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Abstract

We conducted an experiment with two agricultural soils with acidic and alkaline pH levels to assess the effects of zinc oxide
nanoparticles (nZnO) on the bacterial community. The effect of the nZnO concentrations (0, 0.1, 1, 10, 100, 1000 mg Zn/kg soil)
and contact time between nanoparticles and soil (180 days) was considered. We measured the microbial respiration rate, nitrogen
transformation, enzymatic activities (dehydrogenase (DH), acidic phosphatase (ACP), and alkaline phosphatase (ALP)), and the
community-level physiological profile (CLPP) soil parameters. Respiration potential and nitrogen transformation were negative-
ly affected only at the highest nZnO concentration. The changes in enzymatic activities were very variable with time and between
both soils. A stimulating effect of the nanoparticles on microbial activity was clearly shown at 30 days after the nZnO application
in both soils, except for the 1000 mg/kg in calcareous soil, after which time in the latter, the functional richness of the bacterial
community was reduced to virtually zero. However, values of the enzymatic activities demonstrated that there was self-adaptation
of microbial communities over the study period (180 days). The nZnO 1000 mg/kg dose produced an increase in bacterial growth
in the acidic soil, without apparent changes in their metabolic profiles over time. A good correlation was found between microbial
respiration rates (calcareous and acidic soils) and microbial metabolic activity (acidic soil) based on extracted Zn concentrations.
Our findings suggest the necessity of additional studies to examine the effects of nZnO in natural microorganism populations in
soil with different pH levels for extended periods of time.
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duction volumes of nanoparticles, and therefore, their environ-
mental levels are expected to rise constantly given the extensive
application of this material (Piccinno et al. 2012). nZnO con-
centrations in the environment range from less than 100 pg/L in
water to a few milligrams per kilogram in soil (Boxall et al.
2007). Harmful effects on soil microorganisms have been dem-
onstrated, at very low concentrations (< 1 mg/kg) (Simonin and
Richaume 2015). Single-species studies have highlighted vary-
ing sensitivities of bacteria to nZnO (Brayner et al. 2006; Jones
et al. 2008; Negi et al. 2012; Simon-Deckers et al. 2009). Even
although single-species in vitro studies are highly informative
(Jiang et al. 2009; Roesch et al. 2007; Simon-Deckers et al.
2009), they lack the complexity of natural populations involv-
ing hundreds to thousands of interacting species. In conse-
quence, there is a necessity to evaluate the risks related to nano-
particles in agricultural soils so as to preserve ecosystems.
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Soil is a nonrenewable resource increasingly under envi-
ronmental stress; for preserving soil characteristics, it is nec-
essary to know the reaction of ecosystems to disruption and
the resistance of soil microbial populations. Soil microbial
communities play an important role in preserving ecosystem
functions, soil health, and production. Slight changes in mi-
crobial diversity can affect environmental quality (Holden et
al. 2014). A microorganism ecotoxicological approach, to es-
timate the effect of chemicals on natural associations of pop-
ulations, provides a faithful evaluation of the response of mi-
croorganisms to contamination and leads to a more suitable
environmental risk assessment. Changes in the functioning of
soil microbial communities can be monitored by measuring
enzyme activities, soil respiration potential, and nitrification
activity, which have been linked to modifications in soil qual-
ity (Jimenez et al. 2002; Schloter et al. 2003).

Community-level physiological profiling based on carbon
substrate utilization approaches has been widely used to char-
acterize microbial communities of different soils. The calcu-
lated numbers of soil microorganisms are in the extent of
107 cells/g soil, with a variety of 10* species (Christensen et
al. 1999; Curtis et al. 2002). The rapid development of micro-
organisms makes it possible to distinguish changes in micro-
bial communities by measuring their metabolic responses to
stressors (Garland and Mills 1991). However, little research
has been conducted on the interaction between nanoparticles
and agricultural soil microbial communities in vivo that would
mimic the natural environment. Researching changes in soil
microbial functioning is useful to understand how agricultural
soils are impacted by nanoparticles.

The influence of soil characteristics on the nanoparticle
toxicity is starting to be studied (Langdon et al. 2014; Read
et al. 2016; Schlich and Hund-Rinke 2015; Simonin and
Richaume 2015; Simonin et al. 2016). The description of soil
parameters governing the bioavailability and toxicity of nano-
particles is decisive an environmental risk assessment. Soil
pH, ionic strength, and the availability of natural organic mat-
ter seem to be important in metal nanoparticles mobility, dis-
solution, and bioavailability to soil microorganisms (Cornelis
et al. 2014; Simonin and Richaume 2015; Smolders et al.
2004). pH affects the availability of nutrients, modifies the
balance of the solid phase, and controls the association and
diversity of the microbial community.

Risk assessment recommendations take into account study-
ing nanoparticle in natural environments to know in what way
nanoparticles relate with agricultural soil components and the
capacity of microorganisms to be resistant to short- and long-
term nanoparticle disruption. The aim of this work was to
study the role that pH plays in mediating the dose—response
effect of nZnO on agricultural soil bacterial communities,
using concentrations ranging from 0.1 to 1000 mg/kg dry soil
and long-term monitoring, to imitate realistic exposure of soils
to nZnO.

Materials and methods
Characterization of nZnO and soils

Zinc nanopowder (< 100 nm) was obtained from Sigma-
Aldrich (Germany), the characteristics of the constituent
nZnO were determined previously (Fernandez et al. 2013).
The size and shape of the nanoparticles were determined with
a transmission electron microscopy (TEM). The particle size
distribution was determined with a Nano-Zetasizer (1000 HS,
Malvern Instrument Ltd., UK), which uses the dynamic light
scattering (DLS) technique.

Two different soils with different pH levels were selected,
an acidic soil (pH 5.4) and a calcareous soil (pH 8.5), and were
collected from the surface layer (0-20 cm) of two agricultural
fields located in Madrid (Spain). The soils were air-dried and
sieved (2 mm mesh) prior to characterization. Their chemical
properties were determined by standard methods, and the an-
alytical results are shown in Table 1.

Sample preparation

The soils were spiked with 0.1, 1, 10, 100, and 1000 mg Zn/kg
soil as nZnO. The Zn concentrations were calculated on a soil
dry weight (DW) basis. Untreated soils were used as controls.
The nZnO powders were added directly to the soil, following

Table 1  Physicochemical parameters and element concentrations
measured in reference soils

Parameter Acidic soil Calcareous soil
Texture (USDA) Silt loam Silty clay loam
Sand (%) 25.0 17.5

Silt (%) 57.0 43.5

Clay (%) 18.0 39.0

pHw (1:2.5 w:v) 54 8.5

Organic matter (%) 1.7 1.1

Total carbonate (%) ND 10.6

Free carbonate (%) ND 24

E.C. (uS/em) (1:5) 66.9 125.9
Available P (mg/kg) 10.7 16.1

Base saturation (%) 54.7 100.0

C.E.C. (mmol/100 g) 114 22.1

Kjeldahl N (%) 0.09 0.09

C/N ratio 133 10.9

Total Fe (mg/kg) 14,515 +246 14,600 +329
Total Cu (mg/kg) 9.6+0.2 24.5+0.8
Total Mn (mg/kg) 518+19 162+3

Total Zn (mg/kg) 40+2 62+3
Available DTPA-TEA Zn 2.49+0.07 0.29+0.01

ND not detected, E.C. electric conductivity, C.E.C. cationic exchange
capacity
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method in previous studies (Garcia-Gomez et al. 2015), and
hand blended.

Samples (soil with and without nZnO treatments) were
split into two groups with three replicates per group and treat-
ment. The first group was used to assess the effects of nZnO
on respiration potential, enzymatic activities, and carbon
source utilization by soil microbial community. The second
group was used to determine the nitrification activity and re-
ceived an organic nitrogen source (5 g Lucerne/kg soil).
Polyethylene containers (each one with a capacity of 10 L, a
mean internal diameter of 24 cm, and a height of 24 cm) were
filled with 600 g (DW) of control and treatment soils. The
containers were incubated for 180 days (20 + 2 °C, dark,
40-60% water holding capacity). The moisture of the samples
was controlled by reference to weight. Subsamples were taken
at 1, 30, 90, and 180 days to analyze the microbial parameters
and soil zinc availability.

Soil chemical analyses

The total Zn in the soil samples was determined after treating
1 g of dried sample with an acid mixture of HNO3:HF:double
deionized water (1:1:1) followed by digestion in Teflon
bombs in a microwave oven (CEM Corporation, model-
Mars, Matthews, NC, USA). Two certified reference soils
provided by the Institute for Reference Materials and
Measurements of the European Commission (ERM-CC141
and BCR-143R) were used to verify the quality of the results
for total Zn contents.

The actual available fraction of Zn applied to soil was es-
timated with the CaCl, extraction (Zn—CaCl,), sometimes re-
ferred as the effective bioavailable metal fraction. The air-
dried soil samples were extracted for 2 h with a 0.01-M
CaCl, solution (pH 5.7, without buffer) at 20 °C in a 1:10
extraction ratio (w:v) (Houba et al. 2000).

Microbial parameters analyses
Microbial respiration

Effects on carbon transformation activity of soil microorgan-
isms were determined following the principles of standardized
methods (OECD 2000a, 217). Soil subsamples (5 g) used for
determining microbial respiration rates induced by glucose
were amended with 4 mg glucose/g soil (DW), and the carbon
dioxide released was measured using a BacTrac 4300 SY-Lab
(Microbiological Analyzers).

Nitrogen transformation test
The effects on nitrogen transformation activity of soil micro-

organisms were determined using the standardized method of
the OECD (2000b, 216). Nitrate was extracted from the soil

@ Springer

samples (10 g) by shaking with 50 ml of 0.1 M potassium
chloride solution for 1 h. Then, the mixture was centrifuged
at 3000 rpm, 5 min, and filtered. Nitrates were determined
using the NitriVer® 3 and NitraVer® 5 reagents in a
Beckman DUS530 spectrophotometer at 507 and 400 nm,
respectively.

Enzymatic activities

Dehydrogenase activity (DH) was measured according to the
method of Rogers and Li (1985). Samples of alfalfa-enriched
soils (1 g) were mixed with 0.2 ml of 3% (w/v) of 2,3,5-tri-
phenyltetrazolium chloride (TTC) and 0.5 ml of glucose 0.5%
(w/v) both dissolved in deionized water (calcareous soil) or in
tris(hydroxymethyl)-aminomethane (TRIS) buffer pH 7.4
(acidic soil). The test tubes were capped and incubated at
27 °C in the dark for 24 h. After incubation, 2.5 ml of meth-
anol was added to extract the reaction product
(triphenylformazan) and the mixture was stirred and centri-
fuged at 3500 rpm, 4 min. The absorbance was measured at
490 nm in a GENios microplate spectrofluorometer (Tecan,
Switzerland) using a standard curve of reagent grade
triphenylformazan (TPF). The dehydrogenase activity was
calculated as micrograms of the TPF formed per gram of soil
during 24 h.

Phosphatase (acidic and alkaline) activities were measured
according to the method of Freeman et al. (1995). Briefly, 1 g
of soil sample was preincubated at 27 °C for 30 min with
3.2 ml of buffer (50 ml of NaOH 1 M, 1.21 g of TRIS,
1.16 g of maleic acid, 1.4 g of citric acid, and 0.63 g of boric
acid in 500 ml of water) adjusted at pH 6.5 or pH 10 for the
acidic or alkaline phosphatase, respectively. Then, 80 ul of a
solution 0.01 M of methylumbelliferyl phosphate (MUP) in
buffer is added, shaken, and incubated at 27 °C in the dark for
2 h. The mixture was centrifuged at 3000 rpm, 4 min and the
fluorescence intensity of 4-methylumbelliferone (MU) formed
is measured at the excitation wavelengths of 320 and 360 nm
for acidic and alkaline phosphatase, respectively, and emission
wavelength of 465 nm, in a GENios microplate spectrofluo-
rometer (Tecan, Switzerland) using a standard curve of regent
grade MU. The activities were calculated as micrograms of
MU formed per gram of soil.

Microbial CLPP analysis

CLPP were obtained using Biolog® EcoPlates established
methods (Ge et al. 2011). Five-gram portions of sample were
suspended in a sterile sodium chloride solution (0.9% w/v).
The cellular suspension was diluted (1:100) in the sterile so-
dium chloride solution and subsequently dispensed (125 pl)
into each well of Biolog® EcoPlates and incubated at 25 °C in
the dark. Data were recorded with a plate reader SPARK 10 M
(Tecan, Switzerland) at 590 nm every 24 h until 144 h.
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Three indices were determined. Firstly, average well color
development AWCD =Y ODi/95, where ODi is the absorbance
value from each well, corrected by subtracting the blank well
values from each plate well, and 95 is the number of total sub-
strates. Secondly, the substrate richness (S) was calculated as the
number of wells with a corrected absorbance greater than 0.20.
Thirdly, the Shannon index (H) or “diversity” showing the sub-
strate utilization model was calculated as follows: H'=—pi In
(pi), where pi is the ratio of the activity on each substrate (ODi) to
the sum of activities on all substrates Y ODi.

Statistical analysis

Mean values were taken from each triplicate data set. To clar-
ify the presentation of the results, the enzymatic activity data
of'treated soil samples were expressed as the percentage of the
enzymatic activity compared to the control sample.
Statistically, significant differences between individual means
for chemical and toxicological data were identified by analysis
of variance (ANOVA) with Fisher’s least significant differ-
ence procedure (LSD, P <0.05). Pearson’s correlation coeffi-
cients (n = 3) were calculated to relate enzymatic activity, mi-
crobial activity, and functional microbial diversity to CaCl,
extractable concentrations of zinc in calcareous and acidic
soils. The data were analyzed statistically using the
STATGRAPHICS software (version 5.0).

Results and discussion

There have been very few studies conducted to determine the
soil pH effect on the toxicity of zinc oxide nanoparticles with

Table 2
calcareous and acidic soils spiked with nZnO

the soil microbial community. To the best of our knowledge,
this is the first study to evaluate nZnO toxicity on agricultural
soil bacterial communities, using concentrations that range
from 0.1 to 1000 mg/kg dry soil and long-term monitoring
(180 days), to reproduce realistic soil exposure to nZnO.

Soil pH seems to be the principal factor that governs con-
centrations of soluble metals. Zn solubility correlates nega-
tively with pH (Sauve et al. 2000). Moreover, clay content
in calcareous soil was higher than in acidic soil, which also
helps increase Zn retention in soil and, hence, decrease Zn
availability to microorganisms, as clays are believed to adsorb
zinc ions across both ion exchange and specific adsorption
(Farrah and Pickering 1997). Zinc availability has also been
connected to soil organic matter content. In this study, the soil
organic matter content effect of content on Zn availability to
microorganisms should be considered insignificant because
values were very low and similar in both soils (<2%).

Soil chemical analysis

Since zinc is both an essential trace element and possible
toxicant, the effects of zinc fixation in soil are of possible
significance. The available Zn fraction was remarkably higher
in acidic than in calcareous soil (Table 2). Significant differ-
ences (p <0.001) in CaCl, extractable Zn were observed be-
tween acidic and calcareous soils at 30, 90, and 180 days after
the nZnO application (DAA). Zinc sorption to the soil and
ZnO solubility are negatively correlated with pH, which is
well defined by the competitive adsorption model (Sauve et
al. 2000). In addition, the clay content was higher in the cal-
careous soil than in acidic soil, which increased the retention
of Zn in soil. At the nZnO loading rate of 1000 mg/kg, the

Initial total and 0.01 M CaCl, extractable concentrations (average + SD, n = 3) of zinc (sampling times of 1, 30, 90, and 180 days) measured in

Treatments (mg Zn/kg dw)

Total (mg Zn/kg soil)

CaCl, extractable (mg Zn/kg soil)

Day 1 Day 1 Day 30 Day 90 Day 180
Calcareous soil 0 62 £ 1 ND ND ND 0.19 £ 0.00
0.1 63 +1 0.01+£0.00 0.10+0.00 0.1+0.00 0.20 + 0.00
1 64 £2 0.10+£0.00 0.09+0.00 0.1+0.00 0.20 £ 0.00
10 71 +4 0.16+0.05 0.10+0.00 0.1+0.00 0.20 £ 0.00
100 141 £3 0.22+0.05 0.19+0.00 0.09+0.00 0.29 £ 0.00
1000 1086 £ 9 1.3+0.1 0.84+0.04 0.53+0.05 0.52 £ 0.04
Acidic soil 0 463 £ 04 2.0+0.1 2.1+0.1 2.25+0.09 2.1+02
0.1 46.9 +£0.9 1.8+0.1 2.12+0.06 2.30+£0.09 2.01 +0.06
1 50 + 1 2.04+0.06 2.42+0.06 2.43+0.04 2.04 £ 0.08
10 55+4 53+0.5 55+0.2 52+03 49+03
100 133+7 46.5+£0.9 46+ 1 43+1 435+ 0.7
1000 1030 + 25 300+11 296+ 8 280+10 292 +9

ND not detected
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available Zn fraction in calcareous soil decreased with the
incubation time, with values of 0.12, 0.08, 0.05, and 0.05%
of total added Zn, after 1, 30, 90, and 180 DAA, respectively.
As time passed, some of the adsorbed Zn may disperse into
soil aggregate particles and thus lose its extractability. The
results agreed with previous work by Donner et al. (2010) that
Zn availability in soil was affected with time. The available Zn
fractions from the acidic soil were 52, 45, and 29% with the
loading rates of 10, 100, and 1000 mg/kg, respectively, and
those percentages were consistent across time (Table 2). At
low pH, there is a high Zn concentration in solution (as Zn*
and Zn(OH)"), because of the increased Zn dissolution and the
pH influences on Zn solubility. Tipping et al. (2003) found
similar correlation with higher Zn solution concentrations in
lower pH soils than in more neutral soils.

The pH analysis of soils showed no change between 1 and
180 DAA. With the increasing nZnO concentration in the
acidic soil, an increase of around 1 pH unit in relation to the
control took place. The dissolution of Zn** ions from nano-
particles reduced protons and raised soil pH. Tourinho et al.
(2013) and Waalewijn-Kool et al. (2013) have described a
similar pH increment after nZnO additions.

Microbial parameter analysis
Microbial respiration

The effects on carbon transformation activity of soil microor-
ganisms were measured in calcareous and acidic soils to eval-
uate the repercussions of different doses of nZnO on overall
microbial activity. Altogether, the change in microbial respi-
ration potential in nZnO-contaminated calcareous and acidic
soils was small (Fig. 1). Soil respiration potential decreased at
10, 100, and 1000 mg/kg nZnO loading rates in calcareous
soil, and at 100 and 1000 mg/kg in acidic soil, and in both

Fig. 1 Changes in respiration
over time due to nZnO doses in 120
soil at the nominal concentrations
are shown (0.1-1000 mg/kg soil)

(error bars = + SE, n=3). All 100

results are described as the

percent of activity relative to the 80

average activity of unexposed

controls. Within each treatment Tg 60

group, means sharing the same g

letter are not significantly %

different (LSD test, p < 0.05) © 40
20

0

soils, the differences were less than 10% and were consistent
across time. Soil pH seems to be directly or indirectly one of
the main factors affecting the behavior of nanoparticles in
respiration potential of soil organisms (Heggelund et al.
2014; Waalewijn-Kool et al. 2013). In this work, the pH of
calcareous and acidic soils did not change the soil glucose-
induced respiration rate substantially (Fig. 1), the sole excep-
tion being the 1000 mg/kg treatment in which the respiration
rates were significantly reduced in both calcareous (p < 0.001)
and acidic (p <0.002) soils. Inhibition in soil substrate-
induced respiration has already been reported at high dose of
nZnO by other authors (Ge et al. 2011). The answer of soil
microbial communities to the administration of nZnO has
been shown to be highly diverse and dependent upon the
characteristics of the systems and the form of zinc applied
(Collins et al. 2012; Ge et al. 2011, 2012; Rousk et al.
2012). Other researches described that substrate-induced mi-
crobial respiration was not sensitive in assessing the effect of
metals in soil (Hund-Rinke and Simon 2008), possibly be-
cause the modified community may incorporate taxa that are
functionally compensating with the taxa in the original group.

Nitrogen transformation test

Soil inorganic-N availability is one of the most sensitive mi-
crobial processes that can be affected by contamination
(Dalzell et al. 2002). The nitrogen transformation test was
carried out to investigate the effects of nZnO on the nitrogen
transformation activity of soil microorganisms. Figure 2
shows the changes in nitrate concentrations over time in cal-
careous and acidic nZnO-contaminated soils. The nitrification
rates increased with increasing soil pH. The nitrification in the
acidic soil was significantly lower than that in the calcareous
soil at 90 and 180 DAA (p < 0.01). The addition of 1000 mg/
kg of nZnO caused inhibition of nitrification at 1, 30, 90, and
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Fig. 2 Changes in nitrification 160

over time due to nZnO doses in
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are shown (0.1-1000 mg/kg soil) .
(error bars = + SE, n=3). All 120

results are described as the
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controls. Within each treatment
group, means sharing the same
letter are not significantly
different (LSD test, p <0.05)
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180 DAA in the acidic treated soil, with inhibition rates of 36,
16, 17, and 14%, respectively. The lower values of nitrifica-
tion in acidic treated soil may be related to the low immobili-
zation and high bioavailability of Zn, which determines their
negative effect on the nitrifying microorganism populations.
At 1 and 30 DAA, the inhibition rates of nitrification in the
1000 mg/kg nZnO-treated calcareous soil were 13 and 22%,
respectively (Fig. 2). Over time, the inhibition decreased and
the nitrate concentrations recovered, with acidic soil values
around 100% (except the 1000 mg/kg) and calcareous soil
values around 125% at 180 DAA. The effect of nanoparticles
addition to calcareous soil on nitrate concentrations indicated
that there were significantly (p <0.001) higher values at 180
DAA compared with 1 DAA. These results may be related to
the adaptation of soil microorganism to the metals (Bruins et
al. 2000). Also, toxicity of nZnO in the soil may decrease with
time due to aging or equilibration processes (Waalewijn-Kool
et al. 2013).

Enzymatic activities

The toxicity originates from the heavy metals affecting the
metabolism, morphology, and growth of soil microorganisms.
The effects of nZnO on soil microorganisms were evaluated
through dehydrogenase (DH), acidic phosphatase (ACP), and
alkaline phosphatase (ALP) activities. DH activity shows the
respiratory activity of soil populations through a reduction
reaction (Voet et al. 2006). ACP and ALP phosphatases par-
ticipate in the phosphatase cycle, catalyzing the hydrolysis of
glycosidic bonds and the transport of phosphate groups to
other compounds (Cox et al. 2000). In the calcareous soil,
the nZnO negatively affected the electron transfer by
inhibiting the dehydrogenase activity as soon as the nanopar-
ticles were applied (Fig. 3a). DH activity was significantly
(p <0.05) reduced (nZnO-spiked vs. un-spiked soil samples)
at 1 (0.1-1000 mg/kg), 30 (100 and 1000 mg/kg), and 90

.9.(;d N

calcareous soil

.3(Y)vd { 90d { iéoa

acidic soil

180d

(0.1-1000 mg/kg) DAA with a range of variation between 2
and 28%. At 180 DAA, the DH activity increased in the 0.1—
1000 mg/kg treatments, with percentages between 10 and
80%. Other authors associated the reduction of nanoparticles
toxicity at the intermediate and high concentrations to the
aggregation incidents (Baalousha 2009; Simonin et al.
2017). Furthermore, nanoparticle exposures may lead to resis-
tant microbial populations over time (Simonin and Richaume
2015). In the acidic soil, the DH activity decreased significant-
ly (» <0.001) at 30 DAA, with inhibition percentages of be-
tween 22% (100 mg/kg) and 89% (1000 mg/kg). Significant
(p <0.01) reductions of 72% (1 DAA), 67% (90 DAA), and
73% (180 DAA) were observed at the highest (1000 mg/kg)
nanoparticle dose. The DH activity increased in the 0.1—
100 mg/kg nZnO-treated acidic soil, with induction percent-
ages between 1-6, 20-26, and 6-12% at 1, 90, and 180 DAA,
respectively (Fig. 3a). The nZnO negatively affected the elec-
tron transfer in acidic soil only by suppressing DH activity at
the highest nanoparticles dose. In particular, more than 67% of
the activity was inhibited from 1 to 180 DAA. This inhibition
has already been described at this dose of nZnO in medium
and low pH soils (Garcia-Gomez et al. 2015; Kim et al. 2013).
DH activity value was significantly (p <0.001) different (cal-
careous vs. acidic soil samples) at 1, 30, 90, and 180 DAA in
the 1000 mg/kg treatments. The DH activity was more
inhibited in the acidic soil than in the calcareous soil by
nZnO. The greater inhibition of DH activity in the acidic treat-
ed soil may be related to the low immobilization and high
bioavailability of Zn, which determines their negative effect
on the bacterial community. The calcareous soil also had a
higher clay content, which may have attenuated the effect on
DH activity by nZnO stabilization (Frenk et al. 2013).

In calcareous soil, the nZnO 1000 mg/kg dose significantly
inhibited the activity of ACP at 30 (10%, p <0.01), 90 (55%,
p<0.001), and 180 (40%, p < 0.001) DAA (Fig. 3b), while on
the other hand, nZnO doses lower than 1000 mg/kg caused
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stimulation of the ACP activity at 1 (20-107%), 30 (9-27%),
and 180 (10-16%) DAA. nZnO inhibited the ACP activity in
acidic soil (Fig. 3b) with percentages of 0.3-23 and 19-28%
at 1 and 180 DAA, respectively, depending on the

@ Springer

concentration of nanoparticles, while in the 1000 mg/kg treat-
ments, the inhibition amounted to 37% (p <0.05), 20% (p <
0.05), 56% (p<0.01), and 56% (p <0.01) at 1, 30, 90, and
180 DAA, respectively.
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In the case of ALP (Fig. 3c), inhibition was observed at 30
(6%), 90 (34%), and 180 (1%) DAA in calcareous soil, but
only at the highest concentrations (1000 mg/kg). In contrast to
calcareous soil, in acidic soil, nZnO caused statistically signif-
icant (p < 0.001) dose effect stimulation of alkaline phospha-
tase (the sole exception was 90 DAA at concentrations of 0.1
and 1 mg/kg) (Fig. 3c). In calcareous soil, only a general light
stimulation was noted, which did not exceed 20% (1 DAA at
concentration of 10 mg/kg). The ALP activity was the most
different parameter between the two soils, with values very
close to those of the controls in calcareous soils, and dose—
response values in acidic soil that increased with time. At 180
DAA, ACP activity (Fig. 3b) was found predominantly in
calcareous soil and ALP activity (Fig. 3¢) in acidic soil, which
is in disagreement with the findings of other authors (Dick and
Tabatabai 1984; Eivazi and Tabatabai 1977). Soil enzyme
assays incorporate physical, mineralogical, and chemical pa-
rameters to show a single response. Only chemical parameters
associated to nZnO administration could be related to clarify
the ALP activity dose—response effect in acidic soil.
Uncommon dose—response relationships have been reported
after testing the effect of nanoparticles on soil microbial pop-
ulations and communities (Bernhardt et al. 2010; Ge et al.
2011; Rahmatpour et al. 2017; Simonin and Richaume
2015). For instance, Simonin et al. (2017) attributed the ob-
served decrease of TiO, nanoparticle toxicity at intermediate
and high concentrations to nanoparticle aggregation. In other
studies, low concentrations of nanoparticles were more toxic
than high ones (Menard et al. 2011; Simon-Deckers et al.
2009; Simonin et al. 2017). Nannipieri et al. (2011) concluded
that the analysis of the effect of heavy metals on soil phospha-
tase activities is difficult, because environmental factors (pH,
redox conditions, and surface charges) are determinant for the
activity of phosphatases. Consequently, small changes in soil
conditions could have uncertain results.

In the present study, the induction and inhibition of enzy-
matic activities were very variable with time and between the
calcareous and acidic soils. However, we detected a slight
decrease in toxicity over time in the calcareous (DH, ACP,
and ALP activities) and acidic (DH and ALP activities) soils
at lower nZnO concentrations than 1000 mg/kg, which can be
attributed to changes in the characteristics and reactivity of
nanoparticles (aging) (Mudunkotuwa et al. 2012) and/or to
adaptation to the metal-resistance of soil microorganisms
(Speir et al. 1995). This suggests that the changes in enzymatic
activities may not have been driven by changes in microbial
abundance but by the adaptation of soil microbial populations
to the nanoparticles (Bruins et al. 2000). Other authors have
shown notable variations in soil microbial enzymatic activities
associated with their susceptibility to heavy metal toxicity
(Giller et al. 1998). These differences are based on several
factors, including mainly procedure and soil environmental
aspects (pH, organic matter, and content of minerals) (Aon

and Colaneri 2001; Fernandez-Calvino et al. 2011; Huang et
al. 2005; Peyrot et al. 2014). On the other hand, we did not
detect the remarkable decrease in activity of dehydrogenase
and phosphatases described by other authors at low nZnO
concentrations (Josko et al. 2014; Kim et al. 2011; Simonin
and Richaume 2015).

Microbial CLPP analysis

The color development in Biolog® EcoPlates was recorded at
24 h intervals until maximum absorbance values at 144 h,
which is the time necessary to better identify the differences
in microbial community function. The response includes the
microbial activity in each microplate (average well color de-
velopment, AWCD), the Shannon—Weaver index (H) (i.e., the
functional diversity and evenness of the species present), and
the microbial community functional richness index (R) (num-
ber of oxidized C substrates) using an OD of 0.20 as the start
for positive response (Garland 1996). In the present study,
EcoPlate data depicted marked differences in AWCD, R,
and H values related to the soil pH (Fig. 4). Thirty days after
nZnO application, the stimulating effect on the microbial ac-
tivity was clearly shown based on the higher AWCD,
Shannon—Weaver index, and Richness compared to the con-
trol (1 DAA), in the calcareous (except for 1000 mg/kg) and
acidic soils. However, after that, the nZnO disturbed the cal-
careous soil microbial structure, with AWCD, R, and H index
values lower than 0.01, 1, and 0, respectively. At 90 and 180
DAA, specific groups of bacteria were not adapted to the
environmental stresses, and values of AWCD, R, and H index
were reduced to virtually zero (data not shown). One possible
mechanism may be the direct toxicity of nZnO on soil bacte-
rial communities through membrane cell damage or released
Zn ions. It has been revealed that mannitol addition has a
suppressive effect on AWCD value (Yu et al. 2016). In other
studies that worked with weak acidic (pH 6.0) soils, a strong
effect of nZnO was observed over time, normally during pe-
riods that did not last more than 60 days (Ge et al. 2011).
Collins et al. (2012) defined the reduction of microbial diver-
sity due to the effect of nZnO contamination. These authors
detected a dissolution/modification of the nZnO in a soil with
an alkaline pH over a 30-day period that changed the micro-
bial community structure. Substrate-induced respiration rep-
resents the entire spectrum of the catabolic functions of the
microbial communities, while CLPP is confined to only a
subpopulation of cultivable aerobic microorganisms. This
possibly explains the differences between the microbial pa-
rameter analysis and microbial physiological profile results.
Other authors have described how AWCD is not always asso-
ciated with microbial respiration potential, because color de-
velopment reflects the response of the bacterial community to
substrates (Yao et al. 2000). Many bacteria produce extracel-
lular substances that have been shown to alter nanoparticle
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Fig.4 Changes in a average well- a
color development (AWCD), b
richness, and ¢ Shannon—-Weaver
index over time due to nZnO
doses in soil at the nominal
concentrations shown (0—

1000 mg/kg soil) (error bars = +
SE, n=3). Within each treatment
group, means sharing the same
letter are not significantly
different (LSD test, p <0.05)
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phenomena, and this applies to nZnO between 1 h in acidic
soil and 30 days in calcareous soil (Wang et al. 2013). All



Environ Sci Pollut Res (2018) 25:28140-28152

28149

together, these could contribute to explain the calcareous soil
results after 30 DAA in this work. Except for the 1000 mg/kg
dose, the AWCD, R, and H acidic soil values were lower than
that of the calcareous soil (30 DAA), probably due to the high
bioavailability of Zn relative to acidic soil. Soil pH has been
established as connecting bacterial community composition
and variety, with a relationship between pH and diversity
identified in natural soils (Fierer and Jackson 2006; Read et
al. 2016). Even though the precise mechanism is not known, it
has been theorized as being due to bacterial taxa having mod-
erately close growth sensitivities to pH (Rousk et al. 2010).
Read et al. (2016) described a change in zinc nanoparticles
exposed communities at a pH below 6, with a strong effect on
the bacterial community composition with increasing Zn con-
centrations. Under high pH soil conditions, microbial popula-
tions were scarcely sensitive to zinc addition, which disagrees
with our findings in calcareous soil, where the data of AWCD,
Shannon—Weaver Index, and richness significantly reduced at
30 (only in the 1000 mg/kg treatment), 90, and 180 DAA. The
divergence between calcarcous and acidic soils with the
1000 mg/kg treatment could be explained by the higher nano-
particle dissolution and availability in acidic soil (Table 2).
Similar differences in effects have been previously observed
in a single soil at varying pH levels (Read et al. 2016).
However, in our study, the bacterial communities in the acidic
soil displayed a wide diversity of physiological potentials, as
showed by the Shannon—Weaver and R Indices. One explana-
tion is that the resistance of specific low pH bacterial commu-
nities may vary to zinc and could become less susceptible to
Zn exposure than high pH communities, because the species
that lack tolerance to imposed stress are eliminated and also
due to the improvement of other species populations that pros-
per under acidic pH conditions. Another explanation may be
the capability of bacteria to secrete the extracellular substances
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Fig. 5 Categorized substrate utilization patterns of soils by the microbial
communities from calcareous and acidic soils exposed to different nZnO
treatments over time for amino acids (AA), carboxylic acids (CA),
carbohydrates (CH), polymers (Pol), and miscellaneous

that protect microorganisms against stress. Extracellular poly-
saccharides and proteins protect the Escherichia coli from
nZnO (Wang et al. 2016).

The variation of the metabolic behavior of the microbial com-
munity should reveal a change in its composition. In order to
determine whether the variations detected in the whole substrate
utilization could be assigned to changes in the capacity of micro-
organism populations to degrade some specific carbon source,
we estimated the ability of each soil to oxidize different classes of
carbon sources incorporated in EcoPlates (i.e., amino acids, car-
boxylic acids, carbohydrates, polymers, and miscellaneous
(phosphorylated amines and phenols)). Substantial differences
were found in the categorized substrate utilization patterns of soil
microbial communities (Fig. 5) after 30-day treatment. At 30
DAA, the carboxylic acids and polymers were the most inten-
sively metabolized in calcareous soil, while the acidic soil
showed increased utilization of carboxylic acids, carbohydrates,
and polymers, over the study period of 6 months. The nZnO
1000 mg/kg dose produced an increase of bacterial growth in
acidic soil, without changes in their metabolic profiles over time
(Fig. 5). This finding indicates that the microbial populations
were stable in the acidic soil. In contrast to our results, other
authors have reported that both high Zn concentrations and de-
creased pH values had important consequences on the EcoPlate
pattern of soil microbial populations (Knight et al. 1997). This
divergence may be explained by the different characteristics of
the soils studied in this work.

Pearson’s correlation coefficients () were calculated to relate
enzymatic activity, microbial catabolic activity (AWCD and
Shannon index for the different groups of carbon compounds
in Biolog® EcoPlates), and functional microbial diversity to
CaCl, extractable concentrations of zinc in calcareous and acidic
soils. Significant degrees of correlation were found in the calcar-
eous soil between DH (180 DAA), ACP (180 DAA), ALP (30

00 B01 &1 B10 ®100 ®1000 mg/kg soil
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(phosphorylated, amines, and phenols) (Mis). Error bars represent the
means + SE (n=3). Overall utilization of the six categories of nZnO
concentrations is reported above bars
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Table 3 Correlation coefficients

(r) among CaCl, extractable Zn Microbial Calcareous soil Acidic soil

and microbial catabolic activity metabolic activity

(AWCD and Shannon—Weaver Day 30 Day 90 Day 180 Day 30 Day 90 Day 180

index for the different groups of

carbon compounds in Biolog® AWCD ALL —0.506 - - 0.641%* 0.528* 0.8097##*

EcoPlates) and biochemical AWCD AA 0.479 - - 0.374 0.499 0.8477##*

parmeers insoil samples spiked - Awcp cARBX 0209 - - 0.546%  0.628 0754
AWCD CARBH 0.245 - - 0.716** 0.559* 0.479
AWCD POLYM —0.143 - - 0.444 —0.040 0.297
AWCD MIS -0.382 - - 0.360 -0.072 0.165
H -0.211 - - 0.475 0.247 0.665%*
DH —0.668 0.2322 0.8836* -0.672* —0.835 —0.805
ACP —0.670 —0.7554 —0.8669* —0.807 —0.862 —0.554%
ALP —0.652* —0.1229 —0.345 0.983##% (0,962 0.945%#
Microbial biomass —0.922%%%  —(.8278***  —0.8071%*F* —0.673%F —0.821%** —(.890%%*
Total nitrogen —0.437 0.4276 0.1302 —0431 -0.019 —0.724%*

ALL all substrate, AA amino acids, CARBX carboxylic acids, CARBH carbohydrates, POLYM polymers, MIS
miscellaneous, H Shannon—Weaver index, DH dehydrogenase, ACP acidic phosphatase, ALP alkaline

phosphatase

*0.05; **0.01; ***0.001, statistically significant at the probability level

DAA) activities and microbial respiration potential (30, 90, and
180 DAA) and extractable Zn (Table 3). However, a good cor-
relation between microbial catabolic activity and extracted Zn
concentrations was not observed in calcareous soil at 30 DAA.
In the acidic soil, a high number of significant correlations were
obtained among the extractable Zn, microbial activity, and bio-
chemical parameters at each sampling time. A good inverse cor-
relation coefficient between the total Zn amount and the micro-
bial respiration potential was found in both the calcareous and
acidic soils over time, regardless of the pH value (Table 3). The
results are analogous to correlations reported between extracted
Zn concentrations and the respiration potential and enzymatic
activities (Liao and Xiao 2007; Strachel et al. 2017). In our study,
the AWCD values correlated with nZnO concentrations, but only
in acidic soil over time. These differences can be attributed to low
immobilization and high Zn bioavailability.

Conclusions

The study of nanotoxicity in soils is difficult and complex as a
result of the many sorts of relations between nanoparticles and
microorganisms and nanoparticles and their environment, all
of which have been shown to modify toxicity in model sys-
tems. Our work was designed to investigate the different in-
teractions between nZnO and calcareous and acidic agricul-
tural soils. As expected, soil microbial enzyme activities were
adversely affected by nZnO in acidic soil more than in calcar-
eous soil. However, soil microbial catabolic activities were
negatively affected in calcareous soil more than in acidic soil,
despite their high metal sorption capability. This study clearly

@ Springer

demonstrates that soil microbial parameters and microbial
functional diversity present different resistances to different
soil pH. Our findings underline the need for additional acute
and chronic toxicity studies examining natural microbial com-
munities of soil with large ranges in pH for extended periods
of time to unravel the mechanisms for nZnO toxicity.
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