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Abstract: Continuous cropping of rice (Oryza sativa L.) and wheat (Triticum aestivum L.) deplete
soil fertility and reduce crop productivity as well as zinc (Zn) concentrations in rice grains and
straw. Low Zn concentrations in rice grains have a negative impact on human health, while low
Zn concertation in rice straw creates a nutritional problem for animals. The current high yielding
rice varieties and hybrids remove large quantities of Zn from the soils, lowering the residual
concentrations of soil Zn for the subsequent crop (e.g., wheat). Field experiments were conducted
on farmers field in Malakand with the objective to evaluate the impact of various combinations
of phosphorus (0, 40, 80, and 120 kg ha−1) and Zn levels (0, 5, 10, and 15 kg ha−1) on biofortification
of Zn in grains and straw of rice genotypes [fine (Bamati-385) vs. coarse (Fakhre-e-Malakand and
Pukhraj)]. The results revealed that Zn biofortification in rice genotypes increased with the integrated
use of both nutrients (P + Zn) when applied at higher rates (80 and 120 kg P ha−1, and 10 and
15 kg Zn ha−1, respectively). The biofortification of Zn in both grains and straw was higher in the
coarse than fine rice genotypes (Pukhraj > Fakhre-e-Malakand > Basmati-385). It was concluded from
this study that the application of higher P and Zn levels increased Zn contents in rice parts (grains
and straw) under the rice-wheat system. We also concluded from this study that Zn concentrations in
rice grains and straw are influenced by plant genetic factors and Zn management practices.

Keywords: rice; genotypes; zinc; biofortification; P x Zn interaction; rice-wheat system

1. Introduction

Rice is the seed of the cereal (grass) species Oryza sativa (Asian rice) or Oryza glaberrima (African rice).
Rice is the most widely consumed staple food for a large part of the world′s human population, especially
in Asia. Rice has the third-highest worldwide production (741.5 million t in 2014), after sugarcane
(1.9 billion t) and maize (1.0 billion t) [1]. Rice is the staple food crop in the diet of about one-half of the
world’s population and provides 35–60% of the dietary calories consumed by nearly more than three
billion people [2] and this number will increase to 4.6 billion people by 2050. The current production of
rice must increase from 520 million t today to at least 880 million t by 2025. It is necessary to produce
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about 60% more rice than what is currently produced to meet the food needs of a growing world
population in 2025 [3].

Zinc is absorbed by plants as a cation (Zn2+) and P is taken up by plants as a phosphate anion
(H2PO4

−1 or HPO4
−2). These cations and anions attract each other, which facilitates the formation

of chemical bonds that can form within the soil or the plant. If excess P binds a large quantity of
Zn normally available to the plant, the result can be a P-induced Zn deficiency [4]. This generally
results in reduced shoot Zn concentration and reduced rice growth [5]. Zinc deficiency is one of the
most critical global health problems that affects nearly one-third of the world human population [6–8].
Many different types of diseases in humans due to Zn deficiency are reported by many researchers [9–13].
The diseases in humans due to Zn deficiency result in big economic loss each year [14–16].

Zn deficiency is a chronic problem among human populations under cereal-based (e.g., rice-wheat)
system [4,5,17–20]. The total number of people estimated to be placed at a new risk of zinc deficiency by
2050 is 138 million. The global burden of disease attributed to zinc deficiency is high, with greater than
100,000 deaths per year from diarrhea and pneumonia in children younger than five years attributable
to zinc deficiency.

As Zn deficient soils are widespread in subtropical areas such as India, Pakistan, Latin America,
and Turkey [20] mostly due to the rice-wheat system [5]. Therefore, to get good quality rice (higher Zn
concentration in rice grains), special consideration should be given to balance Zn content in soil [5,21,22]
to increase its bioavailability in rice grains [20]. The recent high yielding rice varieties and hybrids
remove large quantities of Zn from the soils and, therefore, the residual concentration of Zn in the soils
for the succeeding crops grown after rice declines [5,23]. Our recent publication [5] confirmed that the
coarse rice genotypes (Pukkhraj and Fakhr-e-Malakand) took more Zn from soils than the fine rice
(Basmati-385) genotype. We suggested from our study that growing wheat after high-yielding coarse
genotypes need more Zn application [5] than that grown after the fine rice genotype. The study of [24]
revealed that an increase in air CO2 also reduces Zn content in the soils.

Research indicates that Zn deficiency in soils can reduce yield by 40% without the crop showing
any Zn deficiency symptoms. The deficiency of Zn in humans is due to growing crops on infertile lands
or by the excessive consumption of rice that is inherently low in available Zn [25]. Different soil types
including calcareous, heavy clay, alluvial, and sandy soils are low in Zn. Soils low in organic matter and
in high pH have Zn deficiency problems. Zinc availability is also reduced by waterlogging and soils
where root growth is restricted. Cool wet weather, low light intensity, or high soil nitrogen, phosphorus
or copper may intensify the deficiency of Zn in the soils. The soil Zn deficiency reduced both grain
yield and quality and may lead to human Zn deficiency, especially in poor countries where foods are
mainly cereal-based and deficient in animal proteins [19,26]. A large consumption of cereal-based
foods in developing countries under the cereal-based system [4,5] having a low Zn bioavailability
(Timmer, 2014) is the major reason for declining human health [19].

Zn availability for plant uptake from the soil is affected by the concentrations of other nutrients
especially phosphorus [5], the properties of the soils [27,28], environmental conditions [29], and water
availability [30,31]. Application of Zn is very important for crops because it activates different
enzymes [32] that promote plant growth [4,30] and improves yield [17,33]. Increasing grain Zn
concentration of rice represents an important challenge to be met by (1) breeding and (2) fertilizer
application [34]. Maintaining a sufficient concentration of Zn in the Zn-deficient soils is important to
achieve desirable Zn concentrations in grains for the improvement of human nutrition [19]. There is a
lack of research studying the integrated use of Zn and phosphorus (P) levels on Zn biofortification
in grains (important for human health) and straw (important for animal health) of rice under the
rice-wheat system. Therefore, this research was designed with the objective to investigate the impact of
different rice genotypes and various levels of Zn and P on Zn-biofortification in rice grains and straw
under the rice-wheat system.
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2. Materials and Methods

2.1. Experimentation, Location, and Soil Information

A field experiment was conducted to investigate the impact of zinc (Zn) and phosphorus (P)
levels on the biofortification of Zn in the straw and grains of three rice (Oryza sativa L.) genotypes (G)
under the rice-wheat system on a farmers field at Batkhela, Malakand in Northwest Pakistan for two
years (Y) during 2011 to 2012 (year 1) and 2012 to 2013 (year 2). Batkhela is located at 34◦ 37′ 12.00′′ N
and 71◦ 58′ 12.00′′ E in DMS (degrees minutes seconds) or 34.6167 and 71.9714 (in decimal degrees).
The soil of the experimental site is clay loam, slightly alkaline in reaction (pH = 7.3), non-saline
(ECe = 1.02 dS m-1), moderately calcareous in nature (CaCO3 = 7.18%), low in soil fertility containing
less organic matter (0.71%), extractable P (5.24 mg kg−1), total N (0.51%), exchangeable potassium
(AB-DTPA) of 71 (mg kg−1), and Zn (0.93 mg kg−1). Weather data for the experimental period are
given in Figure 1.
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Figure 1. Rainfall and temperature data at the experimental site for the two growing seasons of the
rice-wheat cropping system.

2.2. Factors and Their Levels Used in the Study

The experiment consisted of three factors and their levels. Factor A: three rice genotypes
(Basmati-385, F-Malakand, and Pukhraj), factor B: four P levels (0, 40, 80, and 120 kg ha−1), and factor
C: four Zn levels (0, 5, 10, and 15 kg ha−1).

2.3. Experimental Design Used in the Study

The experiment was conducted in a randomized complete block design with a split-plot
arrangement using three replications. The combination of factor A (three rice genotypes) and
factor B (four P levels) were allotted to main plots, while factor C (four Zn levels) were allotted to
subplots. A sub-plot size of 12 m2 (3 × 4 m) having 300 hills per subplot, and a hill to hill distance of
20 cm apart was used.

2.4. Fertilizers Application

A uniform dose of 120 kg N ha−1 of urea and 60 kg K2O ha−1 (SoP (sulfate of potash) or MoP
(muriate of potash)) was applied to all treatments. All potassium, phosphorus (triple superphosphate),
and Zn (zinc sulfate) were applied at the time of transplanting, while nitrogen was applied in two
equal splits i.e., 50% each at transplanting and 30 days after transplanting. The amount of sulfur was
maintained constantly in the Zn applied plots by adding additional sulfur using SOP. All subplots were
separated by approximately 30 cm ridges to stop the movement of water/nutrients among different
treatments. Water to each treatment was separately applied from the water channel.
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2.5. Determination of Zinc Concentrations in Grains, Straw, and Rice Plants

After rice harvesting, Zn concentrations in rice grains (without husk), straw, and plants in each
treatment were determined according to the standard procedures used by [35].

2.6. Statistical Analysis

Data recorded on Zn concentration in different parts of the rice crop were subjected to analysis of
variance (ANOVA) according to the methods described for randomized complete block design with
split plot arrangement combined over the years [36], and means between treatments were compared
using an LSD (least significant difference) test (p ≤ 0.05).

3. Results and Discussion

3.1. Significant and Non-Significant Data

Zinc concentrations in rice grains were significantly affected by P and Zn levels, genotypes,
and years (Table 1). All interactions, except Y × P and P × Zn × G, were found significant for Zn
concentrations in rice grains (Table 1). Zinc concentrations in rice straw were significantly affected by
P and Zn levels (Table 1). Genotypes, years, and all interactions except Y × Zn, P × Zn, and Zn x G
were found significant for Zn concentrations in rice straw (Table 1).

Table 1. Analysis of variance for the amount of zinc (Zn) content in rice grains and straw (mg kg–1)
in rice genotypes (fine vs. coarse) as affected by P and Zn levels at Batkhela, Malakand during the
summer of 2011 (year one) and 2012 (year two).

Source of Variance Degree of Freedom Zn in Grains Zn in Straw

Years (Y) 1 *** ns
Rep. (within years) 4 *** ns

Genotypes 2 *** ns
Y × G 2 * ns

Phosphorus (P) 3 *** ***
Y × P 3 ns ns
P × G 6 ** ns

Y × P × G 6 ns ns

Pooled Error-I 44

Zinc (Zn) 3 *** ***
Y × Zn 3 *** ***
Zn × G 6 ** **

Y × Zn × G 6 ns ns
P × Zn 9 *** ***

Y × P × Zn 9 ** ns
P × Zn × G 18 ns ns

Y × P × Zn × G 18 ns ns

Pooled Error-II 144

Total 287

CV of main plots 6.1 4.8
CV of sub-plots 6.4 3.9

where: ns stands for non-significant, while *, **, and *** stand for significance at the 5, 1, and 0.1% levels of probability.

3.2. Effect of Phosphorus Levels on Zinc Concentrations in Rice Grains and Straw

The two-years mean data indicated that maximum Zn concentrations in rice grains (20.04 mg kg−1)
were observed with the application of 120 kg P ha−1, while minimum Zn concentrations in grains
(16.32 mg kg−1) was observed in P control plots (Table 2). Table 2 also indicated that maximum Zn
concentrations in rice straw (21.89 mg kg−1) was observed with 120 kg P ha−1 being on par with
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80 kg P ha−1 (21.60 mg kg−1). The minimum Zn concentrations in rice straw (19.72 mg kg–1) were
recorded with 40 kg P ha−1 being on par with P control plots (19.77 mg kg−1). The present results
demonstrated that Zn concentrations in rice grains and straw were increased with the application
of higher P levels (80 and 120 kg P ha−1). In contrast to our results, [37] stated that P application
resulted in the decline of Zn in both shoots and roots. The discrepancies between our results and
those of [37] could be due to the differences in genotypes used, the soil and environmental conditions.
We used two coarse rice genotypes that took more Zn from the soil and it increased with an increase in
P level. Moreover, we conducted the experiment in a remote area (Malakand) in a farmer’s field where
both P and Zn were deficient, and so the application of higher P levels improved leaf area index [33],
dry matter partitioning into various plant parts [31], and increased yield and yield components (data
not shown) thus resulted in higher Zn uptake by the rice plants. Increasing the accessibility of rice
to phosphorus in the growth medium can bring Zn deficiency in plants by changing soil and plant
factors, however, little is known about the exact mechanisms.

Table 2. Zinc concentrations in rice grains and straw (mg kg−1) of rice (average over three genotypes)
as affected by phosphorus levels.

Phosphorus
(kg P ha−1)

Grains Zn Content (mg kg−1) Straw Zn Content (mg kg−1)

2011 2012 Mean 2011 2012 Mean

0 15.33 17.31 16.32 d 19.54 20.00 19.77 b
40 16.86 19.25 18.05 c 19.41 20.04 19.72 b
80 18.22 19.50 18.86 b 21.78 21.43 21.60 a

120 19.99 20.09 20.04 a 21.94 21.83 21.89 a

LSD0.05 0.29 0.26 0.33 0.31 0.26 0.32

Means of the same category followed by different levels are significantly different at the 5% level of probability
using the LSD test.

3.3. Effect of Zinc Levels on Zinc Concentrations in Rice Grains and Straw

The mean of two-years data indicated that the maximum Zn concentrations in rice grains
(22.31 mg kg−1) were recorded with 10 kg Zn ha−1 (Table 3) being on par with 15 kg Zn ha−1

(22.22 mg kg−1). Minimum Zn concentrations in grain (8.03 mg kg−1) were recorded in Zn control
plots (Table 3). In the case of rice straw, maximum Zn concentrations in straw (24.57 mg kg−1) were
recorded with 15 kg Zn ha−1. Minimum Zn concentrations in rice straw (12.51 mg kg−1) were recorded
in zinc control plots (Table 3). Application of higher Zn levels (10 and 15 kg Zn ha−1) increased
Zn concentrations in both rice grains and straw. Likewise, [38] reported that Zn concentrations in
rice grains and straw improved considerably while rising the Zn level up to the maximum level of
15 kg Zn ha−1. An increase in grain Zn concentration was also reported with the supplementation of
the rice crop with Zn fertilizers [39,40]. Zn concentrations as well as its uptake in rice shoots followed
a cubic response, but in grains the response was quadratic, and the concentrations and uptake of Zn in
shoots were higher with the application of 120 mg Zn kg−1. In our study, we noticed that the grains
Zn concentrations were lower than the shoots’ Zn concentration [41]. Zinc contents in rice plants
reduced quadratically with the passage of time [42]. They reported that the Zn content in rice shoots at
19 days after sowing was 40 mg kg−1 and reduced to 26 mg kg−1 at maturity. The reduction in Zn
contents in rice plants with the progression of plant age is related to an increase in shoot dry weight
and the decline in Zn content in annual crops was due to the dilution effect [43]. High Zn application
produced a considerable improvement in Zn uptake and Zn contents in shoots, regardless of genotype.
Few researchers [44–46] are of the view that soil application of Zn had a very little increasing effect on
Zn concentrations of brown rice, while foliar Zn application caused greater increases. In the case of the
maize crop, [33] reported improvement in growth and yield was observed due to foliar Zn applications
especially under water stress conditions. According to [47], the combined application of foliar + soil is
superior for both grain yield and grain Zn intake. On the other hand, rice grown under Zn deficient
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soils not only reduced growth [30] and dry matter partitioning [4], but also reduced yield and yield
components (data not shown) and had poor nutritional quality in terms of low Zn concentrations in
both grains and straw. Likewise, [48] reported that rice grain yield and quality was reduced in Zn
deficient soils.

Table 3. Zinc concentrations in rice grains and straw (mg kg−1) of rice (average over three genotypes)
as affected by zinc levels.

Zinc
(kg Zn ha−1)

Grains Zn Content (mg kg−1) Straw Zn Content (mg kg−1)

2011 2012 Mean 2011 2012 Mean

0 8.42 7.64 8.03 c 12.87 12.15 12.51 d
5 19.36 22.06 20.71 b 21.67 22.87 22.27 c
10 21.45 23.18 22.31 a 23.39 23.87 23.63 b
15 21.18 23.27 22.22 a 24.73 24.41 24.57 a

LSD0.05 0.27 0.25 0.28 0.25 0.26 0.24

Means of the same category followed by different levels are significantly different at the 5% level of probability
using the LSD test.

3.4. Differences in Zinc Concentrations in Grains and Straw of Coarse vs. Fine Rice Genotypes

Among the three rice genotypes under study (Table 4), the coarse genotype “Pukhraj” the hybrid
rice, had more Zn in their grains (18.89 mg kg−1), followed by another coarse genotype, F-Malakand
(18.29 mg kg−1), while the minimum Zn concentrations in grains (17.78 mg kg−1) was recorded for
the fine rice genotype “B-385”. Interestingly, the increase in Zn concentration in rice grains showed a
positive relationship with grain yield in this study. However, no significant differences in straw Zn
concentrations were observed in the three rice genotypes under study (Table 4). In a screening study
including about 1000 rice genotypes by [49], it has been found that there was a significant difference in
the grains’ Zn concentrations in different rice genotypes (e.g., 13.5–58.4 mg Zn kg−1). The increase in
Zn uptake by rice genotypes could be attributed to the difference in the availability of Zn in the root
zone [50]. The greater bioavailability of Zn in the grains of rice is a nice-looking and valuable strategy
for solving the Zn deficiency related to health problems globally [51,52]. In the case of wheat crops, [53]
found that genotype H6712 was the most tolerant of Zn deficiency, followed by M19, and then X13.
Specifically, the genotype H6712 had the highest Zn uptake efficiency among the three wheat genotypes
under study. Reference [54] stated that some genotypes had the potential to extract Zn from soil pools
that are not freely available. According to [55], high grain Zn uptake by rice genotypes is considered
a good quality factor that could increase the nutritional value of the grains for humans. According
to [56,57], genetic differences in rice genotypes exist in terms of Zn content, and the higher Zn content
in rice grains is very important for human health [17,58,59]. The development of crop genotypes
with greater capacity to attain greater amounts of both Zn and P from soil is a cost-effective means to
improve nutrient use efficiency in rice.

Table 4. Zinc concentrations in grains and straw (mg kg−1) of different rice genotypes (fine vs. coarse
types).

Rice Genotypes
(Cultivars)

Grains Zn Content (mg kg−1) Straw Zn Content (mg kg−1)

2011 2012 Mean 2011 2012 Mean

B-385 (fine) 16.77 18.78 17.78 c 20.64 20.96 20.80
F-Malakand (coarse) 17.69 18.89 18.29 b 20.72 20.93 20.83

Pukhraj (coarse) 18.34 19.43 18.89 a 20.63 20.59 20.61

LSD0.05 0.17 0.15 0.28 ns 0.04 ns

Means of the same category followed by different levels are significantly different at the 5% level of probability
using the LSD test. Where: ns stands for non-significant data at the 5 % level of probability.
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It is clear from Table 5 that years had a significant effect on the Zn content in rice grains. The mean
Zn concentration in rice grain was higher (19.06 mg kg−1) in Y2 compared to Y1 (17.60 mg kg−1).
The difference in the Zn concentration in the two years may be attributed to the fluctuation in the
temperatures and rainfall data [5]. Moreover, the higher Zn concentration in Y2 may be attributed to
more soil Zn in the second year than the first year of the experiment [5]. Likewise, both rice and wheat
productivity were higher in Y2 than Y1 and showed a positive relationship with Zn concentration in
rice grains.

Table 5. Zinc concentrations in grains and straw (mg kg-1) in two different years (Y1 vs. Y2).

Years Grains Zn Content (mg kg−1) Straw Zn Content (mg kg−1)

2011 (Y1)
2012 (Y2)

17.60 b
19.04 a

20.67
20.83

Significance0.05 * ns

Means of the same category followed by different levels are significantly different at the 5% level of probability
using the LSD test. Where: ns stands for non-significant, while * stands for significant at the 5 % level of probability.

3.5. Interactions

3.5.1. Interaction between Phosphorus and Zinc (P × Zn)

Phosphorus is the most important element that interferes with zinc uptake by plants. Interaction
between P × Zn confirmed that the increase in Zn levels and an increase in P level up to 80 kg ha−1

increased Zn concentrations in rice grains (Figure 2). The Zn concentrations were significantly reduced
at all applied P levels when Zn was not applied. The increase in Zn level to the highest level while
increasing P levels up to 80 kg ha−1 increased Zn concentrations in rice straw (Figure 3). The application
of P to soil caused a reduction in shoot Zn concentrations in maize and sunflower; however,
in brassica applied P caused a considerable increase in shoot Zn concentrations. Large amounts
of P fertilizers applied to soils without Zn addition can reduce tissue Zn contents [60,61]. Reduction in
Zn concentrations due to high P supply will reduce food quality [62] and will spread the Zn deficiency
in humans [63]. There is evidence for the precipitation of Zn by high P in plants being the primary
mechanism responsible for the syndrome of Zn deficiency leading to the formation of P toxicity.
An increase in P level improved plant growth and yield [64,65]; it may slow down Zn uptake by the
plants [66]. According to [67], the N, P, and K concentrations in rice increased with NPK, FYM, and Zn,
but there was a major decrease in P contents with Zn application. Zinc concentrations were higher in
those plots where Zn, and Zn + P were applied along with NPK fertilizer. Zn availability in soil has a
negative correlation with higher levels of phosphate and pH values, which caused the Zn deficiency
problem in rice [68]. Likewise, the research of [69] also confirmed that the application of higher rates
of macronutrients increased the Zn availability to plants. The development of crop genotypes with
greater capacity to attain both Zn and P from soil and chemical fertilizer sources is a cost-effective
means for improving nutrient use efficiency in rice [70]. According to [38], straw and paddy yield
showed an increasing trend with integrated use of 120 kg N + 90 kg P2O5 + 9 kg Zn ha−1. Our results
published from the same study confirmed that combined application of both P + Zn at higher rates
improved the leaf area index [31], increased dry matter partitioning into various plant parts, increased
yield components and grain yield, and thus increased Zn uptake by rice plants. Reference [71] reported
that Zn and P application either alone or in combination showed a significantly positive effect on the
grain and straw yield of rice (in press). Similarly, [72] found that grain yield and biomass yield in rice
reached a maximum level with the combined application of 33 kg P + 12 kg Zn ha−1.
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Figure 2. Zinc concentrations in rice grains (mg kg−1) were significantly affected by phosphorus into
zinc (P × Zn) interaction at the 0.1% level of probability using the LSD test, see Tables 1 and 2).
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zinc (P × Zn) interaction at the 0.1% level of probability using the LSD test, see Tables 1 and 3).

3.5.2. Interaction of Genotypes with Phosphorus (P × G) and Zinc (Zn × G)

Interaction between P × G revealed that an increase in P level increased Zn concentrations in
grains of all three rice genotypes under study (Figure 4). The hybrid rice “Pukhraj” had produced
higher grain Zn concentrations when P was not applied when compared with the other two genotypes.
Interaction between Zn × G indicated that an increase in the Zn level up to 10 kg ha−1 increased Zn
concentrations in grains of all genotypes (Figure 5). In the case of rice straw, Zn concentrations in rice
straw of all three genotypes increased with an increase in Zn levels resulting in significant Zn × G
interaction (Figure 6). The Zn concentrations in rice straw of all three genotypes were drastically
reduced with no application of Zn (Figure 6). Agronomic biofortification has shown inconsistent results
but a combination of genetic and agronomic biofortification strategies may be more effective [73] for
increasing Zn content in rice grains. Our findings are supported by [74] by reporting an increase in Zn
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uptake with an increase in Zn levels while growing higher-yielding rice genotypes. The large increase
in growth [4,75] and yield (in press) of high yielding coarse rice genotypes, however, have caused
considerable decreases in the concentrations of Zn in the soils [5] and Zn concentration in plants due to
the dilution effect [19,73].
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Figure 4. Zinc concentrations in rice grains (mg kg−1) were significantly affected by phosphorus into
genotype (P × G) interaction at the 1% level of probability using the LSD test, see Tables 1 and 2).Agronomy 2020, 10, x 10 of 15 
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Figure 5. Zinc concentrations in rice grains (mg kg−1) were significantly affected by zinc into genotype
(Zn × G) interaction at the 1% level of probability using the LSD test, see Tables 1 and 2).
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Figure 6. Zinc concentrations in rice straw (mg kg−1) were significantly affected by zinc into genotype
(Zn × G) interaction at the 1% level of probability using the LSD test, see Tables 1 and 3).

3.6. Years Interaction with Phosphorus (Y × P), Zinc (Y × Zn) and Genotypes (Y × G)

Interaction between years and phosphorus (Y × P) indicates that an increase in P level increased
rice Zn concentrations (grains and straw) in both years (Table 2). Interaction between Y × Zn revealed
that in year two Zn concentrations in grains and straw (Table 3) increased with an increase in Zn level
compared to Y1 resulting in significant Y × Zn interactions. However, Zn concentrations drastically
reduce in the control plots (Zn not applied) and the reduction was more in year two than in year one
resulting in significant Y×Zn interactions (Tables 2 and 3). The differences in P and Zn concentrations in
the two years probably may be due to the change in the weather data, and soil P and Zn availability [5].
Reference [46] also reported a significant variation in rice grain Zn concentrations (8 to 47 mg kg−1)
under different soil environments. According to [6], rice grain Zn concentration is affected by many
plant and environmental factors.

Interaction between Y × G (Table 4) indicated that Zn concentrations in grains of all three rice
genotypes increased in Y2 as compared with Y1. However, the increase was more in coarse genotypes
(Pukhraj and F-Malakand) than in fine genotypes (B-385). Mean data for years revealed that more Zn
concentrations in grains (19.04 mg kg−1) were calculated in Y2 than Y1 (17.60 mg kg−1) as shown in
Table 5. According to [17], the genetic and environmental factors decrease grain Zn content in cereal
crops, which are responsible for poor human health. While [6] reported that better management of
genetic and environmental factors could increase Zn content in grain crops. The differences in Zn
concentration in different years (Table 5) due to changes in Zn levels may be due to the change in the
weather data of both years [5]. The differences in Zn concentration in different years due to change in
genotypes (coarse vs. fine) probably may be due to the difference in the genetic makeup, the difference
in the Zn uptake efficiency of genotypes, and availability plant nutrients especially Zn in the soils [33].
These results indicate that a change in environmental conditions has significant impact on rice grain Zn
concentrations. The mechanisms of Zn mobilization, uptake, translocation remobilization, and grain
loading in different environments are reported earlier by [76–78]. According to [79], both plant and
soil factors are important in determining Zn bioavailability under rice-based systems.

4. Conclusions

Based on our results, we concluded that Zn biofortification in different parts of rice plants could
be achieved: (A) through plant breeding programs and (B) through best management practices
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e.g., (1) application of higher rates of zinc and phosphorus fertilization under P and Zn deficient soils
and (2) combined application of phosphorus and zinc under P and Zn deficient soils. Increasing grain Zn
concentration is important for human nutrition but increasing straw Zn concentration in rice straw may
be most important for animals’ health because rice straw is a major feed for animals in the rice-based
system globally. The differences in the two-years data suggested that (1) for different agroecological
zones, different rice genotypes screening is needed and (2) for different agroecological zones, study
on different rates of phosphorus and zinc as the sole application and in various combinations is
needed. Future research to study the interaction between P × Z on the biofortification of Zn in
grains and straw of other cereals crops (wheat, barley, maize, sorghum, etc.) is needed in different
environmental conditions.
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