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Abstract

Background: Various nano-enabled agrochemicals are being extensively used for soil remediation and to boost

crop production by increasing the nutrient efficiency of fertilizers. However, understanding of their potential risks on
the manure-soil-plant continuum is limited. These nano-agrochemicals can be potentially toxic to soil microbes and
their associated functions, such as nitrogen (N) mineralization and decomposition of organic materials. Moreover, the
accumulation of nanoparticles (NPs) in edible crops may reduce food quality, and can cause serious threats to human
health. Accordingly, here we investigated how zinc (ZONPs) and iron oxide (IONPs) nanoparticles affect the soil micro-
bial communities, their efficiency of decomposition and N mineralization, radish yield, and plant N recovery after soil
application of poultry manure (PM). Furthermore, we studied the associated health risks (DIM, HRI) via dietary intake of
radish.

Results: Soil application of ZONPs and IONPs significantly (P < 0.05) increased microbial biomass Zn/Fe indicating
their microbial utilization. This decreased the colony-forming units (CFU) of bacteria and fungi. For example, the appli-
cation of PM with ZONPs and IONPs decreased the CFU of bacteria by 32% and 19%, respectively. In case of fungi, the
CFU reductions were slightly different (ZONPs: 28% and IONPs: 23%). Consequently, the N mineralization significantly
decreased by 62% and 29% due to ZONPs and IONPs, respectively. Which ultimately resulted in the reduction of radish
dry matter yield by 22% and 12%. The respective reductions of the apparent N recovery (ANR) were 65% and 39%.
Health risk assessment indicated that DIM and HRI values from both the NPs lie under safe limits.

Conclusions: We conclude that both metal oxide nanoparticles (i.e.,, ZONPs and IONPs) can significantly affect the
soil microbial community, their associated functions, and crop yield with the former being relatively more toxic. How-
ever, no evidence was found regarding the health risks to humans via dietary radish intake. These toxicological effects
imply restricting the widespread production and use of NPs, and developing strategies for their safe disposal to avoid
their contact with soil beneficial microorganisms.
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Background

Over the last decades, massive production, use, and
abuse of nano-enabled products have raised concerns
about their presence in the environment, and detrimen-
tal effects on terrestrial and aquatic ecosystems [1-3].
Nanoparticles (NPs) are commonly applied in agriculture
[4, 5], soil remediation [6, 7], wastewater treatment [8, 9],
and biomedicine [10, 11]. Thus, a huge quantity of NPs
enters the environment, which mainly ends up in soil
directly or through the application of sludge in farming
[2, 12, 13]. According to an estimation, landfills and soils
receive the largest share of the produced NPs (63-91%
and 8-28%, respectively) followed by the aquatic envi-
ronment (~7%), and air (~ 1.5%) [14].

Metal-based nanoparticles have been shown to
affect the soil microbial community structure and their
associated functions [15—-17]. Beneficial microbes such as
fungi and bacteria play key roles in nutrient cycling, soil
remediation and plant growth [18, 19]. Microbe-medi-
ated soil processes are crucial for improving carbon (C)
and nitrogen (N) cycling in the ecosystem, specifically in
organic agriculture, where the soil microbes are mainly
responsible to release nutrients from added organic mat-
ter. Metal-based NPs have been reported to significantly
reduce the microbial decomposition and mineralization
of the added organic material [17, 20].

Metallic NPs can affect the soil microbiome directly
by increased toxicity and reduced nutrient bioavail-
ability [21], or indirectly interact with organic toxicants
and increase the cumulative effects [22, 23]. The possible
mechanism for direct toxicity includes membrane dis-
ruption [24, 25], genotoxicity [26], ROS formation [27,
28], and release of toxic constituents [23]. It is suggested
that exposure to NPs interacts with the elements of the
microbial membrane, resulting in structural changes,
disruption of the cell’s functionality, and eventually cell
death [29, 30]. Recently, Palza [31] reviewed the anti-
microbial effects of NPs on different bacterial species,
such as Escherichia coli, Citrobacter freundii, Streptococ-
cus mutans, and fungi, such as Aspergillus nidulans. In a
microcosm study, Shen et al. [32] elucidated the toxico-
logical effects of ZONPs on soil microbial community in
terms of inhibited microbial respiration, ammonification
process, and dehydrogenase and fluorescent diacetate
hydrolase activities. Enzymatic activities such as catalase,
urease, hydrolysis of fluorescein diacetate, and thermo-
genic metabolism, and the population of Azotobacter can
also be affected by ZONPs [33]. Another investigation

[20] showed decreased CFUs of bacteria and fungi by
up to 40% after the application of IONPs in manure-
amended soil. The reduced CFUs remarkably decreased
the microbes-mediated soil processes, such as decompo-
sition and mineralization which consequently affect the
fertilizer value of the added organic materials.

The addition of organic materials such as plant lit-
ter and manure is crucial for carbon sequestration
and recycling of plant nutrients, especially in organic
agriculture [34, 35]. Effective recycling of plant nutri-
ents has always remained a challenge for resource-
poor small land-holder around the globe due to the
uncertainty of nutrient release owing to various soil,
waste, and environmental factors. Recently, it has
been reported that nutrient cycling can be hampered
by some emerging pollutants (i.e., metal-based NPs),
as they negatively affect soil microbial structure and
functioning [20]. Most of the studies conducted so far
on toxicity assessment of NPs were either restricted
to hydroponics, culture media and/or soil incubation
experiments without the presence of plants [17, 36-38].
However, studies involving plants for this purpose are
very scarce [20]. Accordingly, the present study aimed
to explore and compare the effects of IONPs and
ZONPs on soil microbial communities (counts), their
performance in terms of decomposition, mineraliza-
tion and plant N recovery after the application of PM.
Furthermore, we aim at assessing the radish crop yield
and associated health risks (DIM, HRI) via its dietary
intake.

Methods

To achieve objectives, an outdoor pot experiment was
conducted at the research facility of COMSATS Univer-
sity Islamabad (CUI), Vehari campus (latitude 30.0318°
N and longitude 72.3145°E). The soil was obtained from
the agricultural field of the campus, whereas both the
metallic oxide nanoparticles (IONPs and ZONPs) were
provided by Sigma-Aldrich (Saint Louis, MO, USA).
IONPs had particle size <50 nm with a particle density
of 525+0.1 g mL™!. The respective values in case of
ZONPs were <40 nm, and 133 1.7£0.1 g mL L Poul-
try manure (PM), which consisted of poultry droppings
and residues of bedding material, was collected from an
adjacent broiler farm. Selected characteristics of the PM
together with used soil are given in Table 1.
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Table 1 Selected characteristics (average, n=3) of the used
poultry manure and soil. Numbers with brackets express the
standard error (%) of the mean

Parameters Units Poultry manure Soil

Dry matter % 42.54(3.30) -

Organic matter % 2760 (5.72) 0.62 (0.04)
Total N % 3.75(0.02) -

Mineral N % 1.27 (0.09)

Total C % 5136 (5.61) -

CN ratio - 13.69 -

Zn content mg kg" DM 28.53(20.22) 18.8 (8.963)
Fe content mg kg‘1 DM 169.8 (13.31) 1183.30 (5.42)
pH o 1:10 - 72(0) 7.1(0.31)
EC(1:5) dsm™! 8.2 (0.076) 2(0.09)

Experimental setup and treatments

The collected soil was properly homogenized after siev-
ing it using a 4 mm sieve to remove plant and debris
material. Afterward, 7 kg of soil was filled in each pot
with a surface area of 0.063 m?. PM (at a rate of 25 kg N
acre™!) and NPs (at a rate of 1 g kg™' soil) treatments
were applied in soil 2 days before seed sowing and thor-
oughly mixed in the upper three inches of soil. Five seeds
of radish (Raphanus sativus) were sown per pot and later
thinned into two healthy seedlings after germination.
Throughout the experiment, the moisture content of the
soil was maintained at 60%.

Sampling and analysis of soil and plant

Representative soil samples were collected before and
after the experiment for the analyses of soil organic mat-
ter (SOM), pH, electric conductivity (EC), inorganic
nitrogen (N) content, total N content, microbial colony
forming units (CFU), and microbial biomass Fe/Zn. Soil
pH and EC were determined using calibrated pH and EC
meter, respectively. The SOM was determined by the loss
in the ignition method. Total N and inorganic N (ammo-
nium and nitrate N) were determined using the Kjeldahl
method after following the procedures as described by
Estefan [39]. For the mineral N solution, the extract was
distilled using boric acid (H;BOs) as a receiver and then
titrated against 0.01 N H,SO, Total Zn and Fe contents
of PM, soil, and plant samples were quantified using
Atomic Absorption Spectrophotometer (AAS, Model
Thermo S-Series as described in Rashid et al. [17]. Soil
bacteria, as well as fungi CFU, were estimated using the
pour plate method [20].

Microbial biomass Zn/Fe
To quantify the microbial biomass Zn/Fe, we used the
fumigation-extraction method. For this purpose, samples
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were extracted with 25 ml 1 M NH,NO,, filtered and
acidified with HNO; and kept stored at 4 °C. Further-
more, the concentration of labile Zn/Fe was determined
according to Rashid et al. [17].

Enumeration of soil bacteria and fungi

For the enumeration of bacteria and fungi, we used the
pour plate method. Briefly, 1 g soil was suspended in 99 ml
of buffered peptone water in a conical flask (250 ml) and
mixed for 1 h on an orbital shaker (150 rpm). Subsequently,
dilutions were prepared and poured on Sabouraud Dex-
trose Agar for fungi (Himedia, USA) and Nutrient Agar
Plates for bacteria (HiMedia, USA) and then incubated at
25+1 °C for 5 days and 30+1 °C for 3 days, respectively.
After incubation, colony-forming units (cfu mL™) were
counted using a colony counter (ColonyCount V, Gerber
Instruments AG, Effretikon, Switzerland).

Plant metal contents

Nitric acid digestion is an effective way to determine heavy
metals in the environmental sample, such as organic-rich
samples, soil, and plant material. For this purpose, accu-
rately weighed (0.5 g each) samples were placed in 100-mL
beakers, subjected to 10 ml of 65% HNO; and kept over-
night at room temperature. The next day, the mixture was
boiled over a hot plate at 350 °C, and drops of hydrogen
peroxide were added to these samples during heating until
a colorless solution was obtained. The filters were reduced
to a final volume of 25 mL for the analyses. The samples
were properly labeled, packed in plastic bottles, and ana-
lyzed on atomic absorption spectrometer.

Plant harvesting

Radish plants were harvested 85 days after seed sowing. At
harvest, the soil around the plant was loosened to facilitate
the pulling of complete radish. Thereafter, roots and shoots
were separately washed with distilled water and dried using
tissue paper. The fresh weight (g) of all the roots and shoots
was recorded after harvest (within 30 min.) using a digital
weighing balance. Thereafter, representative samples were
air-dried in an oven at 70 °C for 48 h to estimate dry matter
yield. Thereafter, representative samples were analyzed for
total N by the Kjeldahl method [39]. Total Zn or Fe content
was determined using atomic absorption spectrophotom-
eter (AAS, Model Thermo S-Series).

By considering total plant biomass together with their
N content, total N recovery (TNR) by the plant was deter-
mined according to the procedure described by Shah et al.
[40]:
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(TNLIPM - TNucontrol) «

TNR(%
) TN applied

100 (1)

where TNUp,, and TNU_, .., are the total N uptake by
radish in PM applied and controlled pots, respectively.
TN,ppiiea represents the amount of applied N in pots
through PM.

N mineralization (Nmin) from applied organic N was
calculated considering the total radish N uptake (root and
shoot) and residual soil mineral N as described earlier by
Shah et al. [35]:

Nmin = ((TNL[ma,,ure + Residual soil mineral N)

— mineral N applied
2)

Associated health risks assessment

Daily oral intake for Fe and Zn (mg day ) through con-
sumption of radish was calculated using the following
equation (Eq. 3, [41]):

Ciietal X IR x ED x EF
BW x AT

DIM =

®3)

where C,., is the Zn/Fe content (mg kg™!) in the edible
part of the radish, IR is the vegetable ingestion rate (mg
kg™!), ED represents the exposure duration, ED shows
exposure frequency, BD indicated the body weight, and
AT represents average life expectancy.

Average radish Zn/Fe content (mg kg™!) was deter-
mined after analyzing the plant samples for Zn and Fe
content as described earlier.

The health risk index (HRI) for humans through rad-
ish consumption was calculated following the equation
(Eq. 4 [41]):

DIM

HRI = ——
RD

(4)
where DIM is the daily intake of metal through the con-
sumption of radish (kg day ™), C ..., is the concentration
of metals in the radish (mg kg™!), RD is the oral reference
dose for the metal (mg kg™ of body weight day™*). RD
for Zn and Fe was used as 0.300 and 0.700 mg kg~* day,
respectively [42].

Data analyses

Data were analyzed using analysis of variance (ANOVA)
in STATISTIX 8.1 software. When the main effect was
significantly different, the treatment means were further
compared using the least significant difference (LSD)
test at a 5% probability level. Furthermore, sole and/or
combined effects of IONPs and ZONPs on colony farm-
ing units, microbial biomass Fe/Zn, N mineralization
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and radish N recovery, and radish Fe/Zn content were
examined by principal component analysis on correlation
matrices using a package of CANOCO 5.0 (Microcom-
puter Power 281 Inc., Ithaca, NY),

Results

Microbial biomass Fe/Zn contents

Total microbial biomass Fe/Zn contents from treatments
with and without the addition of IONPs and/or ZONPs
are presented in Fig. la. Unfertilized control and the sole
PM treatments had a very low level of microbial biomass
Fe/Zn content. However, the contents were significantly
greater in soil that received metallic nanoparticles (IONPs
and ZONPs). Overall, the results indicated low Fe and Zn
contents in non-fumigated than the fumigated soil. In the
later soil, IONPs, PM +IONPs, ZONPs, PM + ZONPs,
ZONPs +IONPs and PM + ZONPs +IONPs showed 31,
45, 40, 67, 24 and 18 mg kg’1 of Fe and/or Zn contents,
respectively (P<0.001, DE=7, F value=14.16). However,
in case of non-fumigated soil, the respective values were
only 2.9, 3.8, 26.3, 37.3, 4.4 and 5.2 mg kg’1 (P<0.001,
DF =7, Fvalue="7.74).

Microbial colony-forming units

The bacterial CFU increased significantly with the appli-
cation of PM than the unfertilized soil (53 x 10* vs.
33 x 10* g~ ! soil; P<0.05). However, the CFU values were
decreased by 20%, 30%, and 10% from PM treatments
applied with IONPs, ZONPs, and IONPs+ ZONPs,
respectively. Likewise, IONPs and ZONPs reduced the
fungal CFU in the unfertilized control as well as PM
treatments (P<0.05, Fig. 1b). Note that the addition of
IONPs and ZONPs in PM applied soil showed tenfolds
higher microbial biomass Fe and/or Zn contents in fumi-
gated compared to non-fumigated soils.

Mineralization from PM with and or without nanoparticles,
and total nitrogen uptake

The N mineralization values were the highest from PM
alone and least in the case of PM with ZONPs and IONPs
(Table 2). Of the organic N applied to radish, about 52%,
18%, 35%, and 31% were mineralized during the experi-
mental period from PM, PM + ZONPs, PM + IONPs, and
PM + ZONPs + IONPs.

In the case of N uptake in radish, PM treatment
resulted in maximum N uptake, ie., 6.62 g m~2 as com-
pared to other treatments (Table 2). As compared to sole
PM application, addition of NPs decreased TNU by 44%
(6.24 vs. 3.45 gm™% P<0.05) in ZONPs, 3% (6.62 vs. 6.4
gm~% P<0.05) in IONPs and 22% (6.62 vs. 5.15 gm™%
P<0.05) in ZONPs+IONPs treatments. There was no
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Fig. 1 Effect of IONPs and ZONPs on (a) soil microbial biomass Fe/Zn after application PM (b) viable counts of bacteria and fungi. Error bars
represent the standard error (=) of the mean. Bars carrying different letters are significantly different at a 5% probability level

difference in plant N uptake in unfertilized soil with and/
or without ZONPs and/or IONPs.

Radish yield and nitrogen recovery

Soil addition of PM significantly increased (P<0.05) the
radish dry matter over unfertilized control (571 vs. 323
gm~2 of DM). However, application of IONPs, ZONPs
and IONPs+ZONPs in PM amended soil consider-
ably reduced the DM yield by 22 (448 vs. 571 gm™%

P<0.05), 12 (505 vs. 571 gm~% P<0.05) and 10% (514
vs. 571 gm™% P<0.05), respectively. The soil addition
of both the IONPs and ZONPs in unfertilized control
have no effects on plant dry matter yield (Fig. 2a). The
results showed that 66% of the applied N via PM ended
up in radish plants. However, the IONPs, ZONPs and
IONPs 4 ZONPs decreased the radish apparent N recov-
ery fractions from PM by 39% (66.5 vs. 40.62; P<0.05),
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Table 2 Nitrogen balance in the pots applied with and/without nanoparticles based on the N addition with manure, total N uptake
by radish, and residual mineral N in the soils over a period of 180 days. Net recovery of organic N with different letters (a, b, ¢) within a

column are significantly different at 5% probability level

Treatment N applied N Uptake Final Mineral N in Soil Net recovery of
Organic N
Total Mineral Organic Total From Compost Total From Compost A’ B*
(gm™?) (gm™?) (gm™? (gm™3) (%)
Control 6.25 212 4.13 247 040 - - -
¥ZONPs 6.25 212 413 2,02 0.39 - - -
JONPs 6.25 212 4.13 244 0.38 - - -
ZONPs 4+ IONPs 6.25 212 4.13 2.51 0.37 - - -
P 6.25 212 4.3 6.62 4.16 0.52 0.13 217 a 5252a
PM+ ZONPs 6.25 212 4.3 4.79 2.77 052 0.13 0.78 ¢ 1880 c
PM+IONPs 6.25 212 413 5.90 346 0.52 0.14 148b 3589b
PM + ZONPs + IONPs 6.25 212 413 5.82 3.30 0.50 0.13 132b 3193 b

$ [(N uptake from manure + final mineral N from manure in the soil)—mineral N applied with manure]

#[(A/applied manure N)*100]

¥ =Zinc oxide nanoparticles, ' = Iron oxide nanoparticles and ' = Poultry manure

65% (66.5 vs. 22.96; P<0.05) and 47% (66.5 vs. 35.32;
P<0.05), respectively (Fig. 2b).

Health risk assessment of heavy metals

Total Zn and Fe contents in the radish plant are
expressed in Table 3. Daily intake of metals (Zn or Fe)
was estimated based on metal concentrations found
in edible parts of vegetable, i.e., roots of the rad-
ish. Thereafter, the health risk index was calculated
using the DIM and the reference dose of the corre-
sponding metal. Results revealed daily intake of Zn
value 0.077, 0.079, 0.072, 0.097, 0.107, 0.143, 0.120
and 0.164 mg kg™! via dietary intake of radish root
grown in control, PM, ZONPs, PM + ZONPs, IONPs,
PM +IONPs, IONPS, PM+IONPs, ZONPs+IONPs
and PM+ ZONPs+IONPs (Table 3). The respective
values in case of Fe were 0.297, 0.452, 0.281, 0.477,
0.552, 0.612, 0.561, and 0.631. HRI value for Zn as well
as Fe remained below 1 for all the treatments (Table 3).

Principal component analysis

According to the output of PCA, the first two axes
explained most of the variations (65%) in the data. A pos-
itive association between ZONPs and IONPs was found
with DIM and HRI parameters. However, both these
metallic nanoparticles show negative associations with
bacterial CFU, fungal CFU, N mineralization, plant yield
and total N recovery (Fig. 3).

Other parameters such as Fe/Zn content in plants, and
soil microbial biomass Fe/Zn (fumigated or non-fumi-
gated soil) were closely linked with the integrated appli-
cation of these metallic nanoparticles (IONPs/ZONPs)

with PM. PCA results also revealed a positive and strong
correlation of PM application with various soil (SOM,
Nmin, bacterial and fungal CFU) and plant parameters
(plant DM yield, N uptake, and Total N recovery).

Discussion

Results of the current study showed that soil micro-
bial biomass Fe/Zn contents after PM application were
below the detection limits of the AAS (Fig. 1a); however,
it was complemented by 2—3 times greater numbers of
heterotrophic bacterial and fungal colony forming units
(Fig. 1b). This might have been due to its contribution
in building-up soil carbon pool that provides favorable
environments (i.e., food and energy) for growth and mul-
tiplication of microorganism. Such results are endorsed
by some previous studies, which indicated that the pop-
ulation of bacteria and fungi can be increased by utiliz-
ing organic resources [43—45]. Our findings corroborate
the opinion of Yazdanpanah et al. [46], who reported
an increase in soil microbial activities with the addition
of organic material. Kamran et al. [20] also reported an
increase in viable microbial colony-forming units after
the application of farmyard manure. However, the addi-
tion of metal-enabled nanoparticles (IONPs and ZONPs)
to PM treatment reduced both the bacterial and fungal
viable counts as compared to the lone PM treatment. Lit-
erature reveals that both these NPs can dissolute quickly
once exposed to soil and Zn>" and Fe®" are released
[47, 48]. When exposed to soil microbes, these metallic
ions directly attach to the microbial cell by electrostatic
attraction and damage their cell wall by disrupting the
hydrophobic tails of lipid bilayers [1]. Such alteration in
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membrane structure results in NPs penetration into the
cell and stimulates the internal signaling cascade lead-
ing to protein oxidation and leakage of the electrolyte
and thereby cell death [49]. Furthermore, NPs can have
an indirect effect by the dissolution of toxic elements and
production of reactive oxygen species (ROS) that per-
suade oxidative stress and damage the DNA and protein
[50, 51]. Dissolution results in the release of toxic ions
from metal oxide NPs which are absorbed by the micro-
bial cell membrane leading to direct association with

amino (-NH), carboxyl (-COOH), and mercapto (-SH)
functional groups of protein and nucleic acids. Moreover,
the toxic ions may form an association with the genetic
material and/or phospholipids of the exposed microor-
ganism. All these associations alter the cellular structure
as well as enzymatic activities and thereby results in oxi-
dative stress and production of ROS, i.e., hydrogen per-
oxide, superoxide anion, singlet oxygen, and hydroxyl
ion. These elevated ROS oxidize the bases and deoxyri-
bose of DNA, resulting in DNA damage and cell death
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Table 3 Indicators of assessing human health risks of Zn and Fe via dietary intake of radish (root) applied with PM, ZONPs, and/or
IONPs. Values with different letters within a column are significantly different at 5% probability level

Treatments Cnetal (Mg kg™") DIM (mg kg~" day™") HRI
Zn Fe Zn Fe Zn Fe

Control 7477 ¢ 28,755 b 0.077 ¢ 0297 b 0.257 ¢ 0424 b
PM 7713 ¢ 43,780 ab 0.079c 0452 ab 0.265 ¢ 0.646 ab
ZONPs 6970 c 27210b 0.072 c 0.281b 0.240 ¢ 0401 b
PM+ ZONPs 9427 bc 46,230 ab 0.097 bc 0477 ab 0.324 bc 0.682 ab
IONPs 10,403 bc 53470 a 0.107 bc 0.552a 0.358 bc 0.788 a
PM +10NPs 13,853 ab 59,258 a 0.143 ab 0612 a 0477 ab 0874 a
ZONPs +10NPs 11,645 abc 54318 a 0.120 abc 0561 a 0401 abc 0.801a
PM 4 ZONPs + IONPs 15,855 a 61,153 a 0.164 a 0.637a 0546 a 0.902 a

Biplot (axes F1 and F2: 64.67 %)
5
Root_Zn content
DIM Zn Residual soil Nmin
4 HRI_ 7n N mineralization
3 | PM+IONPs TNR
ZONPS+HIONPs o TNU
MH+ZONP .
5 a s ¢ CFU_bacteria
ZONPs o Metal NF M+ZON
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S o l\ﬂetal_F DM
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Fig. 3 Principal component analysis (PCA) of residual soil mineral N, mineralized organic N, colony forming units of bacterial and fungi, microbial
biomass Fe and Zn, total dry matter (TDM) yield, total N uptake (TNU), total N recovery (TNU), daily intake of metal (DIM), health risk index (HRI),
Plant Fe and Zn content from PM exposed with or without ZONPs and/or IONPs. Treatments are represented by the use of various markers, i.e.,
open circles (unfertilized control), filled circles (PM), open rectangles (IONPs), filled rectangles (IONPs 4 PM), open triangles (ZONPs), filled rectangles
(ZONPs + PM), open diamond (ZONPs + IONPs) and filled diamonds (ZONPs 4 IONPs 4 PM). Most of the variations in the data are explained by PC1
(45.09%) and PC2 (19.58%) as given in the statistics table (inset), and the individual scores are unitless

[52]. We argue that the direct effect of IONPs or ZONPs  as fungi were considerably reduced. For instance, in PM
would have been dominant in our case, since the increase  treatments, a decrease of 20% (43 x 10* vs. 26 x 10%), 30%
in microbial biomass Fe/Zn was found after the appli- (36 x 10* vs. 23 x 10%), and 10% (40 x 10* vs. 25 x 10%
cation of IONPs and ZONPs as reflected in Fig. 1a. As  in bacterial colonies were observed after the addition
a result, viable colony-forming units of bacterial as well



Shah et al. Environmental Sciences Europe (2022) 34:106

of IONPs, ZONPs, and IONPS+ZONPs, respectively
(Fig. 1b). Whereas in case of fungi, the respective dec-
rement was 56% (06 x 10* vs. 14x10* g~ ! soil), 29%
(06 x 10* vs. 08 x 10* g~ ! soil) and 62% (43 x 10* g~ !
vs. 17 x 10* g~ ! soil). Our results corroborate with [20]
who reported around a 40% decline in bacterial colo-
nies after the application of IONPs to farmyard manure
amended soil. Such negative results of metallic nano-
particles are also reported in some other previous stud-
ies, i.e., [17, 37, 38, 49, 51, 53]. Palza [31] reported the
antimicrobial effect of NPs on various species of bacte-
ria, i.e., Escherichia coli, Citrobacter freundii, Streptococ-
cus mutans, and on fungi, such as Aspergillus nidulans.
Interestingly, in the unfertilized soil, these NPs did not
significantly reduce the viable microbial counts; however,
in the PM fertilized soil, NPs had pronounced effects on
these microbial parameters. Possible reasons for this dis-
crepancy would be the difference in bio-availability of
metallic ion to soil microbes in both situations. In PM
amended treatments the bio-availability of metallic ions
of the aforementioned NPs would have been greater,
since organic material is known to facilitate the dissolu-
tion of metallic compounds. According to He et al. [47],
fulvic and humic acids are formed after the application
of organic materials which facilitate the ligand exchange
reaction with the surface of metallic nanoparticles which
favors the release of metallic ions in the aqueous solution.
The limited release of metallic ion in the unfertilized soil
would have been used by the microbes for their meta-
bolic requirements. This was evident in the more or less
similar microbial colony forming units of unfertilized soil
with or without the addition of IONPs and/or ZONPs
(Fig. 1b). Our arguments were strengthened by He et al.
[54] who found no effects of IONPs on soil bacterial com-
munities as well as eukaryotic abundance in unfertilized
soil. This logic was also supported by the PCA output
which revealed a negative correlation between microbial
counts and NPs for PM treatments (Fig. 3). This decrease
in the microbial count by the NPs in PM treatments
reduced the microbial mediated N mineralization. In
this study, net N mineralization from PM was reduced by
65% (52% vs. 18%), 33% (52% vs. 35%), and 40% (52% vs.
31%) by ZONPs, IONPs, and ZONPs+IONPs, respec-
tively. These findings corroborate with Rashid et al. [17,
38] and Kamran et al. [20] who found a reduction in N
mineralization from plant/waste material, which they
ascribed to the reduced microbial activities as a result
of NPs toxicity. According to Jiang et al. [55], another
possible reason for reduced net N mineralization would
be the formation of nitrogenous polymers via abiotic
means attributed to the NPs. However, we believe that
this possibility can be ruled out in our case, since both
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the reduced N mineralization and reduction in microbial
colony-forming units were witnessed in the same treat-
ments with ZONPs and/or IONPs. This explanation was
further strengthened by the PCA analysis which reflected
a close correlation between microbial count and N min-
eralization. As a result, total plant N recovery from the
applied PM was decreased by 33% (67% vs. 44%), 17%
(67% vs. 54%), and 23% (67% vs. 51%) by ZONPs, IONPs,
and ZONPs+IONPs. This reduced N utilization by
plants implies lower nitrogen cycling in the agro-eco-
system which results in some serious challenges for food
production by resource-poor farmers all over the world
and especially in Africa, where manure is often consid-
ered a valuable source of recycling plant nutrients. The
recycling of plant nutrients is equally important for some
of the Southeast Asian countries, i.e., Pakistan, where
the availability of inorganic fertilizer has become a con-
straint due its increased price and low availability in the
market. Therefore, enormous applications of metallic
nanoparticles (ZONPs and IONPs) must be restricted for
agriculture and soil remediation purposes. Furthermore,
their use in industries should be limited and the effluent/
sludge must be safely disposed-off in agro-ecosystems to
avoid contact of metallic nanoparticles with beneficial
soil microorganisms.

Overall, the addition of metallic NPs (ZONPs and
IONPs) reduced the plant yield from PM treatments. This
reduction could be attributed to the fact that (i) NPs can
hamper the bioavailability of N from the applied poultry
manure and (ii) negative impact on plant physiology such
as reduced seed germination, root and shoot elongation
leading to decreased biomass, and/or crop yield [56].
We believe that scenario (i) would have prevailed in this
study, since no effect of NPs on germination was noticed
and there was no difference in plant metal content from
manure applied with and/or without ZONPs and/or
IONPs.

Health risks associated with metal-contaminated plant
consumption are assessed by DIM and HRI parameters.
For all the treatments, DIM of Zn and Fe remained
within the reference dose of 0.3 and 0.7 mg kg™! as com-
municated by the environmental protection agency of the
USA [42, 57]. DIM was used to calculate the HRI value
and the metal consumption limit is considered safe when
HRI<1 [58-60]. In all the cases HRI values remained
below 1 (Table 3) indicating the absence of health risks
for human consuming radish through their human life
span of 70 years. Since both the Zn and Fe elements are
essential nutrients for human, the application of ZONPs
and IONP:s in the soil can increase their concentration in
edible plants and thereby may be helpful to achieving the
required nutrition. Therefore, to fulfill the malnutrition,
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these metallic nanoparticles may be used in soil deficient
with Zn or Fe, where inhibition of soil microbial activities
is not a matter of concern.

Conclusions

Results of the current study revealed an increased plant
DM yield and ANR after the application of PM. However,
the application of both agro-nanoparticles (ZONPs and
IONPs) decreased viable counts of bacteria and fungi,
and consequently reduced the crop yield and N recov-
ery. Nevertheless, HRI values from the application of
these metallic NPs remained within safe limits. These
findings create toxicological concerns over the entrance
of NPs in soil which must be restricted to ensure good
soil health and C and N cycling from wastes. Consider-
ing the toxic effects of these metallic nanoparticles, this
study warrants developing some safe strategies for the
disposal of the nanoparticles in agro-ecosystems to avoid
their contact with beneficial soil microorganisms. Fur-
ther in-depth research should focus on the bioavailabil-
ity of these metallic nanoparticles and their free metal
ion in differentially textured soils amended with/without
organic wastes, and their interaction with the microbes.
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