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Abstract: Zinc (Zn) is a key micronutrient affecting bio-functions of crops. Impacts of foliar appli-
cation of three forms of Zn-containing agrichemicals on the physiology of rice seedlings and their
uptake of heavy metal(loid)s and micronutrients from fully flooded paddy soils were investigated in a
greenhouse study. Rice seedlings 45 days after germination were randomly exposed to an equivalent
amount of 100 mg L~! of zinc oxide nanoparticles (ZnONPs), zinc oxide bulk particles (ZnOBPs),
and zinc salts (Zn?*) through foliar exposure. At termination, rice seedlings were divided into roots
and shoots and the concerned metal contents in plant tissues were determined with an inductively
coupled plasma mass spectrometry (ICP-MS). Our results demonstrated that all Zn agrichemicals
displayed a similar effect on plant growth, but ZnONPs led to the greatest root exudate excretion and
greatest inhibition in arsenic (As) uptake. Foliar application of ZnONPs resulted in 28% less As in rice
shoots while Zn?* only caused a 15% decrease in As accumulation in the same tissues. ZnOBPs had
minimal impact on As concentration in rice shoots. ZnONPs also promoted iron (Fe) and copper (Cu)
uptake in rice shoots, both of which are essential micronutrients for humans. The results suggest that
foliar application of ZnONPs resulted in more favorable outcomes for plant growth and food safety
than other two types of Zn. Overall, our results showed that application of nanoagrichemicals have
important food safety and nutrition implications in addition to their agronomical roles and ZnONPs
could be potentially used to alleviate As uptake and fortify Zn and other essential micronutrients in

rice grains.
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1. Introduction

The projected global population growth to 9.7 billion by 2050 requires an increase in
agricultural production by at least 50% to achieve sustainable food security [1]. Rice is a
staple food for over half of the world’s population. Therefore, enhancing rice productivity
and the nutritional value of rice grains can be an effective strategy to meet the food and
nutritional needs of the world’s population. Applications of nano-enabled agrichemicals
as soil amendments have generated promising results in improving nutrient utilization
efficiency and plant growth [2,3]. Among them, zinc oxide nanoparticles (ZnONPs) have
been investigated as a more efficient nanofertilizer than bulk ZnO particles (ZnOBPs)
or Zn salts [4,5]. Currently, zinc deficiency is a widespread health risk affecting a large
population in developing countries [6,7]. Biofortification of rice grain with Zn through Zn
fertilization is an economical option because rice is a staple food in most countries suffering
from Zn deficiency [8]. ZnONPs can also function as antimicrobial agents at higher con-
centrations [9]. This dual functionality of ZnONPs makes them appealing candidates for
broad applications in agriculture. However, the introduction of nanoparticles or other agri-
chemicals as soil amendments can be costly due to their low utilization rate [7,10]. Direct
applications of nanoparticles as soil amendments can also have unexpected consequences
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because their close interactions with coexisting environmental chemicals can affect the
availability of heavy metals and micronutrients in soil [11]. The observation is consistent
with studies with other types of soil amendments that were found to alter the plant uptake
and accumulation of coexisting toxic heavy metals [12,13]. Contamination of agricultural
soils with various coexisting heavy metals and metalloids is a rising concern that has been
frequently reported [14-16]. Arsenic is particularly concerning due to its carcinogenicity
and widespread presence in rice paddies [17]. Intriguingly, ZnONPs applied to paddy
soil as a soil amendment were shown to lower arsenic (As) concentration in rice shoot
tissues in a lab scale study [18]. In a hydroponic study, ZnONPs were shown to increase the
iron concentration in lettuce (Lactuca sativa L.) shoots by 80% [19], indicating that ZnONPs
applied as a soil amendment may also modify plant nutrient uptake.

However, in almost all previous studies that investigated the impact of nanoparticles
on plant uptake and accumulation of coexisting environmental pollutants or plant nutrients,
nanoparticles were applied through the root exposure [20-22]. While it is common that
nanoagrichemicals are applied as soil amendments [23], this approach can be costly due to
their low utilization rate. Recently, foliar application of agrichemicals has become more
popular due to its lower demand for chemicals and easier application [24]. Previous studies
have shown that different pathways of nanoparticle exposure (e.g., root exposure vs. foliar
exposure) can lead to different phytotoxicity and accumulation of nanoparticles in plant
tissues because of the distinctive physiological and anatomical differences of root and shoot
tissues [25,26]. In general, foliar exposure appears to have less negative impact on plant
growth than root exposure at the same exposure level. For example, ZnONPs introduced
through foliar application improved the growth of cucumber and rice by increasing the
physiological and metabolic functions of plants, while root exposure of the same concen-
tration of ZnONPs caused toxicity [27,28]. Importantly, some nanoparticles introduced to
plants through the foliar application will not directly contact with environmental chemicals
and plant nutrients in soil, therefore, their impact on the availability of these chemicals and
plant nutrients could be markedly different from those introduced through root exposure.
However, few studies have investigated the effects of engineered nanoparticles on the plant
uptake and accumulation of environmental chemicals and plant nutrients after they are
introduced to plants through the foliar application. This knowledge gap in nanoparticles
uptake through the rice leaf surface and their in planta behavior constrict the rational
design for efficient foliar applications of ZnONPs.

Also, ZnONPs are highly soluble and it remains unsettled whether any observed
effects by ZnONPs are due to the dissolved Zn ions. However, elucidating which form
of Zn is beneficial or detrimental to rice performance in contaminated paddy soils is
critical [24]. For example, Zhang et al. in 2018 found that foliar application of ZnONPs
led to greater Zn contents in rice grains than an equivalent amount of Zn salt [29]. The
distribution of Zn in plant tissues was also slightly different. Such differences could affect
rice nutritional values and other minerals in rice grains. The objectives of this study were
to (1): investigate the impact of foliar application of ZnONPs on the physiological health of
rice; (2) determine how foliar application of ZnONPs affect plant uptake and accumulation
of As and cadmium (Cd); and (3) evaluate the impact of foliarly applied ZnONPs on plant
micronutrients uptake. Equivalent amounts of ZnOBPs and Zn salts were introduced to
plants in parallel experiments to generate more insight into the potentially varying impacts
of different forms of Zn agrichemicals.

2. Materials and Methods

Negatively charged ZnONPs (20% by weight, 10-30 nm) were purchased from the U.S. Re-
search Nanomaterials, Inc. (Houston, TX, USA). High purity As(V) (Na,HAsO4-7H,O > 98%)
and zinc sulfate heptahydrate (ZnSO4-7H,0O > 99%) were obtained from Sigma Aldrich
(St. Louis, MO, USA) and Acros Organics (Geel, Belgium), respectively. Cadmium sulfate
(CdSOy4) was purchased from Fisher Scientific, Inc. (Pittsburgh, PA, USA). Standard solu-
tions of As, Zn, iron (Fe), and copper (Cu) (10,000 ppm in 3% nitric acid) for inductively
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coupled plasma mass spectrometry (ICP-MS) were obtained from RICCA Chemical Co.
(Arlington, TX, USA).

2.1. Characterization of Zinc Oxide Nanoparticles (ZnONPs)

The size and shape of the ZnONPs were fully characterized in our previous study
using a Tecnai G2 F20 transmission electron microscope (TEM) [19]. These nanoparticles
are primarily spherical, with some triangular and irregular-shaped ZnONPs observed at
low percentage. The mean diameter of the primary nanoparticles was around 68.1 nm,
ranging from 15 to 137 nm. ZnONPs underwent substantial aggregation in solution and the
hydrodynamic diameter increased to 621.08 + 7.63 nm in 100 mg L~! deionized water as
measured by dynamic light scattering (DLS) (Delsa Nano C, Beckman Coulter Inc., Miami,
FL, USA). The zeta potential was about —28.80 & 2.04 mV.

2.2. Soil Preparation

Raw soil was randomly collected from six points of a rice paddy at Beaumont, TX.
Coarse organic materials and other large pieces of debris were handpicked first. The
cleaned soil was then air-dried for six days at 35 °C. The dried soil was sieved through a
2 mm sieve following a previous study [30]. The essential physicochemical characteristics
of the soil can be found in the same study. The soil was classified as a league clay soil (65.2%
clay, 4.3% sand, 30.5% silt, and ~1.76% of organic matter) according to the U.S. Department
of Agriculture (USDA) guideline [30]. The pH of the soil was around 5.5 measured in a
1:2.5 (v/v) soil to water suspension.

The background concentrations of As, Cd, and Zn in the soil were quantified with an
ICP-MS (Perkin Elmer mod. DRCII, Waltham, MA, USA) after acid digestion. Briefly, three
replicates of the soil samples (100 g) were randomly selected and oven-dried for 72 h at
85 °C. One gram of soil subsample was acid digested (4 mL HNO3 and 2 mL H,O,) in a
50 mL tube using DigiPREP MS hot block digester (SCP science, Quebec, Canada) at 95 °C
for 8 h. After being cooled to room temperature, the digested solutions were centrifuged
(6000 g) for 10 min and filtered through 0.45 um membrane filters. The target elements in
the supernatant were then analyzed by ICP-MS. The background concentrations of As, Cd,
and Zn were 1.76,0.13, and 17.4 mg Kg~!, respectively.

2.3. Experimental Setup

After the preparation and characterization of the soil, a fresh solution of As and
Cd salts was added to the soil to a level of 5 mg kg~! As and 1 mg kg~! Cd to mimic
the average As and Cd concentrations in agricultural soils in the U.S. More details on
the preparation of the soil were described in our earlier publication [18]. We used the
same concentration of As and Cd as in our previous study so that comparisons could
be made between the two different exposure pathways of ZnONPs with regard to their
impact on the fate and accumulation of As and Cd in rice paddies. Approximately 500 g
of contaminated soil was added to each pot (25 x 8.5 x 8.5 cm?). Afterward, each pot
was soaked with 2 cm standing tap water above the soil surface for 48 h to condition
the soil for the rice seed germination. The seeds (Oryza sativa L.) were provided by the
Texas A&M AgriLife Research Center at Beaumont. The seed’s surface was sterilized using
30% H,O; for about 15 min and carefully rinsed with deionized water [31]. The sterilized
seeds were then gently placed about 1 cm below the soil surface for germination. Once
the seedlings started growing, tap water was used to replenish the evapotranspiration
daily to maintain about 2 cm of water above the soil surface. During the growth period,
pots were randomly rearranged every other day to minimize the impact of light shading.
The ambient temperature in the growth chamber was about 28~30 °C. The seedlings were
exposed to fluorescence light with a 6 h/8 h light/dark cycle for 1.5 months before the
foliar treatments.

The plant seedlings were randomly subjected to three targeted foliar applications of
100 mg L~! Zn agrichemicals in the form of (i) ZnONPs, (ii) ZnSOy, and (iii) ZnOBPs. A
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control treatment with DI water was also prepared. The Zn concentration was chosen
due to its potential effects on the reduction of heavy metal uptake and higher biomass
production in rice [32]. Foliar applications on each treatment were conducted twice with
two weeks interval. During the course of treatment, the soil surface was fully covered
with a plastic film to avoid the entrance of Zn into the soil. In each application, a %
gallon polyethylene hand-held sprayer was used to spray approximately 1 L of premade
solution to each treatment (n = 3) before reaching the dripping point [10]. The solutions
of ZnONPs and ZnOBPs were ultra-sonicated for 30 min before spraying [32]. After the
second application, plants were allowed to grow for another 14 d before harvest. After the
termination, the roots were gently rinsed by DI water, and the rice plants were separated
into shoots and roots. The biomass was oven-dried at 75 °C for 72 h for further analysis of
the total As and Cd and micronutrients of copper (Cu), Fe, and Zn.

2.4. Total As, Cd, Cu, Fe, and Zn Analysis in Plant Tissues

The total uptake of As, Cd, Cu, Fe, and Zn in rice tissues was quantified after strong
acid digestion in compliance with EPA protocol 3050b. Briefly, 0.65 g of dried biomass of
shoots and 0.3 g of roots were digested into a 50 mL digestion tube by 3 mL 70% H;NOs3
W/W acid and 2 mL HyO, 30% (Certified ACS) for 10 h at 95 °C on a DigiPREP MS hot
block digester (SCP Science, Clark Graham, Canada) [33,34]. The total concentration of
metals in each treatment was measured by ICP-MS (PerkinElmer mod. DRCII, Waltham,
MA, USA).

2.5. Soil Organic Content by Loss-on-Ignition (LOI)

Five grams of homogenized and sieved (1 mm) soil sample (n = 3) was weighed
into pre-weighed 55 mm porcelain crucibles. They were then placed in an oven at 110 °C
overnight. After full dehydration, the dried samples were ground and 2 g of sample was
weighed. The oven-dried samples were subsequently placed in a muffle at 550 °C for 4 h
and cooled down in a desiccator. The combusted samples were weighed again. The weight
difference was considered as the total soil organic content as shown by Equation (1) [35].

where SOC is the soil organic content (g g~!); DW refers to the weight of the sample at
110 °C plus the weight of crucible (g); W, is the weight of the porcelain crucible (g); and
CW is the cumulative weight of the calcinated sample and the crucible (g).

2.6. Statistical Analysis

Data acquired on elemental concentrations of Zn, Fe, As, Cd, and Cu in dry root
and shoot tissues as well as associated biomass and soil organic materials were processed
using Minitab 18 Statistical Software (Minitab Inc., State College, PA, USA). Through the
one-way ANOVA, the mean data differentiation between treatments was analyzed, assisted
by Tukey’s post hoc test at significance level 5% (p < 0.05).

3. Results and Discussion
3.1. Biomass

The shoot height, root length, and shoot biomass were all unaffected by the foliar
treatment with Zn-containing agrichemicals (Figure 1). However, the dry weight of root
biomass was significantly increased by 100, 66, and 64% after treatment with Zn%*, ZnONPs,
and ZnOBPs, respectively, compared to the control. The differences between the three
Zn agrichemicals were not statistically significant. The greater effect of Zn salt on rice
growth might be due to its easier and faster assimilation into plant tissues that increase the
photosynthesis, leading to rice growth. Previous research has shown that sprayed ZnONPs
and ZnOBPs are mostly retained in the waxy layer of plant leaves [10].
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Figure 1. Elongation and dry biomass of Oryza sativa L. tissues treated with 100 mg L~ of Zn salt, ZnONPs, and ZnONPs.
(A) Shoot height, (B) Root length, (C) Shoot dry biomass, (D) Root dry biomass. Each column represents the mean value of
three replicates (n = 3) and the error bars indicate standard deviation. Different letters above the bars indicate significant
differences (p < 0.05).

While the net photosynthesis rate and chlorophyll contents are common indicators
of plant physiological health, we instead determined the potential formation of photosyn-
thates and the release of exudates by quantifying the soil organic carbon (SOC) in soil
(Figure 2). Consequently, higher SOC could have affected the activity of soil microorgan-
isms and the bioavailability of soil-borne heavy metals and micronutrients. Compared with
the control, ZnONPs significantly increased the SOC while Zn?* significantly decreased the
SOC. These differences were attributed to the differences in the excretion of root exudates
and, potentially, the different net photosynthesis rates because root exudates are considered
as part of the surplus carbon from photosynthesis [36].
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0.1 r
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0.02
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Figure 2. Soil organic content (SOC) in soil pots of each treatment. The letters above each mean data
bar indicate that statistical differences were found by the post hoc test (p < 0.05).
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3.2. Arsenic and Cadmium

The foliar application of different Zn-containing agrichemicals affected the As accu-
mulation in rice tissues differently. ZnONPs and Zn salt significantly lowered the total
As accumulation by 28 and 15% in rice shoots but did not affect the total As in rice roots
(Figure 3). In contrast, ZnOBPs did not affect the total As in rice shoots but significantly
elevated the total As in rice roots by approximately 40%, compared to the control. None
of the Zn agrichemicals affected Cd in plant tissues through foliar treatment (Figure 4).
However, the Cd level in roots was slightly higher in cultivars exposed to ZnONPs, com-
pared to the control. We found in our previous study that the application of ZnONPs
through root exposure simultaneously reduced (p < 0.05) both As and Cd accumulation in
rice shoots, while Zn?* only decreased As concentration in rice shoots but increased Cd
concentration in rice shoot by 26.8% [18]. This study agreed with the previous study that
ZnONPs and Zn?* affected the plant uptake and accumulation of coexisting heavy metals
differently. Furthermore, it was found that the particle size of ZnO particles played a role
in the interactions of plants and co-occurring heavy metals. The significantly higher As in
both rice roots and shoots following ZnOBPs treatment was noticed, but the underlying
mechanism of ZnOBPs for its stronger effect was unknown. The relatively unaffected Cd
by foliar Zn spray was understandable because the bioavailability of Cd to rice is primar-
ily governed by the redox potential in rice paddies. Cd is more bioavailable in aerobic
conditions because Cd is primarily in the form of Cd?* in aerobic conditions, but it forms
insoluble cadmium sulfide (CdS) in the anaerobic environment. In this study, an anaerobic
environment was largely maintained by the standing water above the soil surface. There-
fore, Cd bioavailability to rice seedlings was unaffected by the Zn-containing agrichemicals
applied foliarly. The relatively higher Cd in plant tissues in this study than in our previous
study might have resulted because 2 cm standing water was not adequate to maintain a
totally anaerobic environment in the soil. Importantly, this study showed that different
pathways of exposure of agrichemicals affected the fate and plant accumulation of various
heavy metals differently. Therefore, the food safety implication should be considered when
the different pathways of agrichemical applications are considered.
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7 300 f T
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Figure 3. Total arsenic in rice shoots and roots treated with 100 mg L™! of Zn, ZnOBPs, and ZnONPs through foliar
exposure. (A) The total As in rice shoot and (B) root tissues. Each column represents the average of three replicates (1 = 3).

Error bars represent standard deviation. The letters above each bar show statistical grouping.
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Figure 4. The mean concentration of cadmium content in rice cultivars under foliar application of 100 mg L~! of Zn, ZnO
bulk, and ZnONPs. (A) The total Cd in shoot tissues and (B) in root tissues. The species were randomly selected for the
experiment (1 = 3). The letters above each column indicate statistical significance. Error bars indicate standard deviation.

3.3. Micronutrients

In addition to evaluating the impact of foliar application of Zn agrichemicals on
heavy metals, we also investigated how the foliar exposure to Zn-containing agrichemi-
cals affected plant micronutrient uptake due to their key roles in maintaining the plants’
physiological health. Figure 5 shows the plant uptake of Fe in rice roots and shoots from
different treatments. ZnONPs and Zn?* significantly enriched Fe in rice shoots by 71 and
48%, respectively, compared to the control. Interestingly, the Fe concentration in rice roots
was significantly increased by ZnOBPs, while the other two Zn agrichemicals did not show
a significant impact on the Fe concentration in plant roots. In combination with the Fe
concentration in rice shoots, it appeared that foliar application of different Zn agrichemicals
affected iron transport from roots to shoots. Similar observations on the effects of ZnONPs
on promoting the Fe uptake were reported in an earlier study [37] and the positive corre-
lation between total nitrogen content and the Fe concentration in plant shoots suggests
that the promoting effects of ZnONPs on Fe concentration might have led to higher plant
photosynthesis efficiency. The observation is consistent with the greater root exudates from
ZnONP-exposed rice seedlings, Figure 2.

300 50,000
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200 | b A
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% ‘ @ 20,000 |
RL00: 1 15,000 |
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Figure 5. Total iron uptake from soil in rice plants under different treatments. (A) Fe level in rice shoots and (B) roots from
different treatments. Reported data are the mean values of three replicates (1 = 3). Different letters above each bar indicate
significant differences. Error bars indicate standard deviation.

Another micronutrient we examined was Cu, an essential metal cofactor in activating
many photosynthesis enzymes and respiratory processes [38]. As shown in Figure 6, the
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accumulation of Cu in both roots and shoots was significantly promoted by the foliar
application of ZnONPs and ZnOBPs, while Zn?* showed limited impact on the Cu content
in both rice roots and shoots, compared to the control. ZnONPs increased the Cu concen-
tration in rice shoots and roots by 5 and 8%, respectively, and ZnOBPs increased the Cu
concentration in rice shoots and roots by 6 and 2%, respectively.
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Figure 6. Total concentration of copper in rice. (A) Rice shoots and (B) rice roots from different treatments (Zn, ZnO bulk,
ZnONPs, and control). The reported values are the mean of three replicates. Error bars stand for standard deviation and
letters above each bar designate grouping of statistical differences (p < 0.05).

As expected, the application of Zn-containing agrichemicals to rice cultivars signif-
icantly increased the Zn concentration in plant shoots, and significant differences were
observed between different forms of Zn (Figure 7). ZnONPs, ZnOBPs, and Zn?* increased
the total Zn content in rice shoots by 16-, 14-, and 12-fold, compared with the control.
The Zn element might be primarily absorbed in the wax layer of leaves, but previous
studies have shown that Zn?* and possibly ZnONPs can enter into the leaf matrix through
stomata [10]. Most likely, the size is a limiting factor in the diffusion of ZnOBPs through
the stomata (19.1 to 71.5 um) [39], which only allows particles of sizes smaller than its
opening to pass through. Surprisingly, the foliar application of ZnONPs and ZnOBPs led
to substantially higher Zn in rice roots, while the root tissues from Zn?*-treated seedlings
had minimal Zn. This observation may be explained by the incorporation of Zn?* into the
structure of macromolecules through different complexation processes once it enters into
the shoot biomass, while ZnONPs and ZnOBPs were less available to complex with other
molecules and were transported down to the roots from the phloem. Previous studies have
shown that cerium oxide nanoparticles (CeO;NPs) were transported down from shoots to
roots through the phloem [40].
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Figure 7. The average concentration of Zn in (A) rice shoots (B) rice roots exposed to foliar treatments of Zn2*, ZnOBPs, and
ZnONPs. The reported values are the average of three replicates. Error bars designate standard deviation. Letters above the
bars indicate the grouping of statistical significance.



Agriculture 2021, 11, 505 9of 11

In summary, our study showed that foliar application of Zn-containing agrichemicals
will not only affect the physiology of rice seedlings but will also affect the plant uptake of
heavy metals and micronutrients from the soil. The effect differed between different forms
of Zn agrichemicals and between different pathways of applications. The concentration of
Zn in rice shoots was highest from the ZnONP treatment, which also resulted in lowest
As accumulation in rice shoots. Overall, our results showed that ZnONPs displayed
a more favorable outcome than other two forms of Zn in promoting plant physiology,
inhibiting plant accumulation of toxic heavy metal(loid)s, and promoting the uptake of
essential micronutrients. Future studies should explore how different concentrations of
Zn nanoagrichemicals would affect these various aspects of plant health and food safety
differently and how these consequences could be affected by the properties of paddy
soil, water management, and nutrient management practices. In an era of exponential
population growth, nanotechnology may be one of the most important tools to achieve
adequate safe and nutritious food effectively and economically. Detailed studies on the
speciation of foliarly applied ZnONPs and other forms of Zn in plant tissues using more
advanced techniques such as X-ray diffraction spectroscopy (XRD) will shed more light on
the impact of ZnONPs on rice growth and the nutritional values of rice grains.
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