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1. INTRODUCTION

Rice (Oryza sativa L.) is a strategic crop for national food security in Indonesia, serving as a primary source of food
for the majority of the population. However, national rice productivity has declined in recent years, with rice
production in 2023 reaching 53.636 million tons, a decrease of 2.05% compared to the previous year (Badan Pangan
Nasional, 2023). This decline is influenced by various factors, including soil degradation, nutrient deficiencies,
improper farming practices, and disruptions during pre-harvest and post-harvest stages. The El Nifio phenomenon,
with moderate to strong intensity in 2023, led to delayed rainy seasons and an increase in dry days in rice-growing
areas, resulting in reduced productivity and harvested area due to significant rainfall deficits (BMKG, 2023).

As the population grows, rice demand continues to rise, leading to an 833% increase in rice imports in 2023.
National rice consumption is recorded at 116.77 kg per capita per year (Badan Pangan Nasional, 2023), indicating an
imbalance between rice availability and demand, which threatens food security. To support food security, the
government, through the biofortification program, has developed high-yielding rice varieties such as Ciherang, Inpari
32, and Nutrizink. The Nutrizink variety aims to increase zinc (Zn) content in rice to address nutritional deficiencies,
such as stunting and wasting, which remain high in Indonesia (UNICEF, 2022).
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Zinc (Zn) is an essential micronutrient that plays an important role in the process of photosynthesis. Zinc
deficiency can reduce photosynthetic activity by approximately 50-70%, depending on the plant species. In addition,
various enzymes in plants require Zn to function properly. Within these enzymatic systems, Zn serves three main
roles: as a catalytic, co-catalytic, and structural component (Barman ez al., 2018). Additionally, zinc plays a role in
regulating plant hormones such as auxin, gibberellin, and cytokinin, which are essential for cell division and
elongation (Broadley ef al., 2007). Rice productivity is also highly dependent on the availability of both macro and
micronutrients. Potassium (K), as an essential macronutrient, plays a key role in photosynthesis and the translocation
of photosynthesis products to storage organs. Potassium deficiency can significantly reduce rice yield (Linquist,
2020). The interaction between zinc and potassium synergistically enhance the physiological efficiency of plants
(Khan et al., 2018; Salem et al., 2022).

Increasing zinc (Zn) concentration in cereal crops through biofortification is a major research priority, as it has the
potential to help reduce Zn deficiency in humans. The developed varieties are expected to reach rural communities
sustainably at a relatively low cost (Das ef al., 2018). Efforts to address Zn deficiency can be carried out through the
use of Zn-rich varieties (biofortification) as well as through agronomic fertilization practices. Therefore, zinc
fertilization contributes not only to agronomic aspects but also to improving the nutritional quality of staple foods,
which is vital for food security and addressing nutritional problems in Indonesia.

This study aims to investigate the impact of zinc biofortification (Zn) through foliar spray on the growth, yield,
potassium (K) absorption, and zinc (Zn) content in rice grains (Oryza sativa L.). The study also aims to assess the
response of different rice varieties to zinc application and analyze the interaction between zinc application and rice
varieties in improving productivity and zinc nutritional content, which can support efforts to prevent stunting. The
results of this study are expected to contribute to enhancing rice productivity through more effective nutrient
management, particularly in zinc biofortification. The increase in zinc content in rice is also expected to help meet
daily zinc nutritional requirements for consumers, especially vulnerable groups such as children under five and
pregnant women, as part of efforts to prevent stunting.

2. MATERIALS AND METHODS

This study was conducted in the rice fields of Desa Maja, Marga Punduh District, Pesawaran Regency, Lampung
Province, from July to October 2024. Rice seedlings were planted in rainfed rice fields with a planting distance of 25
cm X 25 cm per plot, each measuring 12 m?, with 3 rice seedlings per plot. A total population of 663 rice plants per
plot was obtained, with an overall plant population of 29,835 rice plants.

The materials used in this study included zinc sulfate heptahydrate (ZnSOa4-7H:0), rice seeds of the varieties
Ciherang, Inpari 32, and Inpari IR Nutri Zinc, fertilizers including Urea, SP-36, and KCL, as well as insecticides and
fungicides. The tools used included trays, hoes, buckets, measuring cups, meters, and stationery. The experiment
employed a split plot design consisting of two factors. The first factor was zinc application, which included priming
with aquades for 12 hours (PO/control), priming with 0.25% Zn for 12 h (P1), priming with 0.25% Zn for 12 h
followed by foliar spray with 0.5% Zn at the early vegetative phase (20 DAP) and late vegetative phase (40 DAP)
(P2), priming with 0.25% Zn for 12 h followed by foliar spray with 0.5% Zn at the generative phase of grain filling
(60 DAP) and milk stage (75 DAP) (P3), and priming with 0.25% Zn for 12 h followed by foliar spray with 0.5% Zn
at the carly vegetative phase (20 DAP), late vegetative phase (40 DAP), and generative phase of grain filling (60
DAP) and milk stage (75 DAP) (P4). The second factor was rice variety, which consisted of Ciherang (V1), Inpari-32
(V2), and Inpari IR Nutri Zinc (V3). Each treatment was repeated three times, resulting in a total of 45 experimental
units. The field experiment was performed using layout presented in Figure 1.

Observed variables include plant height, number of tillers (stems), number of productive tillers, flowering time,
number of grains per panicle, 1,000-grain weight, percentage of filled and unfilled grains, harvest dry grain (HDG),
dry unhusked rice (DUR), and zinc content in rice. Zinc content in rice was tested through analysis at the Soil, Plant,
Fertilizer, and Water Laboratory, Agricultural Standard Instrument Agency, Cimanggu, West Java. The data obtained
from the observations were then analyzed using RStudio software and further tested with the Least Significant
Difference (LSD) test at a 5% significance level.
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V2P0 V2P2 V2P4 V2P1 V2P3

Figure 1. Experimental layout (description of variety (V) and zinc priming (P) is in the text)

3. RESULTS AND DISCUSSION

The analysis of variance (Table 1) shows that zinc application has a significant effect on all growth and yield
parameters of rice, including plant height, number of tillers (stems), number of productive tillers, flowering time,
number of grains per panicle, 1,000-grain weight, and rice quality (filled grains, unfilled grains, HDG, and DUR). The
variety treatment also significantly affects several parameters, indicating that genetic differences between varieties
influence the response to the treatment and the resulting yield. The interaction between zinc and varieties was highly
significant for 1,000-grain weight, HDG, and DUR, suggesting variations in the varieties' responses to zinc
application. The choice of the right variety is an important factor in achieving optimal results from zinc application,
particularly in improving both the quality and quantity of grains. However, no significant interaction was found for
other parameters, suggesting that the effects of zinc application and varieties act separately on most variables. The
recap of the analysis of variance shows the effect of zinc application on the observed variables in the experiment with
several rice varieties, as presented in Table 1.

Table 1. Summary of ANOVA results on the effect of Zn application on the growth and productivity of three rice varieties

No Observation variables Zinc : Varlety Zinc x Val..lety
p-value Sig p-value Sig p-value Sig

1 Plant height (cm) 0.0000 ** 0.0331 * 0.2599 ns
2 Tiller (seedlings) (stems) 0.0004  ** 0.5037 ns 0.1263 ns
3 Productive tiller (stems) 0.0000 ** 0.0200 * 0.2060 ns
4 Flowering time (DAP) 0.0000 ** 0.0000 ** 0.4900 ns
5 Number of grains per panicle 0.0000 ** 0.0902 ns 0.0578 ns
6 1000-grain weight (g) 0.0000 ** 0.0000 ** 0.0005  **
7 Percentage of empty grains (%) 0.0000  ** 0.0336 * 0.2719 ns
8 Percentage of filled grains (%) 0.0309 ** 0.0000 * 0.2484 ns
9 Harvest dry grain (HDG) (%) 0.0044  ** 0.0000 ** 0.0053  **
10 Dry unhusked rice (DUR) (%) 0.0000 ** 0.0049  ** 0.0029  **

Note: ns = not significant at 5% level, * and ** denote significant at 5% and 1% levels, respectively.

3.1. Plant Height

Based on the ANOVA and the Least Significant Difference (LSD) test at the 5% level (Table 2), zinc (Zn) application
(through seed priming and foliar spray) showed a significant effect on the plant height of rice. The treatment P4 (seed
priming + foliar spray twice during the vegetative phase and twice during the generative phase) resulted in the highest
plant height at 94.42 cm, followed by P3 (91.84 cm), P2 (91.13 cm), and P1 (90.02 cm). Plants without zinc treatment
(PO) reached 88.35 cm in height. The variety response to plant height also showed variation, with Inpari 32 reaching
an average height of 92.57 cm, Ciherang 91.25 cm, and Nutri Zinc 89.64 cm. Overall, treatment P4 showed the best
effectiveness in increasing rice plant height, which can optimally support the photosynthesis process.

Crop yield is determined by biomass accumulation and harvest index at maturity, where increasing biomass is a
key strategy for improving productivity. Biomass accumulation is strongly influenced by the ability of the canopy to
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intercept radiation and by radiation use efficiency (RUE), which is closely related to the rate of photosynthesis.
Therefore, optimizing photosynthesis is a crucial factor in enhancing RUE and crop yield. Optimal plant height can
support the development of a wider canopy, thereby improving light interception and photosynthetic efficiency
(Huang et al., 2025). In addition, the availability of nutrients such as zinc (Zn) plays an important role, as Zn functions
as a cofactor of the enzyme carbonic anhydrase, enhancing photosynthetic efficiency and chlorophyll synthesis, and
also contributes to hormonal regulation that supports cell division and elongation (Broadley et al., 2007). Therefore,
zinc application during the vegetative and generative phases, especially in treatment P4, can contribute to optimal final
harvest yields.

Table 2. The effect of zinc application and varieties on plant height, number of tillers, and productive tillers in rice plants

Plant Height Number of Tillers Productive Tillers

Zinc Application (cm) (Stems) (Stems)
PO (Control) 88.35d 1771 ¢ 933¢
P1 (Zinc Priming) 90.02 ¢ 20.51b 11.31d
P2 (Zinc Priming + Foliar Spray 2x during Vegetative Phase) 91.13 be 2397 a 12.04 ¢
P3 (Zinc Priming + Foliar Spray 2x during Generative Phase) 91.84b 19.80 be 13.00b
P4 (Zinc Priming + Foliar Spray 2x during Vegetative Phase 94.42 a 2457 a 14.82 a

+ 2x during Generative Phase)
LSD Value 5% 1.7%% 2.23%* 0.426%*
Rice Varieties

Ciherang 91.25a 21.60 12.46 a
Inpari 32 92.57 ab 20.93 1222 a
Nutri Zinc 89.64 b 21.41 11.61b
LSD Value 5% 0.66* 9.51 ns 1.50%*

Note: ns = not significant at the 5% level, * and ** denote significant at the 5% and 1% levels, respectivel

The achievement of better plant height aligns with the description of superior varieties released by the Ministry of
Agriculture, such as Inpari 32 and Ciherang, which are expected to grow to an optimal height to support good yields.
According to the Directorate of Seed Production, Ministry of Agriculture (Direktorat Perbenihan, 2023), Inpari 32 and
Ciherang varieties have a potential plant height of around 90-100 cm, which supports photosynthesis efficiency and
spikelet filling. Thus, zinc application has been proven to increase plant height, which in turn contributes to improved
rice yield and higher harvest potential. This shows that biofortification technology through zinc application can be a
solution to increase rice productivity in Indonesia.

3.2. Number of Tillers (Stems)

Based on the analysis of variance and the Least Significant Difference (LSD) test at the 5% level (Table 2), zinc
application significantly affected the number of tillers in the three rice varieties tested. Treatment P4 (combination of
seed priming and foliar spray of zinc twice during the vegetative phase and twice during the generative phase) resulted
in the highest number of tillers, with 24.57 stems per hill. This treatment was not significantly different from P2 (seed
priming and foliar spray of zinc twice during the vegetative phase), which produced 23.97 stems, as both P2 and P4
received the same treatment of seed priming and foliar spray during the vegetative phase. Thus, P2 and P4 showed
higher numbers of tillers compared to the other treatments. Treatment P1 (seed priming with zinc) resulted in 20.51
stems, while P3 (seed priming and foliar spray of zinc twice during the generative phase) produced 19.80 stems. The
lowest number of tillers was recorded for the control (P0), with 17.71 stems.

The difference in rice varieties did not significantly affect the number of tillers. The average number of tillers for
the Ciherang variety was 21.60 stems, Inpari 32 had 20.93 stems, and Nutri Zinc had 21.41 stems per hill. These
results indicate that the increase in the number of tillers was more influenced by zinc application than by genetic
differences between the varieties. Zinc application proved to increase the number of tillers by 38.7% compared to the
control. This is consistent with previous studies which reported that zinc application can increase the number of tillers
due to the strengthening of the source-sink mechanism, supporting meristematic tissue formation and the activation of
growth hormones such as those involved in tiller formation (Cakmak, 2000; Broadley ef al., 2007).
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The results of this study indicate that zinc application through treatments P4 (seed priming and foliar spray twice
during the vegetative phase and twice during the generative phase) and P2 (seed priming and foliar spray twice during
the vegetative phase) significantly affected the increase in the number of rice tillers. Although they differ in the
application stage during the generative phase, the observation of the number of tillers (vegetative phase) showed no
significant difference between P4 and P2, as both treatments received the same seed priming and foliar spray during
the vegetative phase. The increase in the number of tillers supports increased plant biomass, which plays a crucial role
in expanding the plant's capacity to produce optimal yields. Thus, zinc application through P2 and P4 is effective in
increasing the number of tillers, which has the potential to increase rice production.

3.3. Number of Productive Tillers

Based on the analysis of variance and the Least Significant Difference (LSD) test at the 5% level (Table 2), zinc
application had a highly significant effect on the increase in the number of productive tillers in rice. Treatment P4
(seed priming and foliar spray of zinc twice during the vegetative and generative phases) resulted in the highest
number of productive tillers, with 14.82 stems per hill, significantly different from the other treatments. Treatment P3
produced 13.00 stems, P2 12.04 stems, P1 11.31 stems, and the control (P0) produced 9.33 stems per hill.

The difference in rice varieties did not significantly affect the number of productive tillers. Varieties Ciherang
(12.46 stems) and Inpari 32 (12.22 stems) did not differ significantly from each other, but they were significantly
different from the Nutri Zinc variety (11.61 stems). This indicates that zinc application has a greater effect on the
formation of productive tillers than genetic differences between varieties. Treatment P4 showed the best response in
increasing the number of productive tillers, with an increase of 58.8%. The increase in the number of productive tillers
is of significant importance, as a greater number of productive tillers supports the formation of more panicles, which
in turn will increase the number of rice grains. This is consistent with the findings of Saikh et a/. (2022), who reported
that foliar application of zinc can increase the number of productive tillers by up to 46%, contributing to the efficiency
of rice plant component formation.

Table 3. The effect of zinc application and variety differences on flowering time, number of grains, empty grains, and filled grains

Flowering Number of Empty Filled
Zinc Application Time Grain Grains Grains
(DAP) (Seed) (%) (%)
PO (Control) 60.00 a 110.86 d 17.77 a 82.07d
P1 (Zinc Priming) 57.88b 126.48 ¢ 1583 b 83.80 ¢
P2 (Zinc Priming + Foliar Spray 2x during Vegetative Phase) 57.77 be 137.11b 11.62 ¢ 88.06 b
P3 (Zinc Priming + Foliar Spray 2x during Generative Phase) 5711c 142.35b 10.60 ¢ 89.44 b
P4 (Zinc Priming + Foliar Spray 2x during Vegetative Phase 55.22d 165.02a 8.10d 91.17a
+ 2x during Generative Phase)
LSD Value 5% 0.69%* 77.7* 1.66%* 1.66%*
Rice Varieties
Ciherang 54.73 b 135.50 12.51b 87.44 a
Inpari 32 55.06b 141.90 11.80 b 87.81a
Nutri Zinc 63.00 a 131.60 14.04 a 85.46b
LSD Value 5% 0.66%* 9.51 ns 1.50* 1.62%*

Note: ns = not significant at the 5% level, * and ** denote significant at the 5% and 1% levels, respectivel

3.4. Flowering Time (DAP)

Based on the analysis of variance and Least Significant Difference (LSD) test at the 5% level (Table 3), zinc (Zn)
application significantly accelerated the flowering time of rice plants. The P4 treatment (seed priming + two foliar
sprays of zinc during the vegetative and generative phases) resulted in the fastest flowering time of 55.22 days after
sowing (DAP), significantly different from all other treatments. The P3 treatment (seed priming + two foliar sprays of
zinc during the generative phase) resulted in a flowering time of 57.11 DAP, which was faster than the control but
significantly different from P1 and P2. The P2 treatment (seed priming + two foliar sprays of zinc during the
vegetative phase) and P1 (seed priming) resulted in flowering times of 57.77 DAP and 57.88 DAP, respectively, while
the control (PO) had the slowest flowering time at 60.00 DAP. The varietal effect on flowering time was also
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significant. The Ciherang variety (54.73 DAP) and Inpari 32 (55.06 DAP) had faster flowering times compared to
Nutrizink, which showed the slowest flowering at 63.00 DAP, significantly different from the other two varieties.

Overall, the results of this study indicate that Zn application, especially in the P4 treatment, significantly
accelerated the flowering time, potentially supporting an increase in rice productivity by speeding up the transition to
the generative phase. This indicates that Zn is an essential trace element for both plants and humans, playing important
roles in various physiological functions, including maintaining protein synthesis, regulating gene expression, forming
and stabilizing enzyme structures, supporting energy production, and participating in carbohydrate metabolism,
photosynthesis, auxin metabolism, and pollen formation (Boonchuay et al., 2013; Suganya et al., 2020). Zinc plays a
key role in speeding up the transition from the vegetative to the generative phase in plants (Ahmed et al., 2022).

3.5. Number of Grains of Panicle

Based on the results of the Least Significant Difference (LSD) test at the 5% significance level (Table 3), zinc (Zn)
application significantly increased the number of grains of panicle in rice. The P4 treatment (seed priming + two foliar
sprays of zinc during the vegetative and generative phases) resulted in the highest number of grains per panicle, with
165.02 grains, significantly different from other treatments. The P3 treatment (seed priming + two foliar sprays of zinc
during the generative phase) produced 142.35 grains, P2 (seed priming + two foliar sprays of zinc during the
vegetative phase) produced 137.11 grains, P1 (seed priming) produced 126.48 grains, and the control (P0) produced
the fewest grains, 110.86 per panicle. The effect of variety on the number of grains of panicle did not show significant
differences. The average number of grains per panicle in the Inpari 32 variety was 141.90 grains, followed by
Ciherang with 135.50 grains, and Nutri Zinc with 131.60 grains. This indicates that while there are variations in the
variety response to zinc application, the increase in the number of grains was more influenced by the zinc application
than by the genetic differences between varieties.

Zinc application supports the formation of more and higher-quality panicles, which in turn increases the number of
grains formed. Zinc plays a role in enhancing plant metabolism efficiency and supporting hormonal regulation,
particularly in the formation of generative organs like panicles and spikelets (Broadley et al., 2007; Saikh et al., 2022).
Research by Saikh et al. (2022) also reported that foliar application of zinc at a 0.5% concentration increases the
number of spikelets per panicle in rice by activating metabolism and regulating plant hormones.

The increase in the number of grains per panicle in the P4 treatment showed a 47.7% increase compared to the
control, indicating that zinc application is highly effective in increasing the number of grains in rice. This study also
showed that the P4 treatment provided the best results for all the tested varieties, with Inpari 32 recording the highest
number of grains, followed by Ciherang and Nutri Zinc. This difference highlights genetic variation in the varieties'
ability to efficiently utilize zinc, which affects panicle development and spikelet formation. Therefore, integrated zinc
application, as in the P4 treatment, not only increases the quantitative yield potential but also supports the
physiological performance of rice varieties in forming more productive and uniform grains.

3.6. Percentage of Filled and Empty Grains (%)

Based on the analysis of variance and Least Significant Difference (LSD) test at the 5% significance level (Table 3),
zinc (Zn) application showed a highly significant effect on increasing the percentage of filled grains and reducing the
percentage of empty grains in rice. The P4 treatment (seed priming + two foliar sprays of zinc during both the
vegetative and generative phases) resulted in the highest percentage of filled grains, 91.17%, and the lowest
percentage of empty grains, 8.10%. This treatment was significantly different from all other treatments. The P3
treatment (seed priming + two foliar sprays of zinc during the generative phase) and P2 treatment (seed priming + two
foliar sprays of zinc during the vegetative phase) resulted in filled grains of 89.44% and 88.06%, and empty grains of
10.60% and 11.62%, respectively. Meanwhile, the control (P0) showed the lowest filled grains at 82.07% and the
highest empty grains at 17.77%. The P1 treatment (seed priming) only increased the percentage of filled grains to
83.80% and reduced the percentage of empty grains to 15.83%.

The effect of variety on the percentage of filled and empty grains also showed significant differences. The Inpari
32 variety (87.81%) and Ciherang (87.44%) had a higher percentage of filled grains compared to Nutrizink (85.46%).
On the other hand, the Nutrizink variety showed the highest percentage of empty grains (14.04%), while Ciherang
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(12.51%) and Inpari 32 (11.80%) had lower percentages of empty grains. This suggests that, besides the influence of
zinc application, the genetic traits of the variety also play a significant role in the efficiency of grain filling.

Overall, the continuous application of zinc, both through seed priming and foliar sprays during the vegetative and
generative phases, proved to be the most effective in improving the quality of filled grains and reducing empty grains.
Zinc is a vital micronutrient for plant growth. It indirectly enhances rice yield by improving biochemical pathways
within the plant and plays a key role in promoting auxin synthesis and chlorophyll formation. Therefore, both directly
and indirectly, zinc plays a significant role in increasing rice yield (Joshi ef al., 2023), as well as increasing the activity
of carbohydrate metabolism enzymes that support seed filling (Alloway, 2008; Cakmak, 2000; Broadley et al., 2007).
The application of zinc in the P4 treatment significantly increased the harvest yield and the quality of grain filling. The
increase in filled grains (from 82.07% to 91.17%) and the reduction in empty grains (from 17.77% to 8.10%) show
that zinc application supports better panicle formation and maximizes grain filling. The 54.4% reduction in empty
grains also indicates that zinc plays an important role in reducing the formation of empty seeds, contributing to
optimal harvest yield improvement.

3.7. Thousand Grain Weight (g)

Based on the results of the Least Significant Difference (LSD) test at the 5% level (Table 4), zinc (Zn) application
significantly affected the thousand grain weight of rice across various rice varieties. The P4 treatment (seed priming +
foliar spray of Zn twice during the vegetative phase and twice during the generative phase) resulted in the highest
thousand grain weight, which was 29.15 g for the Inpari 32 variety, higher than the other treatments. The thousand
grain weight for the P4 treatment of the Ciherang variety was 27.58 g, while for Nutri Zinc, it was only 24.59 g. This
shows that the combination of continuous zinc application improves the efficiency of grain filling, which proved to be
the most effective compared to other treatments.

Table 4. Effect of zinc application and varietal differences on the weight of 1000 grain (g)

. 1.000 grain weight (g)

Varieties PO P1 P2 P3 P4

Vi 25.07 c 2442 d 2541 cb 2642 b 2758 a
A B B A B

V2 2543 d 2606 ¢ 2640 ¢ 2773 b 2915 a
A C A A A

V3 21.67 d 271 ¢ 2350 b 2373 b 2459 a
B A C B C

LSD 5% 0.5004

Note: V1 = Ciherang variety; V2 = Inpari-32 variety; V3 = Nutri Zinc variety; PO = Control; P1 = Zinc priming; P2 = Zinc priming + Foliar spray
2x during the vegetative phase; P3 = Zinc priming + Foliar spray Zinc 2x during the generative phase; P4 = Zinc priming + Foliar spray 2x during
the vegetative phase + 2x during the generative phase. Lowercase letters indicate differences between treatments within the same variety, while
uppercase letters indicate differences between varieties within the same treatment.

The P4 treatment also resulted in a significant increase in the thousand grain weight for all tested varieties. For
example, the Inpari 32 variety showed an increase of 14.63% (from 25.43 g in PO to 29.15 g in P4), while Ciherang
increased by 9.99% (from 25.07 g to 27.58 g). The Nutri Zinc variety showed an increase of 13.47% (from 21.67 g to
24.59 g). These results indicate that zinc application increased the thousand grain weight across all varieties, with the
most significant increase in Inpari 32. When compared to the potential thousand grain weight values in the variety
descriptions (Direktorat Perbenihan, 2023), the results of P4 for Inpari 32 (29.15 g) and Ciherang (27.58 g) surpassed
their potential values, which are 27.1 g and 27-28 g, respectively, while Nutri Zinc is within the range of its
descriptive weight (+24.6 g). Foliar application of zinc (Zn) can enhance both the formation and efficient utilization of
carbohydrates in plant tissues. This leads to improved grain quality, as indicated by a reduction in unfilled grains, a
decrease in dull-colored grains, and a lower proportion of abnormal grains. Consequently, this treatment contributes to
an increase in grain weight (Hamam ef al., 2017). Zinc also increases the source capacity by enhancing photosynthesis
and carbohydrate synthesis and enlarges the sink capacity through increased size and activity of endosperm cells, as
well as associated enzyme activities (Alloway, 2008; Kumar et al., 2022).
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3.8. Harvest Dry Grain (HDG)

Based on the results of analysis of variance and Least Significant Difference (LSD) test at the 5% significance level
(Table 5), zinc (Zn) application significantly affected the harvest dry grain (HDG) yield in the three tested rice
varieties. The control treatment (P0) resulted in HDG of 6.4 kg for the Ciherang variety, 7.8 kg for Inpari 32, and 6.8
kg for Nutrizink. The P1 treatment (zinc priming) increased the yield to 11.4 kg (Ciherang), 10.6 kg (Inpari 32), and
8.9 kg (Nutri Zinc). The P2 treatment (zinc priming + foliar spray zinc twice during the vegetative phase) resulted in
11.6 kg (Ciherang), 13.5 kg (Inpari 32), and 9.9 kg (Nutri Zinc), while the P3 treatment (zinc priming + foliar spray
zinc twice during the generative phase) resulted in 13.8 kg (Ciherang), 14.0 kg (Inpari 32), and 12.6 kg (Nutri Zinc).
The best treatment, P4 (zinc priming + foliar spray zinc twice during both vegetative and generative phases), produced
20.2 kg (Ciherang), 19.7 kg (Inpari 32), and 15.2 kg (Nutri Zinc). When HDG yield is converted to tons per hectare,
the control treatment (P0) is equivalent to 5.7 tons ha™' (Ciherang), 6.5 tons ha™ (Inpari 32), and 5.7 tons ha™* (Nutri
Zinc). In contrast, the P4 treatment resulted in 16.9 tons ha™! for Ciherang, 16.4 tons ha™* for Inpari 32, and 12.7 tons
ha™! for Nutri Zinc. These findings indicate that zinc application through a combination of priming and foliar spray can
increase yields by more than 100% compared to the control, with the highest increase observed in Ciherang variety
(more than 196%) and Inpari 32 (more than 150%). This increase in HDG reflects not only the effectiveness of zinc as
a micronutrient but also its close association with the plant's physiological mechanisms, particularly the source-sink
efficiency. Zinc acts as a cofactor for various important enzymes, such as carbonic anhydrase, alcohol dehydrogenase,
and RNA polymerase, supporting photosynthesis, nitrogen metabolism, and cell division (Cakmak, 2000; Marschner,
2012). In the context of the source-sink mechanism, zinc strengthens the source (leaf) capacity to produce assimilates
through enhanced photosynthetic activity and accelerates the mobilization of photosynthates to the sink (grains) by
increasing the activity of sugar transporters and starch storage enzymes (Alloway, 2008; Hafeez et al., 2013).

Table 5. Effect of zinc application and varietal differences on harvest dry grain (HDG)

Harvest dry grain (kg/plot)

Varieties PO P1 P2 P3 P4
Vi 64 ¢ 2442 d 2541 cb 2642 b 2758 a
A B B A B
V2 78 d 2606 ¢ 2640 ¢ 2773 b 2915 a
A C A A A
V3 68 d 271 ¢ 2350 b 2373 b 2459 a
A A C B C
LSD 5% 1.59

Explanation: V1 = Ciherang variety; V2 = Inpari-32 variety; V3 = Nutri Zinc variety; PO = Control; P1 = Zinc priming; P2 = Zinc priming + Foliar
spray 2x during the vegetative phase; P3 = Zinc priming + Foliar spray Zinc 2x during the generative phase; P4 = Zinc priming + Foliar spray 2x
during the vegetative phase + 2x during the generative phase. Lowercase letters indicate differences between treatments within the same variety,
while uppercase letters indicate differences between varieties within the same treatment.

3.9. Milled Dry Grain (MDG)

Based on the analysis of variance and Least Significant Difference (LSD) test at a 5% significance level (Table 6),
zinc (Zn) application has a highly significant effect on the milled dry grain (MDG) yield of the three rice varieties
tested. The control treatment (P0) resulted in MDG yields of 5.3 kg (Ciherang), 6.3 kg (Inpari 32), and 5.4 kg (Nutri
Zinc). The P1 treatment (priming Zn) increased the yields to 9.1 kg (Ciherang), 8.6 kg (Inpari 32), and 7.1 kg (Nutri
Zinc). The P2 treatment (priming Zn + foliar spray twice during the vegetative phase) resulted in 9.6 kg (Ciherang),
11.1 kg (Inpari 32), and 8.1 kg (Nutri Zinc). The P3 treatment (priming Zn + foliar spray twice during the generative
phase) yielded 11.4 kg (Ciherang & Inpari 32) and 10.1 kg (Nutri Zinc). The best treatment, P4 (priming Zn + foliar
spray twice during both the vegetative and generative phases), resulted in MDG yields of 16.3 kg (Ciherang), 16.0 kg
(Inpari 32), and 12.1 kg (Nutri Zinc). When converted to tons per hectare, PO corresponds to 4.46 t ha™' (Ciherang),
5.29 t ha™! (Inpari 32), and 4.57 t ha™! (Nutri Zinc), while P4 reached 13.64 t ha™! (Ciherang), 13.35 t ha™! (Inpari 32),
and 10.14 t ha™ (Nutri Zinc). These findings indicate that integrated zinc application can more than double the harvest
yield compared to the control conditions. When compared to the potential yield of superior rice varieties issued by the
Directorate of Seedling, Ministry of Agriculture (Direktorat Perbenihan, 2023), such as Inpari 32 and Ciherang, which
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have a potential yield of around 8-8.5 tons per hectare, the P4 treatment on Inpari 32 (13.35 t/ha) and Ciherang (13.64
t/ha) surpassed the set potential. This shows that the application of P4 zinc not only significantly improves yield but
also allows for yields beyond the potential of the designated superior varieties. Thus, proper zinc application can
maximize the genetic potential of rice varieties, thereby optimally increasing productivity.

Table 6. The effect of zinc application and varietal differences on dry unhusked rice (DUR)

Varieties Dry unhusked rice (kg/plot)

PO P1 P2 P3 P4
V1 53 ¢ 2442 d 2541 «c¢b 2642 b 27.58 a

A B B A B
V2 63 d 26.06 ¢ 2640 ¢ 2773 b 29.15 a

A C A A A
V3 54 d 2271 ¢ 2350 b 2373 b 2459 a

A A C B C
LSD 5% 1.20

Explanation: V1 = Ciherang variety; V2 = Inpari-32 variety; V3 = Nutri Zinc variety; PO = Control; P1 = Zinc priming; P2 = Zinc priming + Foliar
spray 2x during the vegetative phase; P3 = Zinc priming + Foliar spray Zinc 2x during the generative phase; P4 = Zinc priming + Foliar spray 2x
during the vegetative phase + 2x during the generative phase. Lowercase letters indicate differences between treatments

3.10. Potassium Content Due to Zinc Treatment

Based on the analysis of potassium content in rice biomass during the vegetative and generative phases, the Least
Significant Difference (LSD) test was not applied in this analysis as the samples analyzed were taken from 45
treatment plots and then composited and analyzed in the laboratory. Therefore, while the results obtained are
representative of all treatments, no statistical testing using LSD was performed. However, based on the composite
sample analysis, the potassium content in the biomass for treatment P4 (priming Zn and foliar spray twice during the
vegetative and generative phases) showed a higher tendency compared to other treatments (Figure 2).

4.5
4.0
3.5

3.50 e 341 s 3.49

3.0 273 2:76 2.82 E(l) i;ontrol; .

270 2.40 = Zinc Priming;
2.5 2 = Zinc Priming +
2.0 Foliar ~ Spray  2x
15 Vegetative Phase;
’ 3 = Zinc Priming +
10 Foliar ~ Spray  2x
0.5 Generative Phase;
0.0 P4 = Zinc Priming +

PO P1 P2 P3 P4

Description:

g

K content in rice (%)
-9

Foliar Spray 2x
Zinc application Vegetative Phase + 2x

Generative Phase
M Fase Vegetatif M Fase Generatif

Figure 2. Potassium (K) content in the vegetative and generative phases of several rice varieties

During the vegetative phase, the highest potassium content was recorded in treatment P1 (priming Zn) with an
average of 3.65%, followed by the control (P0) at 3.50%, P4 at 3.49%, P2 at 3.41%, and P3 at 3.33%. During the
generative phase, the highest potassium content was observed in treatment P4, with an average of 2.82%, followed by
P1 at 2.76%, PO at 2.73%, and P2 and P3 at 2.40% each. Regarding varieties, Inpari 32 showed the highest potassium

content during the generative phase, at 3.56% in treatment P4, while Nutri Zinc recorded the lowest content at 1.92%
in treatment P2.

Treatment P4 (priming Zn+ foliar spray twice during both vegetative and generative phases) showed a better
tendency to maintain potassium levels in plant tissues. During the generative phase, treatment P4 experienced a
decrease of about £19.2% (from 3.49% in the vegetative phase to 2.82% in the generative phase), which is lower than
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the decrease observed in other treatments, ranging from 20% to 45%. This reduction in potassium content is a natural
physiological process due to the remobilization of nutrients from vegetative organs (source) to generative organs
(sink) (Marschner, 2012). Potassium (K) plays an important role in the translocation of water, essential nutrients, and
other substances from the roots through the stem to the leaves. This element is also involved in various metabolic
processes and biochemical reactions within plant cells (Rengel & Damon, 2008; White, 2013), including regulatory
mechanisms and transport systems (Adams & Shin, 2014). In addition, potassium plays a role in regulating stomatal
opening and closing and enhances photosynthesis by regulating CO- uptake. K is also important in photosynthesis,
translocation, and carbohydrate metabolism, which are produced as a result, ultimately contributing to increased crop
yield and improved grain quality (Pettigrew, 2008; Zorb et al., 2014; Lu et al., 2016). Potassium (K) plays an
important role in activating various enzymes related to plant growth. This element is also required in the synthesis of
protein and starch in plants. Furthermore, K supports carbohydrate metabolism and is involved in enzyme activation,
where almost every stage of these metabolic processes depends on the presence of K, including the activation of
enzymes involved in these processes (Rawat et al., 2022).

The success of treatment P4 in maintaining potassium content through to the generative phase can be explained by
the increased physiological efficiency of the plants supported by zinc. Zinc enhances the activity of ion transport
enzymes, including potassium ions, and supports auxin synthesis and membrane permeability, which strengthens the
efficiency of potassium absorption and retention (Alloway, 2008; Cakmak, 2008). Additionally, zinc helps maintain
membrane integrity and reduces potassium leakage, especially during the critical grain-filling phase (Rehman et al.,
2018). For the Inpari 32 variety, treatment P4 showed optimal results with a relatively small decrease in potassium
content (about 2.5%), from 3.65% to 3.56%. This suggests that Inpari 32 has better physiological efficiency in
retaining potassium during the generative phase compared to Nutri Zinc, which experienced a potassium decrease of
nearly 45% in some treatments. In the context of agricultural success, according to Linquist (2020), the optimal
potassium level in rice stem tissues during the generative phase is between 2.0-2.6%. All varieties under treatment P4
managed to maintain potassium levels in the tissue above this critical threshold, with Inpari 32 at 3.56%, Ciherang at
2.40%, and Nutri Zinc at 2.50%. This demonstrates that integrated zinc fertilization strategies can maintain potassium
at optimal levels during crucial physiological periods, which in turn supports the efficiency of the source-sink
mechanism, enhances productivity, and improves harvest quality.

Overall, the results of this study show that treatment P4 (Priming Zinc + Foliar Spray 2x during vegetative and 2x
during generative phases) significantly contributes to maintaining potassium levels in rice plant tissues, which is
crucial in supporting efficient growth and yield. The synergy between zinc and potassium has been proven to support a
more efficient sink mechanism, improving grain filling, and enhancing rice yield.

3.11.Zinc Content in Rice (ppm)

Based on the analysis of zinc content in rice during the vegetative and generative phases, the Least Significant
Difference (LSD) test was not applied in this analysis because the samples analyzed were taken from 45 experimental
plots, which were then composited and analyzed in the laboratory. Therefore, although the results obtained are
representative of the entire treatment, statistical testing using LSD was not performed. However, based on the
composite sample analysis, the zinc content in rice for the P4 treatment (zinc priming and foliar spray twice during the
vegetative and generative phases) showed a higher trend compared to the other treatments (Figure 3).

The zinc content in rice revealed that integrated zinc fertilization through a combination of seed priming and foliar
spraying significantly increased the zinc content in rice. For the Ciherang variety, the initial zinc content in the control
treatment (P0) was 24 ppm, with a significant increase in the P4 treatment (zinc priming and foliar spray twice during
the vegetative and generative phases), which reached 42 ppm. The P3 treatment (zinc priming and foliar spray twice
during the generative phase) also showed a moderate increase to 36 ppm. For the Inpari 32, a similar increase was
recorded with zinc content in PO at 21 ppm, and increased to 32 ppm in P4. Meanwhile, the Nutri Zinc variety, which
has high genetic capacity, showed an initial zinc content of 30 ppm in PO and increased to 42 ppm in P4. Overall, the
P4 treatment resulted in the highest average zinc content of 39 ppm, followed by P3 with 34 ppm, PO with 25 ppm, P1
with 23 ppm, and P2 with 25 ppm. These results show that timely and continuous zinc fertilization can improve zinc
content in rice, especially in varieties with high genetic potential. The P4 treatment showed the best trend in increasing
the zinc content in rice, with an significant increase of 54.68% compared to the control (P0).
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Figure 3. The effect of different rice varieties and zinc application on the zinc content in rice (ppm)

The increase in zinc content is closely related to the physiological role of zinc in supporting the activity of
important enzymes such as RNA polymerase, carbonic anhydrase, and alcohol dehydrogenase, which are involved in
plant metabolism. In addition, zinc plays a crucial role in regulating cell membranes and protein metabolism that
support assimilate transport and seed filling (Alloway, 2008; Marschner, 2012). llness in young children may result in
the depletion of essential nutrients required for optimal growth and development. Under such conditions, the available
nutrient intake is predominantly allocated to support immune function in combating infections. Therefore, zinc (Zn)
plays a crucial role in enhancing immune system performance and is important in the prevention of stunting, as it can
reduce the risk of infectious diseases (Asiah et al., 2020). Zinc (Zn) also plays an important role in the process of bone
growth and development (Molenda & Kolmas, 2023).

This study emphasizes that although P4 is the best treatment, P3 and P2 also contribute significantly to fulfilling
the daily zinc requirements, especially for populations vulnerable to zinc deficiency, such as infants and pregnant
women. Consuming zinc-fortified rice through optimal treatments can help prevent stunting, The nutritional status of
children under five with a classification of very short stature is defined as stunting.

4. CONCLUSION

Based on the results of the study, the application of zinc (ZnSO4 0.5%) through seed priming and foliar spray during
the vegetative and generative phases significantly affected the improvement of various growth and yield parameters in
rice plants, including plant height, tiller number, productive tiller number, flowering time, number of grains per
panicle, 1,000-grain weight, percentage of empty grains, percentage of filled grains, harvest dry grain (HDG), and dry
unhusked rice (DUR). The P4 treatment (seed priming and Zn application during both the vegetative and generative
phases) showed the best response in improving growth, yield, and zinc content in rice, with an average increase of
56% compared to the control. Furthermore, the P4 treatment was also effective in maintaining potassium content in
the rice biomass during the generative phase, which is crucial for supporting growth efficiency and grain filling. The
variety factor also significantly affected yield parameters, with the Nutri Zinc variety showing the highest potassium
uptake and zinc content in the rice. The Ciherang variety showed the highest response to the P4 treatment, with a 75%
increase in zinc content in rice, followed by Inpari 32 (52%) and Nutri Zinc (40%). The interaction between zinc
application and variety had a highly significant effect on 1,000-grain weight, HDG, DUR, and the ability to maintain
potassium content in plant tissues during the generative phase. These findings indicate that zinc biofortification can
significantly enhance both production yield and zinc content in rice, with the variety playing a key role in determining
the response to zinc application. Further research is needed to evaluate the effectiveness of combining zinc application
with macro fertilizers, as well as to perform planting during the same season (simultaneous planting) in a single rice
field.
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