tukey-HSD; P < 0.05).

6.4. Conclusions.
The combined effect of NCu with the herbicide ATZ (ATZ/NCu) caused an inhibitory
and stimulatory effect on AOA and AOB respectively, and a more pronounced effect was
observed at the highest dose, where also, the nitrate formation was constant over 30 days.
This suggest a potential functional redundancy between AOA and AOB that provoked an
enhanced nitrification in soil.
A decrease in the ATZ dissipation was caused by ATZ/NCu in soil-plant, evidenced by
an increase on its half-life. Therefore, interaction between both compounds could have
influenced in part on the changes observed in the abundance of the three targets genes
evaluated in this study.
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The results obtained suggest that in general, NCu can negatively impact in soil if they are
evaluated as a single pollutant or even more by a combined effect with other pollutants,
increasing their persistence and therefore increasing the ecological risks.
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Chapter VII
Research article: “Combined pollution of copper
nanoparticles and atrazine in soil: Effects on
dissipation of the pesticide and on microbiological
community profiles”
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7.1. Introduction
The use of pesticides in agricultural activities is essential today because they are
successful at controlling a great number of crop pathogens, increasing the productivity
and avoiding considerable economic losses. However, these practices have provoked an
increased level of pesticides applied worldwide, causing detrimental effects such as
changes in the turnover rate of nutrients, microbial community structure and soil quality
(Wainwright, 1978; Subhani et al., 2000; Chowdhury et al., 2008; Jacobsen et al., 2014).
The herbicide atrazine (2-chloro-4-(ethylamine)-6-(isopropyl amine)-s-triazine (ATZ) is
a nonpolar compound widely used to control pre-and post-emergence broadleaf in major
crops, which was banned in Europe ten years ago, but is still used in several countries
(Ackerman, 2007; Bethsass et al., 2006). This herbicide is moderately persistent in soil
and, in some countries such as Iran, its use has reached values of 7 kg ha-1 (Noshadi and
Ghotbizadeh, 2017).
To cope with this indiscriminate use of pesticides, new strategies are being
proposed as an attempt to reduce the quantities applied. In the last years, nanotechnology
has become one of the most promising options for the pest control in the agriculture (Chen
and Yada., 2011; Agrawal and Rathore., 2014; Rubilar et al., 2014; Fraceto et al., 2016;
Servin and White., 2016; DeAlba-Montero et al., 2017; Mishra et al., 2017).
In this context, copper nanoparticles (NCu) have attracted a great interest mainly
due to their properties as antimicrobial agent against plant pathogens (Kim et al., 2008;
Ramyadevi et al., 2012). The NCu antimicrobial mechanism is not completely clear,
although some studies have indicated that NCu could react with amines and carboxyl
groups on the cell surface, producing reactive oxygen species, or even interact within
DNA (Ruparelia et al., 2008; Bondarenko et al., 2012). Pure microbial cultures have
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shown that NCu could be toxic to several microorganisms including bacteria and fungi
(Ruparelia et al., 2008; Bondarenko et al., 2012; Ramyadevi et al.., 2012; Kruk et al.,
2015). Also, studies have shown that NCu could cause an alteration on susceptible soil
microbial communities (Hansch and Emmerling, 2010; Kumar et al., 2011; Frenk et al.,
2013; Gomes et al., 2015a; Gomes et al., 2015b) which could be increased depending on
the concentration and when the size is less than 60 nm (Huang et al., 2011; Raghupathi et
al., 2011; Azam et al., 2012; Chatterjee et al., 2014).
The NCu antimicrobial activity, which has been seen as an advantage so far, could
result in a negative impact on environment considering their application in areas where
pesticides are also applied. It has been reported that the presence of copper or other metals
in soil may cause alteration in the movement and degradation of ATZ or other pesticides
(Liu et al., 2007; Qian et al., 2011; Dewey et al., 2012; Chen et al., 2014), although the
effect of metal nanoparticles is still missing in this context. Only few works have
addressed this problem, although most research has focused on aquatic organisms
(Boncel et al., 2015; Farkas et al., 2015; Wang et al., 2016; Bundschuh et al., 2018) and
scarcely information exists about the effects of co-contamination with pesticides and
metal nanoparticles in the soil environment.
An integrated management including application of metal nanoparticles and
pesticides has been mostly theoretical so far, but certainly its development will continue
to have relevant effects in the main areas of agriculture (Servin and White, 2016; Thul et
al., 2013; Parameswara et al., 2017). Thus, the environmental risk that this could
represents for agricultural soils should be addressed. Therefore, we evaluated the
adsorption of ATZ in soil in presence of NCu and the short-term impact of their coexistence on the dissipation of ATZ and changes in microbial community profiles.
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7.2. Methodology
7.2.1. Materials. Analytical standard of atrazine (99% purity) was purchased from Chem
Service (West Chester, USA). Copper nanoparticles (copper nanopowder 40-60 nm
particle size, ≥ 99.5% trace metals basis) were purchased from Sigma Aldrich chemical
Co (St. Louis, MO USA). Their size and chemical structure were characterized by
scanning electron microscopy (SEM) and X-Ray diffraction (XRD) on a Bruker D8
advance diffractometer (Cu Kα, 40 kV and 40 mA). The pattern was recorded in the 2θ
region from 20º to 120º (see characterization in Figure S1). The peaks observed at 2θ
values of 43.317º, 50.449º, 74.126º correspond to (111), (200), and (220) planes of
metallic copper (Standard JCPDS No. 04-0836). Other peak observed at 36.41º
correspond to (111) plane of cuprite (Standard JCPDS No. 05-667) and peaks observed
at 35.57º and 38.85º correspond to (002) and (111) planes of tenorite (JCPDS file number
45-0937). Copper sulfate (CuSO4; supplied by Merck S.A) was used as dissolved copper
ions in all assays for comparison purposes. All other chemicals and solvents were of
analytical reagent grade, except methanol that was HPLC grade.
7.2.2. Batch Adsorption Experiments. Freire soil series was collected from the
experimental station Maquehue (Andisol Freire series; 38500S, 72410W). The soil
sample was taken from the upper layer (0-20 cm) and sieved through 2 mm mesh and
stored in the dark at 5 °C until the beginning of the experiment. The physico-chemical
characteristics of the soil are described in detail in Table 1. The batch adsorption
experiments were carried out in triplicate in 50 mL teflon centrifuge tubes containing 1.0
g air dried soil (≤ 2 mm) at its natural pH (≈ 6.0 in water). The soil samples were
equilibrated with 20 mL of 0.1 M KCl containing ATZ at concentrations ranging from
0.1 to 1 mg L-1 and at three concentrations of NCu or CuSO4 (2.5, 5.0 and 10 mg L-1) on
a reciprocal shaker for 24 h in the dark at 25 ºC. An incubation period of 24 h was chosen
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according to data collected from a preliminary experiment performed for 96 h, from
which it was concluded that a 24 h period was enough to achieve the adsorption
equilibrium of ATZ in soil. After this period, the samples were centrifuged at 10,000 rpm
(11952 g) for 10 min and passed through a Teflon membrane filter (0.45 µm pore size).
The pesticide concentration was determined by HPLC using a Merck Hitachi L-2130
pump equipped with a Rheodyne 7725 injector with a 20 μL loop and a Merck Hitachi L2455 diode array detector. Separation was achieved using a C18 column (Chromolit RP8e, 4.6 × 100 mm). Eluent A was phosphoric acid (0.1%) and eluent B was acetonitrile.
The flow rate was set at 1.0 mL min−1 in an isocratic mode. The column temperature was
maintained at 30 ºC. The detector was set at 222 nm for the data acquisition. Instrument
calibrations and quantification were performed against pure ATZ reference standards
(0.1–10 mg L−1). To the contrary, the remaining soils (with and without adsorbed ATZ)
were immediately freeze-dried and the interaction (ATZ- soil- different forms of copper)
at the surface was evaluated using an Agilent Cary 630 FTIR diamond ATR. The spectra
were recorded at room temperature (20 ºC) in the frequency range of 4000 to 600 cm-1.
Table 1. Physicochemical parameters of soil used in this study.
Parameters
N (mg kg-1)
-1

Value
36 ± 1.8

P (mg kg )

12 ± 0.7

K (mg kg-1)

751 ± 3.4

pH (water)
Organic matter (%)
Total organic carbon (%)

6.1 ± 0.2
15 ± 0.4
6 ± 0.2

Al (cmol+ kg-1)

0.02 ± 0.001

CICE (cmol+ kg-1)

12.1 ± 0.1

Bases (cmol+ kg-1)

12.1 ± 0.5

Cu (mg kg-1)

1.81 ± 0.01

Clay (%)
Silt (%)
Sand (%)

27.4
43.8
28.8
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7.2.3. Data Analysis of adsorption. The mass of ATZ that was assumed to be adsorbed
to the soil after the equilibration was calculated (Eq. (1)) and described using the
empirical Freundlich-type isotherm (Eq. (2)) which works well for heterogeneous
adsorbents (Sposito, 1980):

Qs 

(Ci  Ce )Vs
Ws

Qs  K f  Ce

(1)

1/ n

(2)

where Qs is the mass of ATZ adsorbed by the soil (mg kg-1), Ci is the initial concentration
of ATZ (mg L-1), Ce is the solution-phase ATZ concentration after equilibration (mg L1

), Vs is the volume of solution (L), and Ws is the mass of the soil (Kg). KF is the

Freundlich distribution coefficient (L Kg-1); and 1/n is an exponential empirical parameter
that accounts for non-linearity in adsorption behavior. The Freundlich adsorption
parameters (i.e., KF and 1/n) were determined by non-linear regression based on
equilibrium batch results using Origin 7.5 (OriginLab Corporation, Northampton, MA
01060). Linear regression parameters were also derived using Origin 7.5 with the model
intercept forced through zero.
Moreover, the affinity of ATZ by organic matter was evaluated by determining of
coefficient KOC, according to equation (3) proposed by Vaz et al. (1996) using KF values
and total organic carbon (%OC) of the soil.

K OC 

KF
100
%OC

(3)

7.2.4. Microcosm setup and sampling soil. Soil samples (150 g) (described in point 2.2)
maintained at 60% of their water holding capacity were placed in 500 mL sterilized glass
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bottles and mixed homogeneously with ATZ dissolved in water (100 mg L-1) to get a final
concentration of 3.0 mg a.i kg-1 soil (recommended field dose). Then, NCu or CuSO4
(dispersed in water and sonicated in the case of NCu) were added at ion equivalent
concentrations at doses of 0.05% and 0.15% (w/w air dried soil) and thoroughly mixed.
These doses selected provide sufficient concentration for experiments due to the high
retention force of copper in Andisol soil (Cortés Páez et al., 2015) and are comparable to
previous studies where similar concentrations were evaluated (Frenk et al., 2013;
McShane et al., 2014). Finally, a control soil was prepared without copper. All glass
bottles were covered with a perforated plastic film to avoid excessive evaporation and
incubated in the dark at 20 ± 2 °C. All treatments including controls were established in
triplicates and processed at each sampling times (1, 10, 20 and 30 days). Moreover,
subsamples of 500 mg of soil (at 1 and 30 days) were frozen in liquid nitrogen and storage
for subsequent DNA extraction.
7.2.5. Determination of residual ATZ in soil microcosms. To determine the residual
ATZ concentration, 10 g of soil from each treatment were placed in Erlenmeyer flasks
(100 mL) and mixed with 20 mL of methanol (HPLC grade) with shaking (350 rpm, 2h)
and subsequently ultrasonicated (30 min). Then, the samples were centrifuged (10
minutes at 10000 rpm) and the supernatant was filtered through a PTFE membrane (0.2
µm pore size, Millipore). Then, the sample was analyzed as described in section 2.2. The
percentages of recovery were determined in soil with increasing concentrations of ATZ
(0-5 mg kg-1 of soil) in presence or absence of the highest copper concentration evaluated,
which were higher than 90%. ATZ dissipation was described with the first-order kinetic C
= C0 e−kt, and from the equation ATZ half-life was determined using the equation t½ = Ln
(2)/k.

109

7.2.6. Soil DNA extraction and PCR-DGGE. Changes on the microbial community
profiles were observed by PCR-Denaturing Gradient Gel Electrophoresis (DGGE). Total
DNA was extracted from 500 mg of soil (at each sampling time) using the NucleoSpin
Soil DNA Isolation Kit (Macherey-Nagel GmbH & Co. Germany), according to the
manufacturer’s instructions. After extraction, the DNA was stored at -20 °C until further
analysis. The DNA integrity was assessed via electrophoresis on a 0.8% agarose gel
containing the SYBR Safe DNA gel stain. UV absorbance ratios, A280/A260 and
A230/A260, to evaluate DNA extract purity and the amounts of DNA were evaluated
with Epoch Micro-Volume Spectrophotometer System (Bio-Tek Instrument Inc, USA).
PCR amplifications were performed using GoTaq DNA Polymerase (Promega, Co.
Madison, WI, USA), and the reaction products were visualized under UV light in agarose
gel (0.8%) stained with SYBR Safe. The PCR reaction contained Green GoTaq® Flexi”
5X, 1.25 mM MgCl2, 200 µM DNTPs, 200 µM of each primer, 1.25U of Taq polimerase
(Go Taq® Flexi DNA polimerase, Promega Corp), 3 µL of template DNA (diluted to 50
ng µl-1) and deionized water to a final volume of 50 µl. The bacterial DNA was amplified
with primers F341-GC and R534 (Muyzer et al., 1993), which target the 16S rDNA gene.
Positive (Pseudomonas spp.) and negative controls were run for every set of PCRs. ITS
regions of the fungal 18S rDNA gene were amplified using the primers ITS3-GC and
ITS4 (White et al., 1990). Positive (Anthracophyllum discolor) and negative controls
were run for every set of PCRs. The thermocycling program used for bacterial rDNA
gene amplification was as follows: pre-denaturation at 94 °C for 8 min; 32 cycles of
denaturation at 94 °C for 30s, annealing at 58 °C for 30s, and elongation at 72 °C for 60s;
and post-elongation at 72 °C for 5 min. The reactions were subsequently cooled to 4 °C.
The program used for the fungal rDNA gene amplifications was 94 °C for 8 min; 35
cycles of 94 °C for 30 s, 58 °C for 30 s and 72 °C for 60 s; and 72 °C for 5 min. PCR
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products from bacteria, fungi and amoA genes were subject to DGGE analysis using an
omniPAGE-DGGE

(Cleaver

Scientific,

Warwickshire,

UK).

An

8%

(w/v)

polyacrylamide gel containing a linear denaturing gradient between 40–65% (for
bacteria), 30–70% (for fungi) and 30–60% (amoA) of urea and formamide was prepared
using a GM-100 Linear Gradient Maker (CBS Scientific, UK). Twenty µL of the PCR
products were loaded onto the gel and the electrophoresis was run for 17 h at 60 V at
60 °C. Finally, the gels were stained with silver nitrate according to the methodology
proposed by Sanguinetti et al. (1994).
7.2.7. Statistical analysis of data. Data normality was analyzed according to
Kolmogorov’s test. The results obtained in ATZ dissipation were analyzed by a one-way
analysis of variance (ANOVA) and compared by Tukey test, using SPSS software (SPSS,
Inc.) (n=3). The similarity in the band profiles of DGGE were calculated based on the
Pearson correlation coefficient (Häne et al., 1993) with the UPGMA (Unweighted Pair
Group Method with Arithmetic Mean) clustering algorithm. Based on the matrix obtained
from Phoretix 1D analysis, the changes in the band profiles were analyzed by non-metric
multidimensional scaling (NMDS) using PRIMER 7 software (Primer-E, Plymouth, UK)
with Bray–Curtis similarity index.

7.3. Results and discussion.
7.3.1. Equilibrium Adsorption Experiments. Adsorption isotherms were carried out to
describe the ATZ behavior in presence of NCu in soil. The Freundlich model was
assumed because it is suitable to represent the adsorption on surfaces with non-uniform
energy of distribution (Yan et al., 2008). The adsorption isotherms for ATZ with
increasing concentration of NCu and CuSO4 are shown in Figure 1. As shown in Figure

111

1a, co-existing of NCu and ATZ favors ATZ adsorption in soil, compared to CuSO4
(Figure 1B) or ATZ alone.

Figure 1. Atrazine (ATZ) adsorption isotherms in presence of different concentration
of (a) copper nanoparticles NCu and (b) copper sulfate (CuSO4).

According to KF values obtained (Table 2), the adsorption capacity in ascending order
was: ATZ < ATZ + CuSO4 < ATZ + NCu. All adsorption isotherms were adequately
described by the Freundlich equation, with R2 ≥ 0.98 as shown in Table 2. In our study,
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both copper forms caused a slight increase in the ATZ affinity for soil surface. However,
for CuSO4, this effect occurs only at the lower concentrations evaluated (2.5 and 5 mg L1

), compared with NCu where the effect were independent of the copper concentration

(Table 2). The parameter 1/n value obtained from Freundlich equation is often interpreted
as an indicative of adsorbate/adsorbent affinity, where stronger interactions between the
adsorbate and adsorbent are represented by 1/n values near 0. In this study, the highest
values of 1/n were observed due to the NCu addition. This suggest that, although NCu
addition increased the adsorption of ATZ (KF), the affinity was negatively affected
compared with ATZ + CuSO4 or ATZ alone. On the other hand, as shown in Table 2, the
sorption coefficient (Koc) that describes the tendency of ATZ to bind to soil organic
matter, slightly increased in presence of CuSO4 at 2.5 and 5 mg L-1, but no changes were
observed at 10 mg L-1 of CuSO4 respect to ATZ alone. On the contrary, Koc increased
with the presence of NCu at all the concentrations evaluated. It has been reported that
ATZ adsorption capacity in soil is a consequence of the minerals and organic matter
content (Ouyang et al., 2016), although is recognized that the complex interactions
(bound mechanisms) of ATZ with the soil have resulted in controversial discussions
(Czaplicka et al., 2018). Some studies have shown that copper caused antagonist effect
on the ATZ adsorption in sediments (Qian et al., 2011) or could form complexes with
ATZ, which could modify its interaction with the different soil components (Kumar et
al., 2015). However, a gap in the knowledge about the effects of copper (as nanoparticles
form) on the ATZ availability in soil exists. In a recent work, Zhou et al. (2017) reported
the interaction of NCu and ATZ on polyacrylic acid-functionalized magnetic ordered
mesoporous carbon (P-MMC). The authors reported a high efficiency in the simultaneous
adsorption of copper and ATZ, proposing an ATZ complexation with Cu ions through the
Cl ion present in the ATZ molecule, followed by the adsorption of formed complexes to
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the carboxylate group at the P-MMC surface through the Cu ion. We hypothesize that
similar mechanisms could have occurred in this study. In fact, the ATR-FTIR spectra
(Figure S2 in Supplementary data) revealed a band at 1610 cm-1 associated to the
stretching of C=C conjugated with another group: C=C, aromatic ring, C=O and/or COOin unsaturated, carboxylic acids and amides, while the band shown at 1370 cm-1 might be
due to symmetric stretching vibrations of COO− (Simkovic et al., 2008). In this sense,
Lima et al. (2010) demonstrated that hydrogen bonds are involved in the ATZ adsorption
to organic matter in soil due to the carboxyl units.
It is clear that the interactions of NCu with soil components could be possibly more
complex, given that the adsorption of copper nanoparticles have showed a stronger
adsorption to soil constituents compared with copper ions (Julich and Gäth, 2014). The
authors propose that due to the high surface reactivity of copper nanoparticles, the
interaction lead to unspecific bonding. In this regard, it has been reported that copper
binds more tightly with organic matter influencing its adsorption more than Fe oxides
(Qian et al., 2011). This result agrees well with the finding of the present study where
Koc increase in the presence of NCu compared with ATZ alone. However, Sekine et al.
(2017) reported that a slow release of Cu from copper oxide nanoparticles dominated
principally by soil pH, could produce a redistribution of these on Fe oxyhydroxide and
organic matter. Therefore, if NCu tend to form different bonding with soil constituents
(strong or weak) compared with copper ions, and simultaneously to form complex with
ATZ, this could be one of the response of the increased adsorption of ATZ in presence of
NCu. This is a first approach that involves adsorption processes of a pesticide in presence
of copper nanoparticles in soil, and additional studies including advanced test methods
are required to identify other fine structures that could be taking part in bonding process
that favors the adsorption of ATZ to soil constituents. Moreover, deep studies in soil with
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different characteristics (organic matter content, pH, among others) are also necessary to
provide some additional insights about the interactions between NCu-Soil-ATZ.
Table 2. Freundlich adsorption coefficients (KF, 1/n, R2) and organic carbon affinity
coefficient (Koc) of atrazine in the presence of NCu or CuSO4.

Treatment
ATZ
ATZ + CuSO4

ATZ + NCu

Copper concentration
(mg L-1)
0
2.5
5
10
2.5
5
10

KF

1/n

R2

Koc

1.94
2.23
2.19
1.93
2.79
2.68
2.80

0.11
0.14
0.16
0.14
0.18
0.19
0.20

0.99
0.99
0.99
0.98
0.99
0.98
0.98

32.3
37.1
36.5
32.1
46.5
44.6
46.6

7.3.2. ATZ dissipation and microbial community profiles in soil microcosm
7.3.2.1. ATZ dissipation. Most of the studies so far have been focused on the effect of
pesticides or nanoparticles as a single contamination, but its combined effect has not been
evaluated. However, it has been reported that the ATZ dissipation in a sandy loam soil
was not altered when CuSO4 was added between 0 and 1000 mg kg-1 (Dewey et al., 2012).
In the present study, as shown in Figure 2, significant differences (P < 0.05) in ATZ
dissipation were found at the end of the incubation period (30 days) when copper was
added as NCu or CuSO4. ATZ dissipation in control soil reached about 94% without
significant differences compared with CuSO4 at 0.05%. However, when NCu were added
at the same dose, the ATZ dissipation decreased to 64%, demonstrating that these may
cause a higher inhibition on this process. Interestingly, at 0.15% w/w only 52% of the
initial ATZ was dissipated and the inhibitory effect was still higher than with CuSO 4 at
the same dose (60%). These results demonstrate that depending on the concentration,
copper has a negative impact on the natural dissipation of ATZ in soil. It seems that the
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copper effect could also be increased at nano scale-size, because NCu increased the ATZ
half-life in four or ten-fold at doses of 0.05 and 0.15 %, respectively, in comparison to
control soil (5.9 days), whilst CuSO4 only affected the ATZ half-life at 0.15% (seven-fold
increase). Similarly, it has been reported that the cypermethrin and cyhalothrin half-life
in soil were increased in presence of copper ions (Liu et al., 2007). In this regard, a
previous work has demonstrated the oxidative degradation of ATZ by copper
nanoparticles (deposited onto montmorillonite), which are presumably reactive centers of
ATZ due to their oxidation state (mixture of I and II oxides) according to the authors
(Kalidhasan et al., 2017). Similarly, more recent studies addressed in aquatic systems
have evidenced the ability of nanocomposites and bionanocomposites to remove
efficiently ATZ (>80%) (Wu et al., 2018a; Wu et al., 2018b; Zhu et al., 2018). Taking
into account the above mentioned, in this study we demonstrate that, despite the clear
differences between aquatic and soil systems, NCu also might interact with ATZ in soil
decreasing its dissipation. This could be influenced by the copper ions dissolution from
CuSO4 or NCu in soil, which could change over the incubation time as demonstrated by
Gao et al (2017). However, this hypothesis should be addressed in more detailed studies.
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Figure 2. Residual atrazine (ATZ) (mean ± SD, n=3) at different intervals time (1, 10, 20
and 30 days, denoted as T1 to T4 respectively) and dissipation constant (K) and half-life
(t1/2). Significant differences between all treatments are indicated by different letters (oneway ANOVA and post-hoc Tukey’s multiple-range test; P < 0.05). NCu (copper
nanoparticles) and CS (copper sulfate).

7.3.2.2. Microbial community profiles. In parallel, DNA from soil samples from ATZ
dissipation experiments were used in DGGE analyses to evaluate the effects of combined
pollution of ATZ and NCu on the microbial community profiles. The results showed that
significant alterations in bacterial communities were not observed (Figure 3). A similar
intensity of DGGE bands with both NCu concentrations evaluated (0.05% and 0.15%),
as well as in samples with CuSO4 and in the control, indicate the presence of a large
number of equally abundant ribotypes (Figure 3A). As shown in Figure 3B, the NMDS
analysis revealed some distancing between the clouds formed, which were grouped
mainly in relation to time. The similarity between clouds was > 80% demonstrating not
prominent changes in the short term on bacterial communities due to the combined
pollution of copper (NCu or CuSO4) and ATZ. DGGE banding pattern of the 18S rDNA
gene of the fungal communities (Figure 4A) revealed two major groups corresponding to
soils treated with copper (NCu or CuSO4) and control soil. However, fungi banding
patterns did not show considerable variation between individuals and similarity between
these groups reached 80%. Additionally, NMDS analysis (Fig 4b) revealed some
distancing between treatment with NCu and CuSO4 and the control, indicating slight
effects produced by the copper addition. Moreover, a distancing between samples treated
with NCu or CuSO4 was also observed. However more detailed studies are necessary to
evaluate the specific communities that could be altered, because the similarity between
copper treated samples and control was close to 75%.
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a)

b)

Figure 3. Cluster analysis of the DGGE patterns produced from 16S rDNA from soil
bacterial diversity (a) and non-metric multidimensional scaling (MDS) analysis of DGGE
profiles (b). The DGGE lanes were denoted as A (soil control) B and C (NCu at 0.05 or
0.15%), D and E (CuSO4 at 0.05 or 0.15%). Number 1 or 3 denote the first and 30 days
of incubation respectively.
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a)

b)

Figure 4. Cluster analysis of the DGGE patterns produced from 18S rDNA from soil
fungal diversity (a) and non-metric multidimensional scaling (MDS) analysis of DGGE
profiles (b). The DGGE lanes were denoted as A (soil control) B and C (NCu at 0.05 or
0.15%), D and E (CuSO4 at 0.05 or 0.15%). Number 1 or 3 denote the first and 30 days
of incubation respectively.
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a)

b)

Figure 5. Cluster analysis of the DGGE patterns produced from soil amoA gene (a) and
non-metric multidimensional scaling (MDS) analysis of DGGE profiles (b). The DGGE
lanes were denoted as A (soil control) B and C (NCu at 0.05 or 0.15%), D and E (CuSO4
at 0.05 or 0.15%). Number 1 or 3 denote the first and 30 days of incubation respectively.
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To assess the impact co-existence of ATZ and NCu, we also focused on the amoA gene,
which is involved in ammonia oxidation by ammonia-oxidizing bacteria (AOB),
microorganisms regarded as highly sensitive to soil pollution (Yang et al., 2013). As
shown in Figure 5, the clustering of the DGGE patterns revealed the appearance of two
broad clusters: one cluster that includes the banding patterns of the control soil, and the
second cluster, that includes of those produced by soils exposed to ATZ combined with
copper. However, no significant differences were observed and, as shown in Figure 5B,
NMDS analysis revealed a similarity of almost 85% between treatments. Similarly,
Moore et al. (2016) suggested that the effect of copper nanomaterials was limited, after
the analysis of the structure and composition of the microbial community in mesocosms
treated for 300 days. Similar results to the obtained in the present work were reported by
Frenk et al. (2013). These authors reported that CuO nanoparticles (50 nm) caused only
slight effects on microbial activities as well as on microbial community structure in a BetDagan soil (Israel), effect that was attributed to high organic matter and clay content.
Considering that copper (as nano or ion) as well as pesticides added as single
contamination in the soil has demonstrated antimicrobial properties against soil
microorganisms (Liu et al., 2007; Li et al., 2014; He et al., 2016) and that pesticide
dissipation in soil is widely influenced by microbial processes (Dewey et al., 2012;
Muñoz-Leoz et al., 2013), we supposed that the ATZ dissipation could be negatively
affected when NCu were added due to a significant impact in microbial communities by
a possible synergistic effect between nanoparticles and pesticides. In fact, the synergistic
effect of copper and the insecticide cypermethrin on soil enzymatic activity, as well as,
the effect of pesticides combined with heavy metals in terrestrial systems have been
reported. (Liu et al., 2008; Uwizeyimana et al., 2017). In part, our expectations were
supported by the results obtained. Nevertheless, under the conditions evaluated in this
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study and according to DGGE profiles, bacterial, fungal communities or nitrifying
bacteria were not significantly affected by NCu or CuSO4 compared to control. Therefore,
it is not possible to attribute the decrease of ATZ dissipation only to a biological
phenomenon. A possible explanation could be related to physico-chemical interaction
(according to the results of adsorption assay). In this sense, limitations on herbicides
bioavailability as consequence of their sorption to soil components has been previously
reported, which produces an incomplete degradation of these (Sims and Cupples, 1999).
This mechanism is likely in our study and possibly could have been enhanced by the
organic matter content (15%) and the NCu presence. On the other hand, antimicrobial
effects of NCu could be attenuated by organic matter content and clay content (Frenk et
al., 2013), (15% and 27.4% respectively in this study).

7.4. Conclusion
In this work, we demonstrated that, under the conditions evaluated, the presence
of NCu increased the ATZ adsorption, although its affinity to the soil components seems
to decrease (weaker bonds). Thus, it was hypothesized that NCu could be coordinated
with ATZ through the formation of an ATZ-NCu complex, bound to diverse sites in the
soil, due to the small size and greater reactivity of the nanoparticles, but with less
specificity than atrazine alone. Moreover, this study has shown that combined pollution
of NCu and ATZ cause a significant delay in ATZ dissipation, which is suggested to be
related to the interactions of ATZ-NCu complex with soil particles more than to effects
on the soil microbial communities. This is the first report regarding combined effects of
copper nanoparticles and a pesticide in soil, and the results obtained imply that, in the
short term, copper nanoparticles may exhibit a risk for the ATZ availability (dissipation)
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in soil. The findings presented in this work are the beginning of a widely unknown
process, highlighting that the risk assessment of combined pollution of metal
nanoparticles/pesticides cannot be overlooked. Nonetheless, data set including different
soil types, nanoparticles sizes, copper speciation, advanced test methods and long-term
exposure (chronic exposure) effects of combined pollution on microbial communities
need to be addressed in further studies to understand the precise mechanisms involved in
the interaction NCu-ATZ-soil.
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7.5. Supplementary information

Figure S1. (a) XRD spectra and (b) TEM image for NCu

Figure S2. FTIR spectra of soil treated with (A) ATZ and CuSO4 (B) ATZ alone (C)
Control soil, and (D) ATZ and NCu.
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Chapter VIII
General discussion and conclusions
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8.1. GENERAL DISCUSSION

It is evident from the literature that the effect of different metal nanoparticles
(MNPs) in different soil parameters has become a growing research field during the last
years. This as a consequence of their massive use and production worldwide. Among the
different MNPs, NCu have raised great interest due to their enhanced antimicrobial
properties compared to their bulk form. However, their non-target effect when they are
released to the environment, specifically into soil has been scarcely evaluated.
In this work, it was found that NCu were more toxic than their dissolved form
(represented by copper sulfate) to Nitrosomonas europaea, an ammonia oxidizing
bacteria involved in the soil nitrification (ammonia oxidation to nitrate) selected as a
model to evaluate the effect under in vitro conditions. It has been previously studied about
the sensitivity of this bacterial strain to other MNPs (e.g. silver, cerium, titanium, zinc)
(Fang et al., 2010; Arnaout and Gunsch., 2012; Yu et al., 2016). These authors
demonstrated that the toxic effect was dependent on the type of metal and also on the
form (nano or non-nano). Little research has been focused on the impact of NCu in this
context. However, Reyes et al. (2015) observed that in their presence, the growth rate of
N. europaea in biofilm was two times more resilient than in planktonic culture. It is
known that biofilm is the predominant mode of bacterial growth in environmental
conditions. Therefore, even when the in vitro model used was a sensitive indicator of NCu
toxicity to N. europaea, ammonia oxidizing bacteria and archaea (AOB and AOA) were
apparently more resistant in soil-plant system (below discussed).
On the other hand, it has been widely studied about the influence of
physicochemical parameters of soil on the behavior of MNPs and consequently on their
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impact on microbial mediated processes. In this study, it was found that compared to CS,
copper ions released from NCu exhibited a higher sorption capacity in the Andisol soil
evaluated, which was evidenced by the Freundlich parameters obtained in the isotherm
experiments. It is important to mention that in this assay a unique sampling time was
considered, which is not representative of the dissolution of ions in the long term.
Furthermore, the results obtained from the copper fractionation experiment evidenced
that copper in the soil exposed to NCu was predominantly distributed in the bioavailable
fraction (composed of the exchangeable and carbonated fractions) and bound to Fe-Mn
oxides. This effect was also dose-dependent: 15% and 45% of bioavailable fraction in
soil containing NCu at 0.05% and 0.15% w/w, respectively, which shed light about the
potential consequences in a soil exposed to repeated applications of NCu. Since these
fractions have a different ability to retain or release copper ions, more studies are required
to obtain a better understanding about NCu impact in soils of contrasting texture or
composition.
Once released in soil-plant system, it was found that NCu produced diverse
negative effects over a period of five months of experiments. First, the influence of NCu
on the structural diversity of soil bacteria, beta-proteobacterial and archaeal ammonia
oxidizing communities (AOB and AOA, respectively) and nitrite oxidizing communities
(NOB) was examined by denaturing gradient gel electrophoresis (DGGE). Among all the
treatments, the structure of the bacterial community showed a similarity around to 50%
remarkable influenced by the copper treatments. This indicates that different activities
mediated by bacteria in soil could be perturbed due to NCu. On the other hand, a similarity
of 70% was found for AOB (with a remarkable influence of NCu) and 65% for AOA
communities (influenced by the incubation time). In contrast, a lower variation was
produced in NOB communities (80% of similarity), which evidence their dominance
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compared to the AOB and AOA communities and therefore, a major sensitivity to NCu
in the step of ammonia oxidation to nitrate in soil.
The impact produced in ammonia-oxidizing communities could trigger the
changes observed in the determined nitrification. Indeed, more detailed studies were
performed to evaluate alterations specifically in the abundance of bacteria (16S rRNA
gene) and of ammonia-oxidizers (AOB and AOA- amoA gene). In general, it was found
a gradual and stimulatory effect of NCu over the whole range of time, which was also
dose-dependent (mostly in the case of NCu). Moreover, less differences were found in
the treatments of NCu respect to control after five months of incubation. This evidenced
that soil bacteria were resilient to NCu stress and therefore, exhibited the capacity to
return to its original composition. In addition, it was suggested a major tolerance of AOA
to NCu compared to AOB, which was supported by the significant increase of abundance
of AOB-amoA gene after five months, especially at the highest dose. These findings
were concordant with the reported alterations in nitrification in soil. In detail, respect to
control, the nitrate production was stimulated at the beginning of the incubation period
due to the application of NCu. Then, a significant inhibition (from 40% to 50% in
treatments of NCu at 0.05% and 0.15%, respectively) was observed after two months of
incubation. However, less significant differences were observed in time, and also in the
potential nitrification rate. It was additionally evidenced a major inhibition of NCu on the
nitrate production in the soil-plant system compared to the plant absence, which may be
influenced by the pH changes induced by root exudates (Fitz et al., 2002) provoking a
higher copper bioavailability. This reinforce that future studies in this topic should be
addressed in soil-plant system as an appropriate form to evaluate the environmental effect
of metal nanoparticles.
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Changes on the behavior of copper ions released from NCu were examined
through the DTPA method, which has been widely used to study the phytoavailability of
metals in soil. It was corroborated the role ability of roots to promote the copper ions
dissolution from NCu (compared to soil without plants) at the initial stage of the
incubation. In detail, according to the determined amount of DTPA-extractable, a rapid
dissolution of copper ions from NCu was evidenced in soil-plant system after 1 week,
while in soil without plant increased gradually over five months of incubation. Significant
differences were also found respect to CS, where it was suggested that the rapid oxidation
to ion Cu2+ lead to their complexation with soil components after 1 week of incubation
(as reported by Shah et al., 2016). However, the extractability of copper increased after
two months, reaching values near to the observed with NCu. At the same time, a
significant increase occurred in the translocation factors of copper ions from roots to the
leaves. Finally, even when equivalent concentrations of copper from NCu or CS were
applied in soil-plant system, a higher amount of copper DTPA-extractable was found in
NCu treatment after 5 months of incubation. This could be related to the different states
of oxidation as mentioned in the characterization of NCu (XRD microscopy) and also to
their slower release providing a prolonged source of copper ions.
As a result of the NCu effect on the nitrification in soil, the nitrogen assimilation
in plant was significantly affected due to alteration in the nitrate availability. Thus, even
when the abundance of the amo-A genes was increased in time, the nitrogen assimilation
in plant and particularly in leaves was negatively affected by the end of the incubation,
and no significant differences were observed between the two contrasting doses
evaluated. This indicates that independent of the dose, NCu represent a risk for the growth
and nutritional quality of plants.
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In order to simulate similar conditions to the produced in an agricultural system,
(i.e. in soil under field conditions exposed to pollutants such as the herbicides), the same
parameters previously mentioned were evaluated in soil (in absence and presence of
plants) exposed to the simultaneous presence of the herbicide atrazine and NCu in a shortterm experiment.

In general, it was found that NCu produced a decreased ATZ

dissipation and concomitantly an increase of the half-life (t1/2) of the herbicide, but more
notoriously in soil without plant, where this value was 12-fold and 6-fold higher in
presence of NCu and CS, respectively. Also, a major sorption capacity of ATZ was
observed in presence of NCu, where the effect was independent of the concentration.
While microbial communities remained mainly stable, it can be concluded that the
perturbations caused by NCu and ATZ in soil were mostly associated to physicochemical
interactions more than microbial alterations, which implies an important risk of pollution
due to the potential accumulation of the herbicide and the copper ions released from NCu
to phreatic layer of soil.
In the other context, i.e. in a soil-plant system, it was observed that the
simultaneous application of ATZ and NCu caused significant alterations over 30 days of
incubation and particularly on sensitive microorganisms such as nitrifying communities.
Particularly, a decrease of ~60% was observed in total bacterial abundance and of ~85%
in AOA, which were gradually recovered. Contrastingly, ATZ and NCu 0.15% w/w
initially caused >100% of increase in AOB abundance which remained mostly unaltered.
Due to this treatment, the nitrate formation was also constant, and the opposite behavior
observed in the abundance of AOA and AOB amoA-genes suggests that a potential
functional redundancy of these group of microorganisms allowed the nitrification in soil,
and this ability has been reported for nanoparticles toxicity (Tang et al., 2018).
Additionally, changes in the pesticide dissipation due to the presence of NCu were
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evidenced by a 2-fold increase on the ATZ half-life value (T1/2), which could have
influenced the microbial impact previously mentioned. Compared to the context
previously mentioned, in this study more specific results were obtained, not only focused
on the physicochemical behavior of the pesticide, but also on a particular and essential
function for plant development such as the nitrification carried out by AOB and AOA
communities.
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8.2. Concluding Remarks

It has been widely discussed about the risk of heavy metals in soil, which is even
more concerning if they are present at nanoscale. Despite of the increase of the market of
metal nanoparticles, this is still not considered an environmental issue. However, this
study at least has provided preliminar information about the impact of NCu on important
soil parameters and functioning such as the nitrogen cycle in a soil-plant system.
The negative impacts found at enzymatic level and in microbial communities of
soil-system exposed to high concentrations of NCu were context dependent, evidenced
by the significant changes observed at the initial stage of incubation and the gradual
recovery by the end of the period evaluated. In this context, according to the proposed
hypothesis, it can be concluded that NCu had a negative effect on the structure and
composition of nitrifying communities, having a detrimental impact on soil functioning.
This was reflected on a reduced nitrogen assimilation for plants. However, resistence
mechanisms were suggested to occur in soil microorganism, which not necessary was
translated in a positive effect for plant performance.
Significant challenges are still unresolved about the influence of MNPs including
NCu on soil microorganisms. In this context, besides the great variety of potential
biotechnological applications of different MNPs, the assessment of their environmental
risk merits further investigation. As it was demonstrated in this study, a multidisciplinary
approach combining the presence of nanoparticles with other components or pollutants in
soil such as agrochemicals was an appropriated manner to evaluate the effect of NCu, and
undoubtedly could be useful for other type of MNPs.
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Abstract
The antimicrobial activity of copper nanoparticles (NCu) has been studied for
applications in agriculture, which has raised concern due to possible ecological risks in
soil. NCu may co-exist with other pollutants in agricultural soils, for instance the
herbicide atrazine (ATZ), which is highly persistent in environment. Thus, possible
effects of the simultaneous applications of ATZ and NCu on biogeochemical cycles are
expected, for example on the nitrogen cycle. Therefore, the aim of this work was to
evaluate the simultaneous effect of ATZ and NCu on the abundance of total bacteria and
nitrifying communities: ammonia-oxidizing archaea (AOA) and ammonia-oxidizing
bacteria (AOB). Moreover, the ATZ dissipation was evaluated. A soil-plant system
containing ATZ at field dose (3 mg a.i kg-1) was mixed with two doses of NCu (0.05% or
0.15% w/w). Changes in the abundance of 16S rRNA and ammonia monooxygenase
(amoA) genes of AOA and AOB were evaluated by real-time quantitative PCR (qPCR)
at three sampling times (1, 15 and 30 days). The residual ATZ and nitrate production were
also measured. The results showed significant differences in microbial composition and
abundance over the 30 days of the experiment. Particularly, an initial decrease was
observed in total bacterial abundance due to the presence of ATZ and NCu respect to
ATZ alone (~60%). The abundance of AOA was also remarkably reduced (~85%), but
these communities gradually recovered towards the end of the experiment Conversely,
AOB abundance initially increased (>100%) and remained mainly unaltered in soil
exposed to ATZ and NCu 0.15% w/w, where nitrate formation was also constant.
Moreover, NCu decreased the ATZ dissipation, which was translated in a 2-fold increase
on the ATZ half-life values (T1/2). This study demonstrates that the simultaneous presence
of NCu and ATZ may represent a risk for the total bacteria present in soil and sensitive
microorganisms such as nitrifying communities, and changes in the dissipation of the
pesticide could influence this process.

1. Introduction
The market of metal nanoparticles (MNPs) is growing by leaps and bounds with an
expected growth of $5.3 billion until 2022 (with reference to 2017) (BBC report 2017).
In particular, copper nanoparticles (NCu) are interesting due to their enhanced reactivity,
which differs significantly from their bulk counterpart (Hua et al., 2014; Wang et al.,
2014). Considering the thermal and electrical conductivity of copper, NCu are ideal e.g.
for the production of conductive dyes or heat transfer fluids (Albrecht et al., 2016; Azizi
et al., 2016). Because of their antimicrobial properties, NCu have been also tested for
fighting diverse human/plant pathogens (Kiruba Daniel et al., 2013; Ponmurugan et al.,
2016; Gabal et al., 2018). In fact, their use as nanopesticide in agriculture is currently
being considered (Tegenaw et al., 2015; Tan et el., 2018). At the same time, concerns on
the impact of these nanoparticles in the environment are also increasing. MNPs can reach
the environment by direct application e.g. in soil, but they can also be released to the
environment as a result of their application in bioremediation processes or wastewater
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treatment (including disposal of contaminated sewage sludges) (Wigger et al., 2015;
Galdames et al., 2017; Funari et al., 2018; Giese et al., 2018). These antecedents raise
concern due to the potential non-target effects in environment and particularly in soil
bacteria, which could lead to an adverse impact on biological processes mediated by
microbial communities, as reviewed in recent reports about the effect of different MNPs
(Bundschuh et al., 2018; Parada et al., 2018).
Some studies have demonstrated the negative impact of NCu on soil and rhizosediment
microorganisms (Shah et al., 2016; Fernandes et al., 2017) or on relevant ecological
process such as the horizontal gene transference between microorganisms involved in the
pesticide degradation (Parra et al., 2019). Nitrogen cycling and, in particular, nitrification
– a process carried out by ammonia-oxidizing archaea (AOA) and ammonia-oxidizing
bacteria (AOB) – is essential for plant nutrition. Yet, the effect of NCu in soil has not
been considered in nanotoxicology studies, and only assessed at reactor scale, where
partial nitrification was suppressed. (Lee et al., 2009; Zhang et al., 2017). This suggest
that potential ecological risks can be produced due to the NCu released to soil.
Either physicochemical interaction (e.g co-sorption) and degradation capacity changes
have been reported under the co-existence of copper ions with antibiotics or pesticides
such as ofloxacin, atrazine and indoxacarb (Dewey et al., 2012; Wu et al., 2014). In this
context, NCu have been mostly studied as a single pollutant and scarcely as a combined
pollution (Parada et al., 2019). However, no reports exist about the simultaneous effect
of NCu and pesticides on microbial mediated processes in a soil-plant system, where more
complex interactions may occur. The soil-plant system was chosen as a representative
model to predict an ecological risk in agriculture, and for comparative purposes since
most of studies have been evaluated in bulk soil (Julich and Gath 2015; Sekine et al.,
2017; Parada et al., 2019).
Therefore, the main objective of this work was to evaluate the effects of the simultaneous
applications of atrazine and NCu (ATZ/NCu) on the abundance of bacterial 16S rRNA
gene, and the functional gene amoA from AOA and AOB, and the pesticide dissipation
in a soil-plant system under greenhouse conditions.

2. Material and Methods
2.1. Reagents
Atrazine (ATZ) (99% purity) was supplied by Chem Service (West Chester, USA).
Copper nanoparticles (40-60 nm, ≥ 99.5% trace metals basis) from Sigma Aldrich
chemical Co (St. Louis, MO USA). Their size and chemical structure were characterized
by transmission electron microscopy (TEM) and X-Ray diffraction (XRD) on a Bruker
D8 advance diffractometer (Cu Kα, 40 kV and 40 mA) where the pattern was recorded in
the 2θ region from 20º to 120º (characterization in Figure S1 in Supplementary material).
Copper sulfate of analytical grade (Merck S.A) was used as dissolved copper ions for
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comparison purposes. Other reagents used were of analytical reagent grade, except
methanol which was HPLC grade.

2.2 Exposure of soil-plant system to co-application of atrazine and copper
nanoparticles (ATZ/NCu).
Soil was collected from the upper layer (0-20 cm) at the experimental station Maquehue
(Andisol Freire series; 38500S, 72,410 W). The main physicochemical properties are
described in Table 1. The combined experiments of ATZ/NCu were established applying
a 2-factor design completely randomized. In detail, the soil was sieved (2 mm mesh), and
vigorously mixedwith ATZ (stock solution of 100 mg L-1 in methanol) in order to obtain
a final concentration of 3 mg a.i kg-1 (recommended field rate). Then, 0.05% and 0.15%
w/w of NCu (ultrasonicated in water for 30 min at 40% amplitude) were added to soil and
thoroughly mixed. Copper sulfate (CS) was also used as dissolved copper ions at ion
equivalent concentrations. The concentrations of NCu were chosen to provide enough
concentration for experiments, considering the high retention force of copper in soil
(Cortés Páez et al., 2015). The soil moisture was maintained at 60 % of their water holding
capacity in PVC seedling trays by addition of sterilized distilled water. Treatments of
ATZ without copper (hereafter referred to as ATZ alone) and control (soil without copper
or ATZ) were also performed. Later, Avena sativa seedlings previously grown on a
chamber were transplanted to the trays (five per pot of each treatment). All plants used
were in the same phenological stage. All the treatments were evaluated by triplicates,
maintained under greenhouse conditions at 27 ± 2 °C and sampled three times over a
period of 30 days: 1, 15 and 30 days from the establishment of soil-plant system. At the
end of the incubation period, total copper in plants (leaf and roots) was determined.

2.3. Nucleic acid extraction and quantitative PCR (qPCR)
Total soil DNA was extracted from 0.5 g (fresh weight) of soil using the NucleoSpin Soil
DNA Isolation Kit (Macherey-Nagel GmbH & Co. Germany) according to manufacturer
instructions and stored at −20 °C. The DNA integrity was assessed qualitatively by
electrophoresis on a 0.8 % agarose gel and stained with SYBR Safe DNA. Concentration
and purity of the DNA was evaluated by Epoch Micro-Volume Spectrophotometer
System (Bio-Tek Instrument Inc, USA) through the determination of UV absorbance
ratios of A280/A260 and A230/A260. Quantitative Real Time-PCR (q-PCR)
amplifications were performed using HOT FIREPol® EvaGreen® qPCR Mix Plus
(ROX) (Solis BioDyne). The primers and the conditions used in the different qPCR assays
are shown in Table 2. The q-PCR reactions were performed in 10 μL containing 800 nm
of each primer in the case of 16S and AOB amplifications, and 400 nm of each primer in
the case of AOA amplifications, and 0.25 ng of DNA obtained from all samples. Standard
curves were obtained using serial dilutions of the three target genes (synthetic standards).
The PCR efficiencies for the different assays were >85% with R2 values >0.9.
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2.4. Nitrate determination
The nitrate formation at initial and final sampling times was determined according to the
method described by Masrahi et al. (2014) with some modifications. Briefly, 4.5 g of wet
soil were mixed with 30 mL of a buffer solution (1 mM of ammonium phosphate
monobasic and 0.25 mM of ammonium sulfate adjusted to pH 7.2). These mixtures were
placed on an orbital shaker (180 rpm for 24 h) then centrifuged (4000 rpm for 10 minutes).
A colorimetric method was performed to determine nitrate concentration of the
supernatants using salicylic acid: 80 µl of supernatant were mixed with 0.32 ml of sodium
salicylate 5% (dissolved in concentrated sulfuric acid) and cooled to room temperature.
Then, 7.6 ml of sodium hydroxide 1.7 M were added. The absorbance was determined at
410 nm using UV-Vis spectrophotometer and the nitrate concentration was obtained
through interpolation from a curve calibration.

2.5. Determination of residual atrazine.
Soil samples (10 g) were disposed in Erlenmeyer flasks (100 mL), mixed with methanol
(20 mL) and agitated on rotary orbital shaker (350 rpm for 2 h). Then, the samples were
sonicated (10 min) and centrifuged (10.000 rpm for 10 min). The supernatants were
filtered through PTFE filters (0.2 μm pore size) and the ATZ concentration was
determined according to the methodology described by Parada et al. (2019). Instrument
calibrations and quantification were performed against ATZ reference standards (0.1–10
mg L−1). The ATZ dissipation was calculated using the first-order kinetic C= C0 e−kt, and
ATZ half-life (t1/2) was estimated using the equation t½ = Ln (2)/k.

2.6. Statistical analysis
The normality of data obtained was evaluated by Kolmogorov-Smirnov test. Then,
significant differences between the treatments were determined by one-way analysis of
variance (ANOVA). When significant differences were obtained (P ≤ 0.05), a Tukey’s
HSD test was performed using SPSS 17 software (SPSS, Inc.) (Trial version) (n=3).

3. Results and discussion

3.1. Effect of the simultaneous application of ATZ/NCu on bacterial abundance
As shown in Figure 1A, the bacterial abundance was significantly altered due to the
simultaneous effect of ATZ and NCu. In detail, after 1 day of incubation, an increase of
~36% in the bacterial abundance was found in soil exposed to ATZ alone, whilst a
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decrease of 27%-44% was found in soil exposed to ATZ/NCu. Bacterial abundance after
the addition of ATZ alone did not vary significantly (P ≤ 0.05) over the tree sampling
times, which demonstrates that bacteria in the soil are quite well resistant to the herbicide.
On the other hand, a significant and gradual recovery of the bacterial abundance was
observed in soil exposed to ATZ/NCu over 30 days of experiment, which seems to
indicate an adaptation of the bacterial communities to these compounds in a longer term.
This is consistent with the reported by Liu et al. (2016) who observed that repeated
applications of a high concentration of copper (~2 g kg-1) in soil may cause a major
microbial tolerance to antibiotics than a single application of the same concentration,
arguing that the selection for tolerant bacteria may have been promoted. The addition of
copper (either NCu or CS) simultaneously applied with ATZ could have increased the
bacterial abundance in part due to a stimulation on copper-resistant bacteria, as recently
reported in a study where the co-pollution of copper and ciprofloxacin was evaluated (Tuo
et al., 2018).

3.2. Changes in the abundance of amoA gene and nitrate formation.
Significant differences (P ≤ 0.05) in the abundance of AOA-amoA gene were observed
due to the exposure of soil to ATZ alone or combined with copper (Figure 1C). An almost
immediate decrease (after 1 day) on amoA gene copies was evidenced in soils amended
with ATZ/NCu; this decrease was more accentuated than in assays with ATZ alone
(similar to the observed with CS). However, similar to the recovery observed in bacterial
16S rRNA gene, a significant recovery occurred already at day 15 of incubation, and a
sharp increase of the AOA-amoA abundance was detected in soils spiked with ATZ/NCu
at the highest dose (0.15%). A similar trend was observed in assays with CS, where it was
noticeable that a more pronounced recovery was achieved in soil exposed to CS by the
30 days. In this sense, different dissolution capacity and copper speciation may be the
cause of the different response in AOA communities, as reported in previous studies
(Sekine et al., 2017; Gao et al., 2018).
On the other hand, as shown in Figure 1B, an opposite behavior to AOA was observed
for AOB-amoA gene after 1 day of exposure: ATZ/NCu caused an increase on the
abundance of AOB-amoA gene respect to ATZ alone. This increase was significantly
higher in soil exposed to ATZ/NCu at 0.15%, where besides, the abundance remained
almost unchanged over the incubation period. According to these results, AOA were
apparently more sensitive to the simultaneous effect than AOB.
It is important to highlight that mostly free-living planktonic cultures have been
considered to evaluate the effect of MNPs on nitrifying bacteria (Yang et al., 2013;
Radniecki et al., 2011), and more scarcely biofilms, which is the predominant form of
bacterial growth in sewage sludges or soils. In this regard, Reyes et al. (2015) found that
Nitrosomonas europaea, a model nitrifying bacterium, exhibited a growth rate in biofilm
two times more resilient compared to the rate in planktonic culture, where also a lower
inhibition of the amoA gene expression was produced. This information reinforces the
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idea of an enhanced resistance of the AOB and AOA to the highest NCu concentration
(Figures 1B and 1C) under a more realistic environmental model such as the considered
in this study (i.e. in soil).
In general, it was noticeable that AOA-amoA gene copies were more abundant than
bacterial (100-fold), which could indicate that the nitrification process in the soil
evaluated may be driven by archaea, as similarly observed in other studies (Leininger et
al., 2006; Gubry-Rangin et al., 2010; He et al., 2018). In this regard, the contribution of
AOB and AOA communities in soil is still controversial (Kelly et al., 2011; Li et al.,
2014; Banning et al., 2015). From this study, it was not clear the contribution of them
under the combination ATZ/NCu, although in some cases the behavior of AOA and AOB
was opposite.
To evaluate alterations of ATZ/NCu on the nitrification process, we used a buffered
solution (ammonium source, pH ~7) as a method to evaluate the response of ammonia
oxidizing communities. In this context, as shown in Figure 2, ATZ alone did not alter the
nitrification compared to control after 1 day of incubation, but there was a significant and
dose dependent reduction in the nitrate formation in soils exposed to ATZ/NCu. This
could be an indicative of initial perturbations in the nitrification capacity principally
produced by NCu. However, whilst in control the nitrate formation was significantly
reduced over 30 days, this decrease was to a lesser extent in treatments of ATZ alone,
ATZ/NCu 0.05% or ATZ/CS 0.05%. In contrast, no significant changes in nitrate
formation were caused by ATZ/NCu 0.15% (similarly to CS at the same dose) respect to
the initial amount.
According to the results, we suggest that a functional redundancy was promoted by the
nitrifying bacteria after 1 day of exposition, which could be explained by the opposite
effect caused at the highest concentration of NCu (ATZ/NCu 0.15 %) on the AOA and
the AOB abundances (significantly decreased and increased, respectively). Despite the
severe impact on AOA produced due to ATZ/NCu 0.15 %, this phenomenon may allow
that nitrification could happen, as supported in Figure 2. Interestingly over 30 days, the
functional redundancy could also lead to the remained nitrate formation, where either
AOA and mainly AOB abundance were significantly increased compared to the lowest
copper dose or ATZ alone. This effect was similar to the observed with ATZ/CS 0.15%.
Therefore, we conclude that nitrification was a more resilient process in the simultaneous
presence of the herbicide ATZ and the highest NCu concentration. Further studies should
consider long-terms experiments and different environmental conditions in order to know
the behavior of this process under the simultaneous presence of pollutants and NCu.

3.3. Atrazine dissipation in soil-plant system
Figure 3 shows the effect of ATZ/NCu on the dissipation of the herbicide. As shown,
NCu at 0.05% and 0.15% notoriously decreased the ATZ dissipation from the 15 days,
more than their dissolved form (CS). This information is supported by the decreased
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values of the dissipation rate constant (K) and the increase of the estimated half-life values
(t1/2) respect to ATZ alone (26 days): 39-47 and 30-35 days in presence of NCu and CS,
respectively. The results obtained are consistent with the observed in a previous work
performed in absence of plants over the same incubation period (Parada et al., 2019),
where the ATZ half-life values were lower, but similarly to the reported in this study,
NCu at 0.15% increased ATZ half-life more than their dissolved form. In this context, the
retarded dissipation of the pesticide observed in this study could be consequence of the
presence of plants, as discussed by Cao et al. (2018), who demonstrated that unlike a nonrhizospheric soil, the plant presence may enhance the adsorption capacity of ATZ through
influencing the bound capacity between the dissolved organic matter and ATZ. This could
at least partially explain why the dissipation was slower in this condition.
The effects on the ATZ dissipation observed in this study may also have been influenced
by the copper distribution in the soil-plant system. For instance, as shown in Table 3, by
the 30 days the plants exposed to copper (either NCu or CS) assimilated copper in leaf
and roots in a dose-dependent way. However, a more significant assimilation occurred in
plants exposed to ATZ/CS. This suggest that the plant uptake of copper ions released
from NCu was slower, which potentially allowed that ATZ could remain in soil through
mechanisms of interaction with copper. In this sense, the formation of complexes between
copper and imidazolinone or triazine herbicides (including ATZ) and carbendazim has
been previously reported (Costa et al., 2018; Moreno et al., 2018). According to the
authors, possible formation complex mechanisms of ATZ in aqueous solution may occur
at pH ranging from 5 to 10, where ATZ may form very stable complexes with copper ions
(II). Despite the clear differences between aquatic and soil systems, this phenomenon can
be extrapolated to the pH conditions of this study and explain the possible formation of
complexes between ATZ and the released ions of NCu, which may have influenced the
pesticide dissipation. Similar effect was observed by Liu et al. (2007), who informed that
copper ions increased the cypermethrin and cyhalothrin half-life values.
A contrasting effect was reported by Chen et al. (2014). The authors indicated that an
accelerated ATZ dissipation was produced due to the presence of lead over a period
incubation of 28 days using soil microcosms. In fact, the ATZ half-life reported by these
authors were shorter than the obtained in our study, with values ranging from 9.28 to
10.26 days at 600 and 300 mg kg-1 of lead, which were lower than control (11 days). The
authors suggested that the stimulatory effect of the of lead on the ATZ dissipation could
be related to alterations in the metabolic efficiency of the soil microbial community. In
this context, it has been previously discussed about the horizontal gene transfer as an
adaptation of microorganisms capable to restore the community composition under
perturbed conditions (Allison and Martiny, 2008). Indeed, it has been recently
demonstrated that NCu in culture media conditions can affect negatively the transfer of
conjugative plasmids carrying genes that encode catabolic activities for the degradation
of herbicides such as the 2,4-dichlorophenoxyacetic acid (2,4-D) and ATZ (Parra et al.,
2019). Considering this, potential implications at genetic level in microorganisms
involved in the degradation of ATZ should be evaluated in future studies in soil.
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The pesticide dissipation in soil is a process context dependent (physicochemical
properties of soil or experiment conditions). Therefore, in order to predict the risks of the
simultaneous presence of NCu and pesticides, future studies should be carried out
evaluating different soil types, pesticides or frequency of NCu application.

4. Conclusion
Our work provides new insights about the ecological risk of the simultaneous application
of atrazine and copper nanoparticles (ATZ/NCu) in soil microorganisms over 30 days of
incubation under greenhouse conditions. Particularly, ATZ/NCu imposed more
significant alterations on the bacterial and nitrifying abundances (AOA and AOB)
compared to the caused by ATZ alone. However, a contrasting effect was observed in
ammonia oxidizing communities: AOA abundance was initially decreased but gradually
recovered after 30 days. Conversely, AOB abundance was initially increased and
remained unaltered (specifically at ATZ/NCu 0.15%). This last effect was consistent with
the constant nitrate formation.
On the other hand, the ATZ dissipation was significantly decreased due to the presence
of ATZ/NCu evidenced by 2-fold increase of ATZ half-life values (T1/2). According to
the results obtained from this study, we can conclude that the simultaneous application of
ATZ and NCu may represent a risk for total bacteria and nitrifying communities in soilplant, and changes in the dissipation of the pesticide could have influenced this process.
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FIGURES

Figure 1. Abundance of Bacterial 16S rRNA (A), AOB-amoA (B) and AOA-amoA (C)
gene copy numbers determined by q-PCR. Error bars indicate the standard error of the
mean (n=3). Different letters represent different statistical groups by Tukey-HSD
comparisons at P ≤ 0.05.
171

Figure 2. Nitrate formation (mean ± SD, n=3) in soil exposed to ATZ and ATZ combined
with NCu. Different letters represent different statistical groups by Tukey-HSD
comparisons at P ≤ 0.05.

Figure 3. Residual atrazine (ATZ), dissipation constant (K) and half-life (t1/2) (mean ±
SD, n=3) in soil exposed for 30 days to ATZ and NCu, simultaneously. Different letters
indicate significant differences between all treatments (one-way ANOVA and TukeyHSD; P ≤ 0.05).
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TABLES
Table 1. Physicochemical parameters* of soil used in this study.
Parameters
-1

N (mg kg )
P (mg kg-1)
K (mg kg-1)
pH (water)
Organic matter (%)
Total organic carbon (%)
Al (cmol+ kg-1)
CICE (cmol+ kg-1)
Bases (cmol+ kg-1)
Cu (mg kg-1)
Clay (%)
Silt (%)
Sand (%)

Value
36 ± 1.8
12 ± 0.7
751 ± 3.4
6.1 ± 0.2
15 ± 0.4
6 ± 0.2
0.02 ± 0.001
12.1 ± 0.1
12.1 ± 0.5
1.81 ± 0.01
27.4
43.8
28.8

* All the physicochemical parameters were carried out in the soil analysis laboratory of
Universidad de La Frontera.

Table 2. Primers and conditions for qPCR
Target

Primers set

Sequence 5'-3'

q-PCR conditions

Bac1369F

CGGTGAATACGTTCYCGG

Prok1492R

GGWTACCTTGTTACGACTT

95°C 12 min; 40 cycles of:
95ºC 30 s, 60°C 20s, 72°C Suzuki et al., 2000
20s

amoA1F

GGGGTTTCTACTGGTGGT

16S rRNA

Bacterial amo A
gene

Archaeal amo A
gene

Reference

amoA2R

95°C 12 min; 40 cycles of:
95ºC 15 s, 60°C 20s, 72°C Ma et al., 2015
CCCCTCKGSAAAGCCTTCTTC 20s

CrenamoA23F

ATGGTCTGGCTWAGACG

CrenamoA616R GCCATCCATCTGTATGTCCA

95°C 12 min; 40 cycles of:
95ºC 15 s, 65°C 20s, 72°C Tourna et al., 2008
20s

Table 3. Total copper (mg kg-1) in leaf and roots of plants exposed to ATZ alone and to
ATZ/NCu in soil after 30 days.

Treatment
Leaf
Root
e
ATZ
1.44 ± 0.08
0.27 ± 0.07d
ATZ/NCu 0.05%
2.33 ± 0.07d
0.43 ± 0.06d
ATZ/NCu 0.15%
2.91 ± 0.13c
1.31 ± 0.07b
ATZ/CS 0.05%
3.54 ± 0.11b
0.65 ± 0.05c
a
ATZ/CS 0.15%
4.22 ± 0.12
1.93 ± 0.08a
*Each value represents the mean (n=3). Significant differences between all treatments are
indicated by different letters (determined by Tukey- HSD test; P ≤ 0.05).
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