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ABSTRACT: This study evaluated weathered and fresh ZnO-nanoparticles and Zn-salt effects on nutrient acquisition and
redistribution in wheat. Weathered and fresh ZnO-nanoparticles and Zn-salt significantly increased grain yield by 15% and 29%,
respectively. Postharvest soil acidification indicated ZnO-nanoparticles dissolved during growth. Zn was significantly
bioaccumulated from both Zn types, but with low root-to-shoot bioaccumulation efficiency: 24% and 20% for weathered
nanoparticles and salt, and 48% and 30% for fresh nanoparticles and salt. Grain Zn content was increased 186% and 229% by
weathered nanoparticles and salt, and 229% and 300% by fresh nanoparticles and salt. Shoot-to-grain translocation efliciency
was high: 167% and 177% for weathered nanoparticles and salt, and 209% and 155% for fresh nanoparticles and salt. However,
Zincon assay indicated grain Zn does not exist as ions. This study demonstrates that ZnO-nanoparticles and Zn-salt vary in their
effects on nutrient acquisition in wheat, with relevance for biofortification of Zn for human nutrition.
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B INTRODUCTION

Zinc (Zn) is an essential element required to maintain healthy
growth and development in both plants and animals. However,
Zn scarcity is prevalent in soils in many parts of the globe,
resulting in human Zn deficiency due to long-term
consumption of staple diets from crops grown in Zn-deficient
soils.' > Accordingly, Zn enrichment of food sources globally
has been a subject of long-standing interest. Numerous studies
show increased yields and/or Zn content in seed or 9gram of
crop plants when exposed to supplemental Zn.*”” Thus,
agronomic fortification of crops with Zn through fertilization is
one way to both enhance yield and enrich edible plant tissues
with the nutrient.”” The current major Zn fertilizers include
bulk oxides, sulfate salts, and chelated Zn forms; however,
nanoscale Zn oxide (ZnO) is increasingly becoming of interest.

Engineered nanoparticles are man-made structures having
one or more dimensions in the nanoscale (<100 nm). These
materials are characterized by small size and large surface area,
two properties that confer high reactivity and hence high
functionality to nanoparticles. Accordingly, one such nano-
particle, ZnO, is being incorporated into different products to
improve quality and performance, and this includes use as
nanofertilizers and nanopesticides.'’”'* When plants are
exposed to Zn of any form in the soil, they acquire the
nutrient in their aerial tissues primarily in the ionic form,">~"*
which can be free or chelated; rarely has intact particulate ZnO
been detected in shoot tissues.'” This implies that bulk- and
nanoscale ZnO undergo dissolution into ions in the soil, prior
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to accumulation by most plant species. The other potential
fates of ZnO in the rhizosphere include aggregation and
surface modification by plant- or soil-derived components and
biomolecules,"®*°>* all of which influence ZnO nanoparticles
in different ways. Zn ions released into soil from particulate
ZnO can be sorbed or chelated by a variety of compounds,
including phosphate, organic acids, clay minerals, other metal
oxides, as well as plant or microbially produced metal
chelators. These processes may increase or decrease Zn
absorption by the plant, dependent on the specific chemistry
of the complex and likely on the plant species.”'>° The so-
called “nano-specific effects” are lost upon dissolution, as
subsequent nanobioactivity proceeds similarly as dissolved Zn
from salt or chelated sources. Still, in planta reduction of ionic
Zn back to nanoparticulate Zn occurs,”’ indicating that
dissolution is not a dead-end, but one end of a reversible
chemical reaction.

It is likely due to nanoparticle dissolution that, despite
differences in their pristine physical properties, ZnO nano-
particles and Zn salt (hence, ionic) do not consistently evoke
different effects on plants when exposed to comparable
levels.”'%*®*° Plants will be confronted with both new and
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Table 1. Effects of ZnO Nanoparticles and Zn Salt in Used and New Soil on Chlorophyll Production and Vegetative Growth of

Wheat”
treatment chlorophyll (SPAD) tiller number
used soil control 42 + 3d 37 + 8a
ZnO nano 52 +3a 39+ 5a
Zn salt S50 + 4ab 40 + 3a
new soil control 46 + 4c 38 +3a
ZnO nano 47 + 4bc 38+ 6a
Zn salt 48 + 4bc 40 + 3a

plant height (cm) root dry weight (g) shoot dry weight (g)

97 +5b 9+ Sa 78 £ 3a
102 + 4a 12+ 3a 81+ S5a
102 + 3a 10 + 2a 80 + 3a
101 + 3a 12 + 4a 81+ 35a
101 + 4a 11 +2a 79 + 4a
100 + 2ab 11 +3a 82+ 7a

“Data are means and standard deviations, and different letters associated with numbers indicate significant differences among the treatments at p <

0.05 (n = 4).

weathered ZnO nanoparticles in soil. Also, aging of ZnO
nanoparticles in soil may influence their bioavailability and
bioactivity””*’ as these materials transform into different
species. Such effects might be distinct from those of fresh
exposures. However, comparative studies on the response of
plants to different Zn forms under weathered and fresh soil
exposures are lacking. Such studies may not only shed light on
the longer term impacts of Zn as crop fertilizers, but may also
provide information on the differential effects of residual versus
fresh Zn exposure in plants as nutrients or potential toxicants.
Accordingly, the objective of this study was to evaluate the
effects of weathered (residual) and fresh Zn from ZnO
nanoparticles and Zn salt on wheat productivity and nutrient
acquisition and redistribution within the plant under these soil
conditions.

B MATERIALS AND METHODS

Chemicals and Soils. Nanopowder of ZnO (particle size = 18
nm) was obtained from US Research Nanomaterials, Inc., Houston,
TX, while Zn salt (ZnSO,-7H,0) was from J.T. Baker, New Jersey.
The soil used for the study is denoted as “Brownfield” and was
collected from Plains, TX. Brownfleld is a sandy loam with a pH of
6.87 and nitrogen (N), phosphorus (P), and potassium (K) levels of
4.0, 2.05, and 246 mg/kg, respectively. The level of bioavailable
(DTPA-extractable) Zn fraction is 0.1 mg/kg, indicating a
bioavailable Zn status that is well below the critical soil level of Zn
for most crops, 0.5—1.0 mg/kg. Portions of this soil were previously
cropped with sorghum exposed or not to 6 (+ 0.1) mg Zn/kg from
ZnO nanoparticles and Zn salt, as well as NPK (100:50:75 mg/kg).®
Under these Zn conditions, an average of 0.96 and 1.19 mg Zn was
recovered in the above-ground biomass (shoot and grain) by each
sorghum plant, from the ZnO nanoparticles and Zn salt treatments,
respectively. Therefore, the theoretical soil residual Zn level from the
ZnO nanoparticle treatment would be 5.98 mg/kg, and that of the Zn
salt would be 5.95 mg/kg. Following harvest of the sorghum, the
control, ZnO nanoparticles, and Zn salt treatment soils were cleaned
of root materials and were weathered for 6 months to be reused for
the current experiment. Eight kilograms of the Zn-weathered soil as
well as a fresh batch of Brownfield soil not previously exposed to Zn
were loaded onto pots after mixing with NPK at the rates of
200:75:200 mg/kg soil.

Plant Treatment and Growth Conditions. Three winter wheat
seeds (Triticum aestivum var. Dyna-Gro 9522, obtained from
University of Tennessee Knoxville) were sown per pot and were
later thinned to one seed per pot after germination. Two weeks after
sowing (i.e, 1 week postgermination), plants growing in the new soil
were not treated (hence, control; denoted as “new soil”) or were
treated with ZnO nanoparticles or Zn salt at a rate of 6 mg Zn/kg soil.
The Zn products were administered as dry nanopowder or salt
crystals in subsurface applications in the vicinity of the roots. In
contrast, plants in the used or weathered soil were not treated with
new ZnO nanoparticles or Zn salt. Thus, on the basis of the levels of
Zn uptake by the previous crop, the used soil treated with ZnO
nanoparticles and Zn salt contained about 16% and 20% less Zn,
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respectively, than the fresh soil. In these used soil treatments, the pots
that did not receive Zn in the preceding cropping event represented
the control treatment (denoted as “used soil”). Treatments were
randomly assigned using a block design consisting of four replicated
plants per treatment. Watering and other greenhouse growth
management practices were conducted as required. During growth,
chlorophyll production and plant vegetative growth were determined.
Chlorophyll measurements were taken 2 weeks after Zn treatment
using a SPAD meter (Soil & Plant Analyzer Development; Konica
Minolta). Late (preanthesis) tiller numbers were also recorded. At full
maturity, end-point plant heights for the parent shoots were
measured, plants were harvested and separated into root, shoot, and
grain, and the biomass weight for each fraction was recorded.

Plant and Soil Analyses. Upon harvest, shoot, root, and grain
samples were oven-dried at 60 °C, ground into powder, and acid-
digested (3 mL of sulfuric acid + 1 mL of H,0,), before being
subjected to heating for 1 h at 350 °C, cooling to room temperature,
and equilibrating with dd-H,O. Thereafter, the samples were
subjected to analytical procedures to determine total nutrient
contents: N and P by Skalar segmented flow analysis; and Zn,
manganese (Mn), and iron (Fe) by inductively coupled plasma-
optical electron spectroscopy (ICP-OES). Postharvest soil samples
were collected per treatment to determine pH and residual nutrient
levels for Zn, N, P, Mn, and Fe. For the nutrients, soils were ground
and sieved, and soil nitrate-N and ammonium-N were extracted with
KCl, while P was extracted by the Pi method. Bioavailable Zn, Mn,
and Fe were extracted by DTPA (1:2 w/v [soil:DTPA solution]). All
samples were shaken for 2 h and filtered, before being subjected to
analytical procedures using the respective above instrumentations. In
a separate assay, 2 g of the new soil treated with ZnO nanoparticles
was collected from the plant rhizosphere at harvest, mixed in water,
and centrifuged at 13 000 rpm. The supernatant was collected, and
absorbance at 374 nm was measured using a Hach DR 5000
spectrophotometer to detect whether any intact ZnO nanoparticles
were present.ls’31 Pristine ZnO nanoparticle suspension in water was
used for comparison.

Determination of Free Zn (Zn lon) in Wheat Grain. On the
basis of the measurement of total Zn content in the grain, an attempt
was made to determine whether the Zn existed in the free (ionic)
state or was otherwise bound by components of the plant and,
therefore, not readily bioavailable. To this end, Zincon (zincon
monosodium salt; Alfa Aesar, Ward Hill, MA) was used. Zincon is a
well-known chelator of free Zn in complex matrixes, and its complex
with Zn is detectible using colorimetry; specifically, complexation of
Zn by Zincon results in a color change from dark red to blue. This
blue-colored complex has a maximum absorption at 620 nm. Use of
Zincon has been applied in plant studies.”>*> A Zincon solution (50
mg/L) was prepared in mild alkali (0.001 N NaOH). One gram of
wheat grain from the control, ZnO nanoparticle, and Zn salt
treatments from the new soil was ground into powder. Subsequently,
4 mL of Zincon solution was added onto the dry powder, and the
mixture was shaken manually and incubated overnight. Subsequently,
1 mL of each of the suspensions was transferred to an Eppendorf tube
and then centrifuged at 13 000 rpm for 10 min. To demonstrate the
effectiveness of the Zincon assay to detect Zn ions under these
conditions, a series of controls was established: (i) a newly prepared

DOI: 10.1021/acs jafc.8b03840
J. Agric. Food Chem. 2018, 66, 9645—9656


http://dx.doi.org/10.1021/acs.jafc.8b03840

Journal of Agricultural and Food Chemistry

Zn sulfate solution (50 mg/L) was reacted with Zincon (1:1 v:v); (ii)
1 g of ground wheat grain from the control treatment was mixed with
2 mL of the Zn sulfate solution and incubated for 30 min, followed by
centrifugation and addition of Zincon to the supernatant (1:1 v:v);
and (iii) deionized water was mixed with Zincon (1:1 v:v). The color
change to blue was observed for all preparations during 5 min, after
which the absorbance of all experimental treatments and the quality
controls were recorded using a spectrophotometer (Hach DR 5000)
set at 620 nm.

Data Analysis. A two-way analysis of variance (ANOVA;
OriginPro 2018) was used to determine significant differences in
wheat responses to the treatments for each parameter evaluated. A
Fisher LSD mean comparison was performed to further explore the
differences with significant (p < 0.05) ANOVA.

B RESULTS

Effects of ZnO Nanoparticles and Zn Salt on
Chlorophyll Production and Vegetative Growth of
Wheat. Leaf chlorophyll levels were significantly increased
by ZnO nanoparticles and Zn salt in the used soil, with
marginal increases by both Zn types in the new soil (Table 1).
Tiller numbers were not significantly affected in all treatments,
regardless of soil Zn history and Zn type (Table 1). Plant shoot
growth responses to the Zn types mimicked those of
chlorophyll; significant average height (cm) differences were
observed in the Zn-treated plants in the used soil, relative to
the control. In contrast, the shoot growth effects of the Zn
types were not significant in the new soil (Table 1). Root and
shoot biomass (dry weight basis; g) were insignificantly
affected by Zn treatment, regardless of soil Zn history (Table
1).

Effects of ZnO Nanoparticles and Zn Salt on Grain
Yield of Wheat. The control treatment in the used soil
produced significantly greater (p < 0.05) grain yield than the
control treatment in the new soil. However, grain yield was
promoted by Zn treatment in both used and new soils (Figure
1). In the used soil, the residual ZnO nanopowder and Zn salt

60 -

Grainyield g(dry wt)/plant

ZnOnano Znsalt Control ZnOnano Znsalt

Control

Used Soil New Soil

Figure 1. Effects of ZnO nanoparticles and Zn salt in used and new
soils on grain yield of winter wheat. Values are means and standard
deviations, and different letters on bars indicate statistically significant
differences (p < 0.0S) among the treatments (n = 4).

increased grain yield significantly (p < 0.05), by 15% and 14%,
respectively, as compared to the control treatment. In the new
soil, yield was also significantly increased, on average by 29%,
by both ZnO nanoparticles and Zn salt, relative to the control.
Comparing the average influence of Zn on grain yield in the
old and new soils against each control (14.5% vs 29%), it can
be seen that fresh Zn treatment was more effective in
promoting yield than was residual Zn.
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Postharvest Rhizosphere Levels of N, P, and Zn Vary
On the Basis of Zn Aging and Type. Plant growth strongly
lowered the initial pH of the soil from 6.87 to between 5.60
and 6.19 (Table 2). In addition, the overall postharvest soil
chemical properties differed between the used and new soils,
especially for pH, ammonium-N, P, and Zn levels, wherein pH
reduction was significant between the used and fresh soils
(Table 2). In the used soil, Zn treatment generally had a
minimal effect on soil properties; no significant differences
were observed among the treatments for pH and the respective
nutrients, except for the expected increase in Zn content in the
exposed soils. In the new soil, Zn treatment effects were more
apparent: ZnO nanoparticles increased the residual nitrate-N,
which was significant as compared to Zn salt; ZnO
nanoparticles also slightly increased the residual soil
ammonium-N; both Zn types showed a trend for decreasing
P levels, significant for the Zn salt, as compared to the control;
and both Zn types showed significantly more residual Zn than
the control, more so for the Zn salt (Table 2).

Postharvest Zn from Fresh ZnO Nanoparticles’
Exposure Does Not Exist as Nanoparticles in Wheat
Rhizosphere. Given that the Zn salt treatment showed more
residual Zn than the ZnO nanoparticle treatment, it was of
interest to determine the fate of the fresh ZnO nanoparticles
treatment after plant growth. Further analysis of the wheat
rhizosphere in new soil samples collected after plant growth
indicated that the ZnO nanoparticles dissolved in the soil. This
is corroborated by the lack of absorbance peak at 374 nm,
which would be indicative of the presence of nanosize ZnO as
demonstrated in Figure 2 for the pristine ZnO nanoparticle
suspensions.

Effects of ZnO Nanoparticles and Salt on Zn
Acquisition by Wheat. In the control treatments, more Zn
was associated with the plant root than with the shoot or grain;
however, similar levels of Zn were partitioned in the shoot and
grain in the new soil, while more Zn was partitioned in the
shoot than in the grain in the used soil (Figure 3). Zn exposure
in both the used and the new soils strongly increased Zn
content in the plant (Figure 3). Averaged over all tissues and
taking biomass into account (Table 1), as compared to the
controls, about 143% and 269% more Zn was bioaccumulated
in the plant from residual and fresh exposure to Zn salt,
respectively, while 98% and 97% more Zn was present from
residual and fresh exposure to ZnO nanoparticles. Accordingly,
Zn salt exposure yielded more Zn in the root than did ZnO
nanoparticles, although the effect was only statistically
significant in the new soil (Figure 3). Zn fertilization did not
improve shoot Zn concentration in the used soil, while shoot
Zn content in the new soil was significantly increased by the
nanoparticles; this effect was even more pronounced for the Zn
salt. Grain Zn contents were higher in ZnO nanoparticle and
Zn salt treatments than the control. Yet while grain Zn content
was similar between the nanoparticle and salt treatments in the
used soil, plants with Zn salt treatment contained significantly
more Zn in the grain than those treated with nanoparticle ZnO
in the new soil (Figure 3). Taking into account the grain
biomass yield (Figure 1), grain Zn content was increased by
186% and 229% by residual ZnO nanoparticles and Zn salt,
respectively, and by 229% and 300% by fresh ZnO nano-
particles and Zn salt, respectively. Thus, as compared to the
respective controls, grain Zn content was increased more by
Zn salt than by ZnO nanoparticles, regardless of soil.
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Table 2. pH and mg/kg Levels of Residual Nutrients of the Used and New Soils Exposed to ZnO Nanoparticles (Nano) and Zn

NO;™-N
1.3 +£ 0.1ab
1.5+ 0.1ab
1.1 +£03b
14 + 0.1 ab
1.8 £ 0.6a
12 + 04D

NH,"N P Zn
52 + 04a 19.1 + 47a 0.1 +001d
5.5 +02a 220 + 1.9a 04 +0.1c
50+07a 16.6 + 6.4ab 0.7 + 0.03¢
43 +03b 17.4 + 7.4 ab 0.1 +0.01d
49 + 0.1ab 147 £ 39b 2.0 + 0.4b
43 +03b 9.4 + 24¢ 43 + 1.8a

“Data are means and standard deviations, and different letters after numbers indicate significant differences among the treatments at p < 0.05 (n =

Salt?
treatment pH
used soil control 5.6 +£02b
ZnO nano 57 +01b
Zn salt 5.6 +02b
new soil control 6.02 + 0.1a
ZnO nano 62 + 03a
Zn salt 62 +02a
4).
1.2
1 —e—Pristine ZnO nano
- -7n0 nano soil extract
Y 0.8
c
(1]
2 0.6
2
< 04 &-——___ e e m e e .
0.2
0
300 350 400 450 500 550

Wavelength (nm)

Figure 2. UV—vis spectra of soil extract from fresh ZnO nanoparticle
treatment after plant harvest, as compared to pristine ZnO
nanoparticle (nano) suspension in water.

A Zn mass balance for the new Zn exposure was determined
to account for nutrient sources (originally in soil or added) and
sinks (in postharvest soil and plant tissues). Table 3 shows the
masses of Zn in soil and plant tissues per treatment. In the
control treatment, the values in column 2 (total mass of Zn
source) and column 8 (total mass of Zn sink) are not equal.
The difference between these values is likely due to the fact
that DTPA extraction captures only the bioavailable Zn in soil,
rather than total Zn. In contrast to DTPA, the plant roots were
able to extract and accumulate additional Zn from the pool of

non-DTPA-extractable Zn; a full assessment of this fraction is
only evident after total acid digestion of plant tissues. The data
further show that more DTPA-extractable Zn was contained in
the Zn salt-exposed soil than in the ZnO nanoparticle-exposed
soil, postharvest (column 3); it also showed that more Zn was
recovered by the salt-exposed plants than by the ZnO
nanoparticle-exposed plants (column 7). Accordingly, the
total combined Zn in the soil and plant sinks was greater in
the Zn salt treatment (37.6 mg) than in the ZnO nanoparticle
treatment (17.7 mg). However, these values were each below
the corresponding Zn sources (48.8 mg; column 2). This
implies that, in both cases, Zn was remaining in the soil (11.2
mg for Zn salt, and 31.1 mg for ZnO nanoparticles) that was
neither extracted by DTPA nor by the plant.

Does Zn Translocated to Wheat Grain from Soil Exist
as lonic Zn? As shown in Figure 4, a blue color was formed
with the mixture of Zn sulfate and Zincon solutions, whereas
no color formation was observed when Zincon was mixed with
deionized water, demonstrating the specificity of the assay for
Zn. Similarly, no color change was observed with the treatment
involving the addition of Zn sulfate to the ground wheat. With
the wheat treatments, no blue color formation was observed,
regardless of the Zn type to which the plants were exposed
(Figure 4). This suggests that the Zn in the grain does not exist
as free Zn ions in any significant amount.

New soil (salt)
New soil (nano)
New soil —C

Used soil (salt)
Used soil (nano)
Used soil —C

New soil (salt)
New soil (nano)
New soil

Used soil (salt)
Used soil (nano)
Used soil

New soil (salt)
New soil (nano)
New soil

Used soil (salt)
Used soil (nano)
Used soil

Grain

Shoot

Root

80

Zinc (mg/kg)

Figure 3. Effects of ZnO nanoparticles (nano) and Zn salt in used and new soils on zinc concentrations in root, shoot, and grain of winter wheat.
Values are means and standard deviations, and different letters on bars indicate statistically significant differences (p < 0.0S) among the treatments,
separately analyzed for root, shoot, and grain (n = 4).
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Table 3. Mass Balance of Zn in Experimental and Postharvest Soils, and in Harvested Plant Tissues under Fresh ZnO
Nanoparticles or Zn Salt Exposure

mg/plant
experimental soil Zn postharvest soil Zn root shoot grain total plant Zn total postharvest soil and plant Zn
treatment  (mg/pot) (mg/pot) Zn Zn Zn (I:ng) (mg/pot/plant)
control 0.8 (0.1 X 8) 0.56 019 057 o021 097 1.53
ZnO nano 48.87 (0.8 + 48) 15.6 030 091 091 2.12 17.7
Zn salt 48.8 (0.8 + 48) 3424 067 153 111 331 37.6
6 mg Zn/kg soil X 8 kg soil = 48 mg Zn/pot.
0.45 4
a

— 047 o 05 620 A B C D E F

€ 0.35 2 04 —- = EE S

o 03 =

a 2 02

= 925 2 01

2 024 0

© 550 600 620 650 700

'g 0.15 4 Wavelength (nm)

2 01 b b b b b

< 005 A

Zn-sulfate Water Zn sulfate New soil New soil New Soil
added in (nano) (salt)
ground grain

Figure 4. Detection of free Zn ions in grains of wheat exposed to ZnO nanoparticles (nano) and Zn salt in new soil. Data are means and standard
deviations, and different letters associated with bars indicate significant differences among the treatments at p < 0.05 (n = 3). The left inset is the
absorption spectrum of Zincon—Zn complex indicating absorption maximum at 620 nm. The right inset is a photograph of Zincon incubations with
Zn-sulfate (A); supernatant from wheat grain mixed with Zn-sulfate solution (B); water (C); grain from new soil (D); grain from ZnO nanoparticle
treatment in new soil (E); and grain from Zn salt treatment in new soil (F).

New soil (salt) ——ab
New soil (nano) —a
New soil —b
Used soil (salt) — b
Used soil (nano) —b
Used soil —b
New soil (salt)
New soil (nano)
New soil
Used soil (salt)
Used soil (nano)
Used soil
New soil (salt)
New soil (nano)
New soil
Used soil (salt)
Used soil (nano)
Used soil

Grain

Shoot

Root

T T T 1

0 5000 10000 15000 20000 25000
Nitrogen (mg/kg)
Figure S. Effects of ZnO nanoparticles (nano) and Zn salt in used and new soils on nitrogen concentration in root, shoot, and grain of winter

wheat. Values are means and standard deviations, and different letters on bars indicate statistically significant differences (p < 0.0S) among the
treatments, separately analyzed for root, shoot, and grain (n = 4).

Effects of ZnO Nanoparticles and Zn Salt on the Zn salt tended to reduce shoot N, albeit insignificantly. In
Acquisition of Other Nutrients in Wheat. In the control contrast, there was virtually no difference between the control
plants, more N was accumulated in the grain than in the shoot and the fresh Zn treatments in the new soil (Figure S). In the
or root, regardless of whether the soil was old or new (Figure grain, differences in N concentration were also observed that
5). This suggests a preferential partitioning of N in the grain of were based on Zn soil aging: N translocation to grain was not
wheat plants. Treatment with nanoparticle or ionic Zn did not influenced by Zn in the used soil, whereas in the new soil, grain
dramatically alter N partitioning in the different plant parts N was significantly (p < 0.05) increased by ZnO nanoparticles,
(Figure S). In the root, no effect of Zn was observed on N relative to the control, while a median effect was observed for
concentration in all treatments and regardless of the soil age. In the Zn salt.
the shoot, the plants differed in their N concentration on the As with N, there was a preferential partitioning of P in the
basis of Zn aging in the soil. Residual ZnO nanoparticles and grain, as compared to the root and shoot. Also, significantly
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Figure 6. Effects of ZnO nanoparticles (nano) and Zn salt in used and new soils on phosphorus concentrations in root, shoot, and grain of winter
wheat. Values are means and standard deviations, and different letters on bars indicate statistically significant differences (p < 0.05) among the

treatments, separately analyzed for root, shoot, and grain (n = 4).

New soil (salt)
New soil (nano)
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Figure 7. Effects of ZnO nanoparticles (nano) and Zn salt in used and new soils on manganese concentrations in root, shoot, and grain of winter
wheat. Values are means and standard deviations, and different letters on bars indicate statistically significant differences (p < 0.0S) among the

treatments, separately analyzed for root, shoot, and grain (n = 4).

more P was detected in the shoot than in the root (Figure 6).
These findings indicate high bioaccumulation potential of P in
winter wheat, regardless of whether the soil was used or new.
However, there was no significant effect of Zn treatment on P
accumulation, although slight alterations in average P
accumulation are noticeable in the shoot levels where the
ZnO nanoparticle and Zn salt treatments reduced P contents
by 10% and 18%, respectively, in the used soil. ZnO
nanoparticle reduced P content in the new soil by 15%. The
average grain P content was insignificantly reduced (8%) in the
ZnO nanoparticle treatment relative to the control in the new
soil.

Manganese accumulated in the plants was partitioned to a
greater degree in the shoot, followed by the root, as compared
to the grain (Figure 7). There was no significant effect of soil
history or Zn type on Mn concentration in the root, except for
a slight decrease in the Mn concentration of the ZnO
nanoparticle treatment in the new soil. In the shoot, there were
significant differences in Mn accumulation; both ZnO
nanoparticles and Zn salt inhibited uptake, thereby lowering
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the shoot Mn content in both the new and the used soil
Translocation of Mn from the shoot to the grain was low; in
each soil, the Zn forms showed only a slight but statistically
insignificant reduction in Mn contents.

Nearly all of the Fe associated with the plant was partitioned
in the root, with relatively insignificant amounts translocated to
the shoot and grain (Figure 8). Zn fertilization did not
significantly influence root Fe contents in both used and new
soils. Shoot Fe contents of the treatments in the used soil
indicated statistically insignificant depression of Fe trans-
location from the root by both Zn types, but only the
nanoparticle depressed Fe levels in the new soil. This is in stark
contrast to the effect of Zn salt, where significantly more Fe
(92%) was accumulated by the plant. Grain Fe was largely
unaffected by Zn treatment, although a trend of reduced Fe
content in the presence of Zn in the used soil and an increase
in Fe content in the presence of Zn salt in the new soil were
evident.
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Figure 8. Effects of ZnO nanoparticles (nano) and Zn salt in used and new soils on iron concentrations in root, shoot, and grain of winter wheat.
Values are means and standard deviations, and different letters on bars indicate statistically significant differences (p < 0.0S) among the treatments,

separately analyzed for root, shoot, and grain (n = 4).

B DISCUSSION

This study reports the effects of exposure to residual and fresh
Zn from ZnO nanoparticles and Zn salt on grain yield and
nutrient acquisition in winter wheat. The residual or fresh Zn
in the soils resulted in grain yield enhancement that was
accompanied by minimal effect on the vegetative growth of
wheat, except for modulation of chlorophyll content and shoot
growth in the used soil. The promotion of chlorophyll
production and yield by various doses of ZnO nanoparticles
or Zn salt has been previously reported in grain crops.”>”***
Given these results, enhancement of wheat grain yield may not
be particularly surprising with the fresh Zn exposure. It is,
however, interesting that grain yield is enhanced by the
residual ZnO nanoparticles and Zn salt, considering that
substantial amounts of the bioavailable Zn were removed from
the soil by the preceding crop, 16% and 20%, respectively.” A
previous study with nanoparticle ZnO, bulk ZnO, and Zn salt
evaluated growth and physiological effects of Zn type in soil
previously cropped with bean and tomato and succeeded with
beet and pea;”” the authors reported that ZnO nano/bulk
particles and Zn salt affected plant growth similarly. However,
in contrast to the present study, the prior study did not involve
growing the crops to full physiological maturity, nor was the
effect in the aged soil compared to that in a newly amended
soil. Nevertheless, the result from the previous study for
biomass yield was similar to the present result, with respect to
the effect of Zn type. We noted that a higher grain yield was
obtained in the control used soil, as compared to the control
new soil, which was also reflected in the respective Zn
treatments. This is likely due to the residual contributions of
NPK, and root exudate activity from the preceding fertilization
in the used soil. Nevertheless, the findings demonstrate that Zn
treatment has both residual and immediate effects on wheat
productivity, regardless of whether the original Zn source was
from a nanoparticulate or ionic source. However, considering
the rate of grain increase between the residual (approximately
15%) and fresh (29%) Zn relative to their respective controls,
fresh Zn application was clearly more effective. It should be
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noted that the starting Zn rate in the residual Zn soil was
lower.

The present study enhances our understanding of the
mechanistic aspects of ZnO nanoparticle interactions in plant—
soil systems in that it demonstrates that the ZnO nanoparticles
underwent transformation/dissolution in the soil, as indicated
by the reduction in postharvest soil pH, loss of the
characteristic spectral peak at 374 nm, and increased DTPA-
extractable (hence, soluble) Zn. Dissolution of the nano-
particles then resulted in significant Zn uptake into the plant.
The soil pH after plant harvest was lower than that before
planting, indicating that substances of wheat plant origin,
probably organic acids in root exudates or perhaps plant-
associated microbial activity, were acidifying the soil and likely
facilitating ZnO dissolution. Subsequently, the Zn ion, being a
strong Lewis acid, contributes to acidifying the rhizo-
sphere.”>> This hypothesis of dissolution in the soil is
supported by the studies of Garcia-Goémez et al.”” and Watson
et al,*® both showing that ZnO nanoparticles dissolved at
higher rates in acidic soil. Loss of the ZnO nanoparticle
spectral peak is characteristic of ZnO nanoparticle trans-
formation when exposed in different environments; however,
ZnO nanoparticles do not exclusively transform to dissolved
Zn jons. The loss of the ZnO nanoparticle absorbance peak
may also indicate homo- or heteroaggregation, or trans-
formation to other Zn complexes with soil-borne com-
pounds.'>~"7***>*! The process of ZnO nanoparticle trans-
formation into ions or other structures is highly dependent on
a range of soil properties.”” Importantly, it is unclear at which
point during plant growth were the ZnO nanoparticles lost to
non-nanoscale structures. As demonstrated with the residual
and fresh Zn treatments in this study, the nanoparticle
transformation could be rapid enough to supply Zn to plants in
the immediate term, while at the same time prolonﬁed enough
to provide the nutrient on a longer-term basis.”’ "’ In the
residual scenario, the remnant Zn from ZnO nanoparticles in
soil would most certainly have undergone transformation,
although likely in ways that are different from the fresh ZnO
exposure based on longer weathering time and potential effects
of prior sorghum growth and root exudation on soil pH and
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other soil characteristics. Yet, as was shown, the residual Zn
was present in sufficient bioavailable amounts to yield
significant Zn uptake into the plant tissue, particularly the
grains.

The presence of more soil-residual and plant-associated Zn
in the Zn salt than in the ZnO nanoparticle treatment is
supported by a previous study with similar results.”> However,
nanoparticles are known to serve as reservoirs for continued
ion release. So, where did the Zn ions dissolving from the ZnO
nanoparticles go? It seems probable that while a fraction of the
Zn accumulated in the plant, initially as free Zn ions, some of
the intact nanoparticles would have been sorbed directly onto
soil components®” or perhaps homoaggregated.”' Alternatively,
some fraction would have dissolved and complexed with other
soil components via heteroaggregation or root/microbial
exudates.'”*'7***7 Tt is important to remember that these
processes are all chemical reactions that proceed in both
directions, largely as a function of system conditions. In other
words, a sorbed or complexed fraction may be retransformed
over time, resulting in dynamic reactivity and bioavailability. It
would seem that the higher amount of postharvest soil Zn in
the Zn salt than the ZnO nanoparticle treatment in the fresh
applications is due to the fact that the DTPA extraction used
for detecting Zn is specific for ionic Zn. As such, most
adsorbed or coprecipitated Zn from ZnO nanoparticles might
have gone undetected during measurement. Hence, we see the
differences in the Zn mass balance between the Zn source
(48.8 mg) and the sinks, 37.6 and 17.7 mg, respectively, for Zn
salt and ZnO nanoparticle exposures (Table 3). Clearly, the
overall combined soil—plant Zn mass balance for the salt
treatment is closer to the starting experimental Zn total than
that of the nanoparticle treatment. This suggests two scenarios:
(i) soils treated with Zn salt will contain more immediately
plant-available Zn than soils exposed to ZnO nanoparticles; or
(i) soil exposed to ZnO nanoparticle will contain more
residual and less extractable Zn fractions than those exposed to
Zn salt. However, with aging, this hitherto unextractable Zn
becomes potentially available for subsequent cropping, as
demonstrated in this study with the used soil.

Another important finding from this study is that Zn grain
content of the plants increased significantly when Zn was
provided in fertilizers as ZnO nanoparticles or Zn salt in both
residual and fresh exposures. However, more Zn was associated
with the plant root than with shoot or grain. Munir et al.**
conducted studies involving a higher Zn dose range, 25—100
mg/L, and also reported more Zn from ZnO nanoparticles to
be present in the wheat root than shoot or grain. Taken
together, our findings, which also agree with those of Garcia-
Gomez et al,,” indicate that uptake of added Zn from root to
shoot is not a highly efficient process. However, it should be
noted that a substantial portion of the Zn could be sorbed to
the outer root surfaces, rather than internalized in the plant
tissues, especially in the case of the nanoparticles.15 Never-
theless, our data show subtle differences in the in planta Zn
mobility between used and new soils, as well as between the
controls and the different Zn types. These differences, based
on the ratios of shoot versus root Zn, show higher root-to-
shoot accumulation efliciency of the native Zn in the control
plant (59%) (bioaccumulation factor; BAF 0.59) as
compared to that of residual Zn from ZnO nanoparticles
(BAF = 0.24) and Zn salt (BAF = 0.20). In contrast, in the
new soil, Zn from ZnO nanoparticle fertilization showed a 48%
root-to-shoot accumulation efficiency (BAF = 0.48), while Zn
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from Zn salt had a BAF of 0.30, and the control soil had a BAF
of 0.47. A high Zn BAF, 0.8—2.0, was previously reported for
maize exposed to ZnO nanoparticles, although this was noted
at extremely high exposure levels of 100—800 mg/kg.”’ In the
present study, with the used soil, the higher BAF in the control
versus the Zn treatments may be due to one of several factors:
(i) Zn-starved plants responding to the low-availability Zn
more efficiently; (ii) aging-enhanced precipitation of Zn ions
(following dissolution, in the case of ZnO nanoparticles); or
(iii) a§gregation or sorption of the Zn in the soils at high
rates.”’ That being said, this root-to-shoot bioaccumulation
analysis clearly indicates that ZnO nanoparticles are more
efficient than Zn salt in facilitating root-to-shoot Zn
accumulation, even with a slightly lower starting soil Zn rate
in the case of the used soil. However, a prior study in a
previously cropped aged soil reported similar effects of ZnO
nanoparticles and salt on shoot Zn content of succeeding
crops, beet and pea,” although the levels for each Zn type
were significantly greater than the control treatment only when
the Zn dose was high, 20 and 225 mg/kg.

Still, it is noteworthy that, regardless of the soil’s cropping
history effects on availability and shoot accumulation, when Zn
does get into the shoot from residual or new fertilization, there
is efficient translocation to the grain as measured by the
relevant tissue ratios (grain to shoot Zn). Among the
treatments, subtle differences could be observed between the
soil types as well as between Zn types. In the used soil, Zn
shoot-to-grain translocation efficiencies of 0.53, 1.67, and 1.77
occurred for the control, ZnO nanoparticles, and Zn salt,
respectively. In the new soil, Zn shoot-to-grain translocation
efficiencies were 1.0, 2.1, and 1.5 for the control, ZnO
nanoparticles, and Zn salt treatments, respectively. These
translocation efficiencies indicate that residual Zn from the salt
may be more effective than residual Zn from the nanoparticle
form for fortifying wheat grains with the nutrient, while the
reverse is the case for fresh Zn fertilization, although there is a
slightly higher starting soil Zn rate for Zn salt in the used soil.
Each of these scenarios supports the strong remobilization of
Zn from shoot to grain that has been previously reported in
wheat.*® Also, Garnett and Graham®” reported that 42% of the
total above-ground Zn in the control (no Zn fertilization)
wheat plant is distributed to the grain. This reported grain Zn
rate is comparable to the grain Zn rate in this study in the used
(35%) and new (50%) soils for the control plants. When
compared to the average rates for the ZnO nanoparticles
(65%) and Zn salt (63%), it is evident that providing Zn in
fertilizers increases the rate of Zn-nutrient distribution to the
grain by at least 48%.

Collectively, our findings add to the body of knowledge that
agronomic fortification of cereal or grain crops with Zn
through soil fertilization contributes to the nutritional quality
of the edible plant material. However, a different but associated
concern is whether the grain Zn exists in forms that allow
sufficient Zn to be readily available for trophic transfer to
higher order organisms (in this case, humans and animals).
Data from Figure 4 indicate that the grain Zn may exist mostly
in a form that is not readily bioavailable. Indeed, previous
studies involving exposure of wheat and maize to ZnO
nanoparticles and Zn ions show the nutrient to be present in
the plant shoot and grain tissues mostly as Zn-phosphate, an
insoluble compound with limited mobility.”'>'*"® The Zincon
assay to detect free Zn in grain did not involve acid digestion
of the tissue after grinding, as is done for ICP-OES to detect
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total grain Zn. Thus, little if any modification of the original
state of the grain Zn would be expected. The formation of
other complexes, such as Zn-cysteine, Zn-histidine, Zn-citrate,
Zn-isocitrate, Zn-malate, and Zn-oxalate, upon exposure of
crop plants to ZnO nano{)articles and Zn ions has also been
reported and modeled.'”*' However, it is likely that the wheat
grain Zn in the current study exists as Zn-phosphate because
these organic acid-Zn chelates are quite mobile and thus more
likely to be exchangeable with Zincon. Notably, no color
change was observed when soluble Zn from a Zn-sulfate
solution was reacted with the ground wheat grain, suggesting
that bioaccumulated Zn ions are rapidly complexed by one or
more wheat components, and the stability of the formed
complex appears to be stronger than that between Zn and
Zincon. Assuming that the formation of Zn-phosphate
occurred in the plant rhizosphere as previously suggested,®
sufficient free Zn was still present to be accumulated as ions.
Subsequently, these free Zn ions were likely complexed with P
in the grain. Significant formation of such Zn-phosphate
complexes in the soil would have strongly deterred Zn and/or
P uptake even into the root, because it is highly insoluble. The
high level of root Zn, the efficient shoot-to-grain Zn
translocation, and the high level of grain P all point to the
likelihood of a post-translocation formation of Zn-phosphate
complexes in the grain, as previously shown.’ Considering all
of the findings from the Zincon assay, it can be concluded that
despite Zn uptake from soil and high translocation (Figure 3),
a significant amount of the grain Zn may exist in a form that is
not readily bioavailable for human or animal adsorption.

Not surprisingly, more N and P, two highly plant mobile
nutrients, were associated with above-ground tissues (shoot
and grain) than with the root, similar to our previous finding
with this crop.”” Upon accumulation in the plant, these
nutrients exhibited specific in planta partitioning or distribu-
tion preferences in grain, shoot, or root, and Zn treatment had
little influence on these processes. However, Zn treatment
differently regulated the actual acquisition of these nutrients
from the soil by the crop, dependent on plant tissue, soil Zn
history/aging, and Zn type. For shoot and root nutrient
acquisition, in cases where nutrient acquisition was inhibited,
this was not related to a nutrient dilution effect given that
shoot and root biomasses were largely unaffected by Zn
treatment. However, for grain where yield was improved by Zn
treatment, the additional grain biomass could be contributing
to some dilution in cases where nutrients levels were somewhat
lower than in the controls, such as with P in new soil for the
ZnO nanoparticle; Fe in used soil for both Zn types; and Mn
in both soils for both Zn types. With N, efficient use by crop
plants such as wheat is key to improved productivity, and
critical to this is the degree to which plants are able to
distribute N from soil via the roots to the grain.41 Here, we
show that N is efficiently distributed to the grain by winter
wheat; approximately 62% of all N taken up into the root from
a previously used or fresh soil was preferentially deposited in
the grain. This finding agrees with a previous report on the
partitioning of N in winter or spring wheat cultivars,**! but
disagrees with another report indicating the proportion of
winter wheat grain N to be small relative to total above-ground
N.** Tonic Zn is known to promote shoot N accumulation in
wheat,"* and the effect is dose-dependent.” In the present
study, when ZnO nanoparticles or Zn salt was included in the
fertilization, differences in grain N accumulation were evident,
dependent on soil history and the type of Zn. In the used soil
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that received N in both the preceding and the current cropping
years, Zn had little effect in modulating grain N accumulation.
This contrasts with findings in the new soil that received only
one (the current) N fertilization, where ZnO nanoparticles
strongly increased grain N content. To the best of our
knowledge, this is the first report of grain N stimulation in
wheat upon exposure to ZnO nanoparticles. The Zn rate used
in this study, 6 mg/kg (12 kg/ha), is within the Zn salt range
that increased N accumulation in wheat.” In our previous
studies with other crops, supplementation with ZnO nano-
particles or Zn salt, solely or in combination with other
micronutrients (copper and boron), strongly increased grain N
content in soybean or sorghum.”® The ability of Zn to regulate
N accumulation in plants is related to its role as a potential
ammonification and/or nitrification inhibitor;**** these are
processes that slow N transformation to ammonia and/or
nitrous oxide in the soil, reducing gaseous N losses. The fact
that grain N accumulation correlated with grain yield in the
case of ZnO nanoparticles in the new soil, together with the
trend for higher postharvest nitrate-N and ammonium-N in the
soil with ZnO nanoparticles, may indicate a “nano-specific”
effect that is specific to fresh nano ZnO exposure.

In the case of P, 72% of the total P acquired by the plant was
transferred to the grain. This is comparable to previous reports
in which 73% and 87% of total P in wheat were present in the
grain.‘m’46 However, Peng and Li*” indicated partitioning of P
in wheat may be cultivar-dependent; wherein of four cultivars
studied, two partitioned at least 84% of the total P in the grain,
while the other two only transferred 25%. In the current study,
plant exposure to Zn had no clear influence on the partitioning
of P in the root, shoot, or grain, and there was very little effect
of Zn on the accumulation of P in each of these tissues. The
later result agrees with previous studies where Zn supply had
little effect on both shoot and root P concentrations in wheat
and maize.**™>° However, total P content has been shown to
increase in successive wheat crops due to prior Zn
fertilization.” Nevertheless, a negative interaction is known to
exist between Zn and P that may interfere with their respective
uptake into plants.”’ This has also been observed with wheat,
where Zn salt application reduced both shoot uptake and grain
translocation of P.** In the current study, there was a
statistically weak trend for ZnO nanoparticles and Zn salt to
reduce shoot P content, and for ZnO nanoparticles to reduce
grain P content. Apparently, the interaction between P and Zn
is Zn dose- and, perhaps, crop-dependent, based on studies
with varying nanoparticle and/or Zn salt doses showing
decreased plant P content in different crops.”*** The lack of
Zn treatment effect on soil P in the used soil, which was
opposite to what was observed in the new soil, agreed with the
report of Abbas et al.” where a range of Zn doses had no effect
on the wheat postharvest soil P level. However, we have
previously reported an increase in soil P for sorghum exposed
to ZnO nanoparticles and Zn salt,® which could be related to
the formation of immobile Zn-phosphate complexes with less
leaching potential.'®** On the basis of these contrasting
results, it remains unclear whether lowering of soil P by Zn is
crop-specific, perhaps related to root exudate quantity and
quality.

The effect of Zn fertilization on the accumulation of the
micronutrients Mn and Fe was also evaluated. For Mn,
preferential partitioning in the shoot may be linked to its role
in photosynthesis®* and/or its poor remobilization to the grain
from the shoot.’” Zn treatment did not influence any of these
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processes; however, Mn root-to-shoot uptake was inhibited by
ZnO nanoparticles and Zn salt. This observation was not quite
unexpected, having been demonstrated previously in winter
wheat.>® As discussed, divalent cations such as Zn and Mn
utilize similar uptake pathways in the root, and may interact
competitively, dependent on their respective ratios and
nutritional requirements.2 Here, with no Mn added in the
treatments, Zn exposure allowed out-competition of Mn.
Nevertheless, antagonism between Zn and Mn is not universal;
data have shown that this interaction is Zn/Mn ratio-
dependent and also cultivar- or species-dependent, given that
shoot Mn levels increased under Zn treatment in other wheat
cultivars,” as well as in soybean and s.orghum.7’8 Fe, being
another critical micronutrient, was also evaluated in this study.
Fe was poorly translocated to the wheat shoots from roots,
even to a lesser extent than Zn. Notably, treatment with fresh
Zn salt promoted Fe uptake and grain translocation. Such a
positive interaction between Zn salt and Fe in wheat was
previously reported and shown to be dose-dependent;* at
higher Zn levels, Fe uptake into the shoot was inhibited in
wheat and other crops.”**** Previously, we showed that grain
Fe was also increased by ZnO and Zn salt in sorghum;
however, a strong inhibition of Fe uptake into the shoot by Zn
led to an overall negative effect of Zn on Fe accumulation in
sorghum.® Viewed broadly, the inhibition of shoot Mn
accumulation may impact shoot-specific Mn functions, such
as photosynthesis. However, a concomitant increase in grain
Fe and Zn will be beneficial to plants and humans from a
nutritional perspective.

Collectively, this study has demonstrated that weathered Zn
from ZnO nanoparticles or Zn salt at a low initial Zn exposure,
6 mg/kg, similarly promotes grain yield in wheat, albeit less so
than fresh Zn application. The yield-enhancing effect of Zn
occurred with the dissolution of ZnO nanoparticles in the
wheat rhizosphere of fresh soil, allowing significant increases in
grain Zn content. However, alternative nanoparticle trans-
formation pathways such as aggregation seem likely, affecting
the utility of DTPA Zn extraction in soil. Subtle differences
between the Zn types were evident: more Zn was associated
with the grain from Zn salt than that from ZnO nanoparticles,
irrespective of soil history; however, residual Zn from Zn salt
was more efficiently translocated to the grain than was residual
Zn from ZnO nanoparticles. Conversely, freshly applied ZnO
nanoparticles were a more efficient grain Zn source than
freshly applied Zn salt. Nevertheless, despite large increases in
grain Zn pool, Zn in the grain may exist in a nonfree state,
most likely as Zn-phosphate, thus potentially reducing Zn
bioavailability at higher trophic levels. The freshly applied ZnO
nanoparticles increased grain N content, while freshly applied
Zn salt improved shoot Fe accumulation. The modulation of
nutrient levels in crop plants based on Zn type has broader
implications for both plant and human nutrition, with specific
ramifications related to the use of particular Zn types as
fertilizers. Additional studies on the use of ZnO nanoparticles
in different forms (coatings, sizes, morphologies) should be
undertaken to explore potential pathways for nanoenabled
agronomic fortification and increase understanding of the
bioactive mechanism of functionalized ZnO nanoparticles in
the soil.
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