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The use of nanoscale zero-valent iron (nZVI) particles for soil remediation is gaining
increased attention. However, there are concerns about the potential adverse effects
of nZVI on soil microbial communities and, hence, soil quality. The objective of
this study was to assess the impact of the application of nZVI on soil microbial
parameters (as bioindicators of soil quality) during the nanoremediation of soil artificially
contaminated with lindane (10mg y-HCH kg~ DW soil) and zinc (1,500mg Zn kg™
DW soil). nZVI particles were also applied to non-contaminated soil. The following
nZVI doses were applied twice: 0, 0.25, 0.5, 1, and 2mg nZVl g~ DW soil. Nine
weeks after nZVI application, the following parameters were determined in soil samples:
lindane concentration, extractable Zn concentration, microbial biomass carbon (Cwg),
bacterial and fungal abundance (gene copy numbers by gPCR), enzyme activities
(B-glucosidase, p-glucosaminidase, xylosidase, acid phosphatase, arylsulphatase, and
Leu-aminopeptidase) and bacterial richness by ARISA profiles. The application of
nZVI reduced lindane and extractable Zn concentrations following a dose-dependent
pattern. The presence of contaminants reduced soil microbial biomass and activity. The
application of nZVI negatively affected the microbial quality of the contaminated soil but
not of the non-contaminated soil. This observation might reflect a “stress-on-stress”
effect, i.e., the already stressed microbial populations present in the contaminated soil
were more sensitive to the application of nZVI (a second stress) than those present in the
non-contaminated soil.

Keywords: bioindicators, nanoremediation, pollution, soil health, soil microorganisms

INTRODUCTION

Microorganisms are known to play key roles in soil and other ecosystems (Epelde et al., 2015).
Pesticides, such as lindane, can negatively impact soil microbial communities (Hussain et al., 2009;
Imfeld and Vuilleumier, 2012). Although microorganisms can degrade lindane, this option presents
serious limitations (lindane is a recalcitrant contaminant), especially in mixed-contaminated
soils (Kumar and Pannu, 2018). Among the newer methods of remediation, nanoremediation is
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becoming a promising technology. Owing to their high
reactivity, nanoparticles, such as nanoscale zero-valent iron
particles (nZVI), are being extensively used for environmental
remediation (Tosco et al., 2014). The majority of microbiological
studies on nZVI toxicity have been performed with single
bacterial pure cultures and short-term exposures (Xie et al,
2017). These studies have reported contrasting results regarding
the effect of nZVI on bacteria and fungi (Lefevre et al., 2016;
Semerad and Cajthaml, 2016). Much research is needed on the
ecotoxicity of nanoparticles in complex environmental matrices
such as the soil.

The objective of this study was to assess the impact of
nZVI application on soil microbial parameters during the
nanoremediation of soil artificially contaminated with lindane
(10mg kg=! DW soil) and zinc (1,500mg kg=! DW soil).
Microbial parameters are increasingly used as bioindicators of
soil quality due to their high sensitivity and rapid response
to disturbances, which make them ideal tools to assess short-
term effects (Mijangos et al., 2010). We hypothesized that the
application of nZVI will reduce lindane concentration through
nZVI-induced reductive dechlorination followed by microbial

degradation and, hence, will lead to a recovery of soil quality.
We also hypothesized that the effect of nZVI on soil microbial
quality will be different in non-contaminated vs. contaminated
soil, as microorganisms in the latter are already subjected to a
disturbance (i.e., contamination).

MATERIALS AND METHODS

Soil (Hypocalcic Calcisol) was collected (0-20 cm depth) from
local grasslands, left to dry at ambient temperature for 5
days and sieved to <6 mm. Half of the soil was artificially
contaminated with 10 mg kg~! dry weight (DW) soil of lindane
(gamma-hexachlorocyclohexane, y-HCH) and 1,500 mg Zn kg !
DW soil. A stock solution of 100mg lindane in 250mL of
acetone was prepared and then diluted 8-fold in acetone. Two
hundred mL of this solution was sprayed per kilogram of
soil and, subsequently, the soil was left in the hood for 2h
to allow acetone evaporation. For the artificial contamination
with Zn, 68.22 g of zinc nitrate hexahydrate was diluted in 1L
of distilled water; then, 100mL of this solution was sprayed
per kilogram of soil. The soil was left to equilibrate for one

TABLE 1 | Effect of nZVI on soil microbial parameters.

[nzVI] Zn HCH Bacterial Fungal Cms Bacterial

abundance abundance richness
NON-CONTAMINATED
0.0 <0.01 <0.01 70e’ £22¢'@ 11.4e* £6.26% 370 + 1422 33.4 + 4.7
05 <0.01 <0.01 8.0e’ £0.1e'@ 9.7e* £ 36e% 290 + 1032 28.4 &+ 13.42
1.0 <0.01 <0.01 92e’ +£28¢'@ 10.0e* £ 3564 280 4 342 324 +7.42
2.0 <0.01 <0.01 6.8e’ +28¢'@ 786t +28¢% 267 + 212 32.2 4552
4.0 <0.01 <0.01 86e’ 196’ 70et +266e% 299 + 442 25.0 + 13.82
CONTAMINATED
0.0 354 0.32 4.0+ 0.22 3.6e/ +£1.3¢@ 102e* £ 6.86% 144 + 328 37.2+11.52
0.5 2.2 40.2° 3.8 4022 33e/ £1.1¢@ 6.1e% £ 2.1 g% 76 £ 210 458 +10.02
1.0 17 +£0.2¢ 3.4+0.7° 27e’ 066’ 5964 + 4.3 %0 235 + 1902 54.4 + 6.82
2.0 1.0+0.1d 2.240.2° 286’ +£096'@ 5.0e% + 3.4 40 128 4 3320 42.8 +21.82
4.0 0.7 £0.1¢ 0.9+0.2d 276’ £7567 2764 +176% 56 + 34P 52.4 + 15,82
[nzvi] GLU GLM PHO AMP SuL XYL sal
NON-CONTAMINATED
0.0 495 + 312 100 + 82 379 + 232 203 + 432 102 + 322 62 + 72 84 + 32
05 514 + 742 94 + 152 395 + 712 260 + 132P 103 + 132 71+ 102 81 + 42
1.0 505 + 612 105 + 4@ 437 + 812 266 + 272P 81 + 1980 64 + 62 83 + 52
2.0 475 + 502 103 &+ 102 406 + 632 229 + 31Pc 73 £ 120 66 & 112 80+ 32
4.0 547 + 292 96 + 32 404 + 302 220 + 20° 83 + 98P 68 + 92 79 + 92
CONTAMINATED
0.0 570 + 382 113 + 8 399 + 350¢ 175 + 12¢ 89 + 92 47 £ 32 86 + 42
05 632 + 642 139 + 198 494 + 34b 202 4 230 59 + 33b° 42 + 108 72+ 70
1.0 581 + 672 143 + 332 518 + 1362 198 + 13P 52 £ 17° 53 + 132 69 + 8°
2.0 469 + 76° 104 4 29P 328 + 60° 201 + 140 79 & 1080C 48 + 58 74 +10
4.0 450 + 720 91 4 15P 404 + 19°¢ 225 + 82 84 + 1820 44 + 8 64 + 9P

Units, [n2VI] (mg g”! DW); Zn, extractable Zn (mg kg'' DW), HCH, lindane (mg kg'' DW); Bacterial and fungal abundance (gene copies mg™! DW); Cy, microbial biomass
C (mg C kg’ DW); Bacterial richness, (number of ARISA peaks); GLU, B-Glucosidase; GLM, B-glucosaminidase; PHO, acid phosphatase; SUL, arylsulphatase; XYL, xylosidase
(umol MUF kg™ DW h™"); AMP, Leu-aminopeptidase (umol AMC kg™ DW h!). Mean values (n = 5) + SD. Means with different letters are significantly different (o < 0.05) according to

the Duncan’s test.
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month. The remaining half of the soil was left uncontaminated
as control.

Afterwards, 200 g of soil (contaminated or non-contaminated)
was placed in 0.5L beaker flasks and maintained at 60% water
holding capacity. The following concentrations of nZVI [Nanofer
25S, aqueous dispersion of Fe(0) nanoparticles, NANO IRON
s.r.0., Czech Republic] were added as slurry to both soils: 0, 0.25,
0.5, 1, and 2mg nZVI g~! DW soil (5 replicates per treatment).
nZVI-spiked soils were thoroughly mixed by hand. Three days
later, a second application of nZVI was performed as described
above. Final nZVI doses (i.e., treatments) were as follows: 0, 0.5,
1,2, and 4 mg nZVI g~! DW soil. Soils were incubated at room
temperature for 9 weeks and, finally, soil samples were collected
from the flasks and stored at 4°C for analysis.

Lindane concentration was measured in a Gas
Chromatograph (Agilent 6890N) with a PECD detector
and an HP-ULTRA 2 column. The extraction was carried
out by sonication (40kHz, 100 W; 5min, 3 cycles) of 1.5g
DW soil in 5mL of hexane/acetone (50:50 v/v). Extractable
Zn concentrations (as an estimation of bioavailable Zn) were
determined in 0.01M CaCl, extracts by Atomic Absorption
following Houba et al. (2000).

The soil was characterized according to standard methods
(Ministerio de Agricultura, Pesca y Alimentacién, 1994),
obtaining the following values: total organic carbon = 2.3%; pH
(in water, 1:2.5 w/v) = 8.1; and texture = clay-loam. The content
(%) of dry matter was measured at 105°C for 24 h.

Microbial biomass carbon (Cyp) was determined by
the fumigation-extraction method (Vance et al., 1987). B-
glucosidase (GLU), acid phosphatase (PHO), arylsulphatase
(SUL), B-glucosaminidase (GLM), xylosidase (XYL) and
Leu-aminopeptidase (AMP) activities were determined
following ISO/TS-22939 (2010), Parham and Deng (2000),
and Taylor et al. (2002).

DNA was extracted from soil (0.25g) samples using the
DNA PowerSoil™ Isolation Kit (MO Bio Laboratories). Prior
to DNA extraction, soil samples were washed twice in
120mM K;HPO4 (pH 8.0) to wash away extracellular DNA
(Kowalchuk et al., 1997). The concentration of extracted
DNA was determined with Nanodrop, ND-1000. For the
determination of bacterial and fungal abundances, real time q-
PCR analyses were performed following Dhanasekaran et al.
(2010). Primers used to determine gene copy numbers for
total bacteria (16S rRNA) were Ba519f and Ba907r (Lueders
et al., 2004) and for total fungi (18S rRNA) FF390r and Fung5f
(Vainio and Hantula, 2000). Community-level genetic profiles
for bacteria were obtained using ARISA (Cardinale et al,
2004), with primers ITSF (GTCGTAACAAGGTAGCCGTA) and
ITSReub (GCCAAGGCATCCACC). Data were analyzed with
GeneMarker Software (Softgenetics LCC) (Welkie et al., 2010).
With all the microbial parameters, a Soil Quality Index (SQI) was
determined following Bloem et al. (2006).

Differences between treatments at a 5% significance level
were calculated using parametric one-way ANOVA followed
by Duncan’s test (p < 0.05) using the R Core Team program
(v.3.5.0). Multivariate analyses were performed to explore
relationships between microbial properties and nZVT treatments:
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FIGURE 1 | Multivariate analyses of relationships between nZVI
concentrations and microbial parameters. (A) PCA of non-contaminated soil:
the larger the circle size, the higher the nZVI concentration (from O to 4 mg g*1
DW soil); (B) RDA of contaminated soil; (C) RDA of both non-contaminated
(NC) and contaminated (C) soil. Abbreviations as in Table 1.
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Principal Component Analysis (PCA) in non-contaminated soil,
Redundancy Analysis (RDA) in contaminated soil and, finally,
RDA for both soils, using Canono for Windows 5.0 (Ter Braak
and Smilauer, 2002).

RESULTS

After the 9-week incubation, lindane and extractable Zn
concentrations were progressively lower at increasing nZVI
concentrations (Table 1). Bacterial abundance in both soils
(contaminated, non-contaminated) was not significantly
affected by nZVI. Fungal abundance in contaminated soil
was significantly lower at 4mg nZVI g~! DW soil, compared
to soil without nZVI (no significant differences among
nZVI treatments were observed in non-contaminated soil).
In contaminated soil, Cyp values did not show a clear
pattern in relation to nZVI treatments (again, no significant
differences among nZVI treatments were observed in non-
contaminated soil). In both soils, bacterial richness of dominant
taxa, obtained from ARISA, was not significantly altered
by nZVL

Regarding enzyme activities (Table 1), in non-contaminated
soil, no significant differences were observed among treatments
for GLU, GLM, PHO, and XYL. AMP values were significantly
lower at 2 and 4 mg nZVI g~! DW soil, compared to soil without
nZVI. SUL values were significantly lower at 2 mg nZVI g~! DW
soil, compared to soil without nZVI.

In contaminated soil, GLU values were significantly lower
at 2 and 4mg nZVI g~! DW soil, compared to soil without
nZVI. XYL activity was not affected by nZVI. AMP values
were significantly higher in ZVI-treated soils, compared to soil
without nZVI.

In contaminated soil, values of the SQI were significantly
lower in ZVI-treated soils, compared to soil without nZVI (no
significant differences among treatments were observed in non-
contaminated soil).

In non-contaminated soil, the Monte Carlo permutation
test was not significant (pseudo-F = 1.3, p = 0.138) and,
therefore, PCA was performed (Figure1A). PC1 and PC2
explained 29 and 16% of the variability, respectively. However,
in non-contaminated soil, no clear trend was observed between
microbial parameter values and nZVI concentrations. In
contaminated soil (pseudo-F = 4.8, p = 0.002), axes 1 and 2 of
the RDA explained 32 and 12% of the variability, respectively
(Figure 1B). Extractable Zn and lindane concentrations were
lower at increasing nZVI concentrations. According to this RDA,
some microbial biomass parameters (fungal abundance and, to
a lesser extent, bacterial abundance) were lower at increasing
nZVI concentrations.

In the RDA carried out simultaneously with microbial
parameter data from both soils (non-contaminated and
contaminated) (Figure1C), it can be observed that
contamination had a greater effect on microbial properties
(data distribution along axis 1) than nZVI treatments
(data distribution along axis 2). Microbial biomass values
(Cmp, bacterial and fungal abundance) were generally

higher in non-contaminated vs. contaminated soil. In
most cases, values of some microbial activity parameters
(AMP, XYL, and SUL) were higher in non-contaminated vs.
contaminated soil.

DISCUSSION

A considerable portion of the lindane spiked to soil during
the process of artificial contamination was lost either through
volatilization or biodegradation (Table1). The high rate of
lindane removal was probably due to the fact that, after
artificial contamination, the soil was left to equilibrate for
just 1 month, implying that the amount of non-recalcitrant
lindane might still be high. We left the soil to equilibrate
for only 1 month because our main interest was to detect
short-term effects of nZVI on soil quality (in other words,
our study was not aimed at studying contaminant removal).
After 1 month of soil equilibration (“aging”), only 0.22% of the
total Zn was present in a bioavailable form (CaCl,-extractable
Zn), probably due to the relatively high pH of our soil (pH
= 8.1). There was a clear relationship between lindane and
extractable Zn concentration and nZVI dose (Table 1). At the
highest nZVI dose, an 80 and 78% reduction in extractable
Zn and lindane, respectively, was observed, compared to soil
without nZVL

Many studies on lindane-contaminated soils have focused on
the search for degrading strains (Garg et al., 2016; Saez et al,,
2018). On the other hand, the impact of lindane and other HCH
isomers on soil microorganisms has also been studied (Anza
et al., 2016). Soil microbial parameters have regularly been used
to assess the impact of contaminants on soil quality (Epelde
et al., 2010; Barrutia et al, 2011; Pardo et al., 2014; Burges
et al,, 2015). Instead, the impact of nZVI on the quality of
lindane-contaminated soil in the presence of other contaminants
(mixed contamination) has, to our knowledge, not been studied.
Although our soil was artificially contaminated with a high Zn
concentration, at the end of the experiment, the concentration
of bioavailable Zn was quite low. This suggests that, as far as
contaminant effects are concerned, lindane may have had a
greater influence on soil microbial parameters than Zn. In any
case, the process of artificial contamination resulted in lower
values of microbial biomass and, to a lesser extent, microbial
activity. On the contrary, an increase in bacterial richness, as
reflected by ARISA, was observed in contaminated soil compared
to non-contaminated soil, suggesting that a higher number
of dominant bacterial taxa were selected under contaminant-
induced stressing conditions. ARISA data provide information
only on dominant taxa, i.e., they cannot be used to estimate
total richness.

In non-contaminated soil, no negative effects of nZVI on
microbial parameters and, concomitantly, soil microbial quality
were detected. In contaminated soil, despite the observed
reduction in contaminant concentrations, soil microbial quality
was reduced by nZVI treatments. This observation might reflect
a “stress-on-stress” effect, i.e., the already stressed microbial
populations present in contaminated soil were more sensitive to
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the application of nZVI (a second stress) than those present in
non-contaminated soil.
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