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This study evaluates the efficacy of combined N, K, and Si 
treatments to find the balance of these three elements for tungro 
disease control and rice grain production. The study was conducted 
in a pot under a glasshouse. These elements were chosen as several 
findings have indicated the positive benefits of nitrogen (N), 
potassium (K), and silicon (Si) fertilization on plant development, 
yield, and biotic stress relief. The methods used were central 
composite design and response surface methodology. Complete and 
balanced nutrition has always been the first line of defense for plants 
due to the direct involvement of mineral elements in plant protection. 
The results showed that rice tungro disease could be controlled with 
138:42:62:200 (N:P2O5:K2O:Si). A high rate of nitrogen is needed to 
reduce disease development. The results on N may explain that not 
all conditions of rice plants are at risk with high N rates. Adding Si 
fertilizer contributes to plant defense mechanisms and plays a role in 
yield formation. In contrast, the balance of fertilizer for maximizing 
grain yield per plant was found to be not dependent on nitrogen but 
needed either low K (62 kg K2O/ha) or high K (80 kg K2O/ha) but with 
moderate Si (150 kg Si/ha). Prioritizing tungro disease control and 
adopting the rate of N:K2O:Si (138:62:200), it was found that there 
was a yield reduction of an average of 7.7%. 
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INTRODUCTION 

Rice is the world's second most extensively farmed cereal crop, and more than 
half of its population eats rice as a staple diet, which is farmed mainly in Asia, 
accounting for about 90 percent of global rice output (Firdaus et al., 2020; Siwar  
et al., 2014). In Malaysia, rice plantations have received more subsidies than other 
crops because rice is the nation's staple food, with roughly two billion ringgits in 
subsidies, incentives, and assistance (Rahmat et al., 2019). Food security is under 
the pressure of world population growth, increasing demand for food, scarcity of 
water and land resources, and new plant and animal diseases that will disadvantage 
global food security (Kwasek, 2012). Threats to plant health pose difficulties for 
population health, productivity, and prosperity around the globe. Consequently, plant 
diseases affect food availability and security through reduced yield and plant 
mortality. Global yield losses of essential staple crops can range up to 30 percent and 
hundreds of billions of dollars in lost food production (Rizzo et al., 2021). Plant 
disease outbreaks are increasing and threaten food security for the vulnerable in 
many areas of the world, leading to lower crop yields and reduced food stockpiles 
within countries. They can pose shocks to agricultural productivity that contribute to 
food price spikes, pushing millions into hunger (Ristaino et al., 2021).  

The current importance of rice diseases and rice yield-reducing factors in 
Southeast and South Asia indicates that yield-reducing factors cause 37% of losses. 
Among these, three diseases are responsible for losses of 5% or more each: sheath 
blight, brown spot, and blast. This is, on average, much more than insect-related 
losses caused by leaf-feeding insects (2.7%) but much less than weed infestation  
(20%) (Zeigler and Savary, 2010). However, Tatineni and Hein (2023) mentioned 
that among virus diseases of rice, rice tungro disease in Southeast Asia, East Asia, 
and the Indian subcontinent is economically crucial because it could cause 70 to 90% 
yield losses. The disease is caused by the Rice tungro spherical virus (RTSV) and the 
Rice tungro bacilliform virus (RTBV) (Lestiyani, 2022) and is transmitted by green 
leafhoppers (GLH), Nephotettix virescens (Dist.) (Jamaloddin et al., 2021) and can 
be spread by adults and nymphs (Azzam et al., 2000). These two viruses cooperate 
to allow disease progression and complete symptom expression. When plants are 
infected at an early growth stage, few tillers are generated, root development is poor, 
and stunting is quite severe. Small panicles grow on severely infected rice plants, 
frequently producing malformed and unviable grain (Azzam and Chancellor, 2002). 
Significant protection against tungro disease is the use of insecticides in order to 
control N. virescens, but the primary strategy is to grow tungro resistant varieties. 
However, because of high disease pressure and often, varieties with vector resistance 
were easily broken down by tungro as the vector population adapted to the 
environments (Bunawan et al., 2014). In addition, the development of varieties using 
gamma radiation can be used for plant mutation breeding, which leads to the creation 
of new plant varieties that are more resistant to biotic and abiotic stress 
(Puripunyavanich et al., 2021). It is vital to note that, while this irradiation technology 
is dependent on chance, good results can be reached if it is targeted and linked to 
biotechnology approaches (Riviello-Flores et al., 2022). Chemical control has been 
widely used in agriculture, which has a positive or negative impact, but food safety 
issues have raised global health concerns with frequent chemical uses that cause 
contamination of food products and adversely affect human health (Manggala et al., 
2023). On the other hand, according to many studies, nitrogen, phosphorus, 
potassium, and silicon can affect the disease incidence in rice in various ways 
depending on the type, quantity, and interactions between the host and pathogen. 
These nutrients aid in the plant's ability to resist disease by promoting optimal growth 
that will allow it to withstand infection or enhance its resistance (Jehangir et al., 
2022). 

Nutrients are essential for plant growth and development, whereas nitrogen (N) 
and potassium (K) are the most critical nutrients for plants and are the primary 
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macronutrients (Shrestha et al., 2020). Nitrogen is an essential plant nutrient since 
it is required for photosynthesis, growth and development, rice yield, quality, and 
biomass (Zhang et al., 2020). Potassium is active in dozens of essential enzymes, 
such as protein synthesis, sugar transport, N metabolism, and photosynthesis, 
ensuring optimal plant growth (Xu et al., 2020). Cultural practices such as optimum 
fertilization of N and K could induce disease tolerance in plants (Manzoor et al., 2017). 
Many studies have demonstrated the advantages of nutrition with Si on crop growth, 
development, and health, even though it is not often regarded as an essential 
nutrient for plants. Silicon has been linked in numerous studies to the activation of 
plant defense systems. However, the precise nature of the relationship between this 
element and the biochemical pathways that regulate resistance is yet unknown 
(Romero, 2011). By adding Si to the soil, foliar silicon concentration rises, resulting 
in the deposition of amorphous silica as a mechanical barrier between the cuticle 
layer and the epidermis layer in foliar cells (de Souza et al., 2021). The mechanical 
barrier is believed to increase the plant's disease resistance, limit damage from 
insects and grazing animals, and reduce transpirational water loss (Singh et al., 
2022). In addition, Si can induce resistance by translocating silicic acid and trigger 
periodic signals such as salicylic acid (SA), jasmonic acid (JA), and ethylene (ET) 
inside the plant cells that can finally induce defense responses (Ghosh and Ganguly, 
2022). Based on research findings indicating positive impacts, silicon is used more 
frequently in crop cultivation procedures because it can alleviate environmental 
stresses in sustainable crop production (Kovács et al., 2022). Regardless of how vital 
these nutrients are to rice growth and yield development, under the specific scenario, 
fertilizer treatments favored disease attacks (Shrestha et al., 2020). Based on 
previous N, K, and Si studies, these nutrients are essential in crop yield production 
and plant disease protection mechanisms. Interaction among plant nutrients can 
create antagonistic or synergistic consequences that influence crop performances; 
therefore, understanding nutrient interactions can assist fertilizer design and 
optimization for fertilization approaches (Rietra et al., 2017). However, we need to 
learn more about the combined effects of these three nutrients (N, K, and Si) on rice 
tungro disease in Malaysian rice cultivation. This study evaluates the efficacy of 
combined N, K, and Si treatments on agronomic parameters and rice tungro disease 
in controlled environments. 

MATERIAL AND METHODS 

Experimental materials and design 

The rice seed was sown in a pot (25 cm height x 25 cm diameter at the top and 
20 cm diameter at the bottom) filled with 8 kg of soil, preceded by seed treatment 
through soaking (24 hours) and pre-germination (one day before sowing). Each pot 
was sown with ten seeds of the MARDI Siraj 297 high-yielding variety that was 
moderately susceptible to tungro disease. All the pots were arranged under the 
greenhouse at a distance of 30 cm from each other. Glasshouse trials were performed 
in 2021 and 2022 at the Rice Research Centre, MARDI, Seberang Perai, Pulau Pinang 
Malaysia. 

The experiment was arranged in a randomized complete block design replicated 
three times. Glasshouse trials were conducted using N (Urea 46%), K (MOP 60%), 
and Si (25%) at five levels (Table 1). Based on the input factors and their levels listed 
in Table 1, the experiments were conducted by a three-factor orthogonal quadratic 
rotation combination design was used to apply the N, K, and Si treatments (Table 2). 
The orthogonal design method was constructed to represent the sampled set of 
combinations which evenly distribute over the experiment space and this was done 
by Design Expert Software (StatEase V.13). A standard of 42 kg P2O5 was applied for 
all treatments. The experiment was repeated for two planting cycles. Application of 
nitrogen was done in three splits; 20%, 30%, and 50% at 15, 35, and 55 days after 
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sowing, respectively. Applications of phosphorous and potassium were both applied 
15 days after sowing (100%). Silicon fertilizer was applied 55 days after sowing 
(100%). 

Table 1. Coding design table each N, K and Si factor level. 

Level N (kg/ha) K (kg/ha) Si (kg/ha) 

Code mark X1 X2 X3 
Star on the arms (+1.68) 149.56 86.12 234.00 
Upper level (+1) 138.00 80.00 200.00 
Zero level (0) 121.00 71.00 150.00 
Lower level (-1) 104.00 62.00 100.00 
Under the arms (-1.68) 92.44 55.88 66.00 
Change interval 28.56 15.12 84.00 

 

Table 2. Quadratic orthogonal rotation combination design. 

Treatment N (kg/ha) K (kg/ha) Si (kg/ha) 
1 104.00 62.00 200.00 
2 121.00 71.00 150.00 
3 138.00 62.00 200.00 
4 104.00 80.00 100.00 
5 138.00 62.00 100.00 
6 121.00 71.00 150.00 
7 121.00 71.00 150.00 
8 121.00 71.00 150.00 
9 138.00 80.00 200.00 
10 121.00 71.00 150.00 
11 92.40 71.00 150.00 
12 121.00 71.00 150.00 
13 104.00 80.00 200.00 
14 121.00 71.00 150.00 
15 121.00 71.00 234.00 
16 149.60 71.00 150.00 
17 121.00 71.00 150.00 
18 121.00 86.10 150.00 
19 121.00 71.00 150.00 
20 121.00 55.90 150.00 
21 138.00 80.00 100.00 
22 121.00 71.00 150.00 
23 121.00 71.00 150.00 
24 121.00 71.00 66.00 
25 104.00 62.00 100.00 

Tungro disease inoculation and disease assessment 

Infected rice plants by tungro virus disease in the field were used as a source 
to propagate tungro-diseased plants by uprooting and transplanting them in pots. 
The tungro-diseased plants containing RTBV and RTSV were maintained at the 
Entomology Glasshouse, Rice Research Centre, MARDI Seberang Perai, Pulau Pinang, 
Malaysia. A set of rice tungro-disease plants was prepared under the confine cages, 
allowing a newly emerged adult population of green leaf hopper (GLH) insects to feed 
on plants infected with the tungro for four days. The process to ensure the culture of 
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the tungro virus was transmitted to green leaf hoppers (GLH) as a vector.  In a pot 
that was well prepared early with MARDI Siraj 297 (18 days old), the 30-day-old GLH 
was then released in the cage at an average of ten insects per pot for 2 days of 
inoculation (allowed to feed on free-infected plants). The inculcation cages were 
covered with transparent plastic cages, so GLH would not move away from the 
seedling. According to the Standard Evaluation System of Rice (IRRI, 2013). The 
disease scoring was done after seven days of disease inoculation on the symptoms 
of plants yellow to yellow-orange leaves, stunting, and wilting. 

Measurement of rice grain yield and yield components 

The number of panicles from each pot was used to calculate the average panicle 
number per treatment. Measurements were recorded 60 days after sowing. A total 
number of filled and unfilled grains per panicle was selected from each pot from the 
main tiller to calculate the percentage of filled grains (%). The filled grain was 
calculated by the number of filled grains divided by the total number of grains and 
multiplied by hundred (%). 

A total of 1000 grains from each plot were selected randomly and weighted with 
a portable automatic electronic balance at 14% moisture content to calculate the 
1000-grain weight, and expressed in grams (g). 

The total grain weight per pot was calculated based on the net weight of the 
filled grains based on 14% moisture content. 

Statistical analysis 

Statistical analysis was performed by Design Expert Software (StatEase V.13). 
The tungro disease data were analyzed by combining the data of the pot study 
conducted in 2021 and 2022 and taking the average. This study is more interested 
in knowing the response based on the disease score according to days after sowing. 
Meanwhile, the rice yield component data was analyzed with the year (planting cycle) 
as a term included in the model. 

RESULTS  

Effect of N, K and Si on rice tungro disease  

The analysis of variance of the experimental data suggested a significant 
quadratic model for the tungro disease score, which indicates the value of  
Prob. > F for the model is less than 0.05. The significant model analysis is desirable 
because the terms in the model significantly affect the response (disease score). The 
significant effects were days after sowing, nitrogen, and silicon. In addition, the 
interaction between potassium and silicon was also a significant model term. 
Similarly, the polynomial quadratic of silicon was also a significant model term. Other 
model terms (potassium, other interactions) were not significant. The lack of fit is 
insignificant relative to the pure error. A non-significant lack of fit is good because 
the model could be fit. These insignificant model terms can be removed and may 
result in an improved model, and this can be done by selecting the backward 
elimination procedure to reduce the terms that are not significant automatically.  
The final result of the ANOVA table for the reduced quadratic model for tungro score 
disease is presented in Table 3. 
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Table 3. ANOVA table for reduced quadratic model response on tungro disease score. 

Source df Mean 
Square F-value P-value 

Model 15 37.60 272.86 < 0.0001 
 A-Days after sowing 10 55.81 404.99 < 0.0001 
  B-Nitrogen 1 1.67 12.10 0.0006 
  C-Potassium 1 0.10 0.77 0.3810 
  D-Silicon 1 0.91 6.61 0.0107 
CD 1 1.31 9.53 0.0022 
D2 1 1.31 9.47 0.0023 
Residual 259 0.13 -  -  
  Lack of Fit 148 0.13 0.91 0.7040 
  Pure Error 111 0.14 -  -  
Cor Total 274 - - - 

 
Based on the graph, the increasing disease score from the tillering (30 DAS) to 

maturity (100 DAS) stage indicates the severity of tungro disease affecting the 
growth of rice plants (Figure 1). An increase in disease score was related to yellowing 
and stunted plant growth. It can also be observed that there are two peaks where 
the disease score increases sharply on day 51 and then decreases until day 58 before 
rising sharply on day 79. In the following days, the increase in disease score is slower. 
An increase in N application significantly reduced the disease score (Figure 2). The 
results show that low N levels have the potential to be more easily attacked by tungro 
disease. These results also directly indicate that high levels of N are needed to control 
disease attacks caused by tungro viruses. 

 
Figure 1. Effect of tungro disease (disease score) on the growth of rice 
plants 

 
Figure 2. Effect of nitrogen application on tungro disease score 
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The significant interaction between K and Si (Figure 3) showed that the spread 
of the points on the right side of the graph was smaller than the spread between the 
points on the left side. In other words, the effect of a high K rate was less significant 
compared to a low rate of K, but it depends on the amount of Si applied. It now 
becomes apparent that a low rate of K requires a high rate of Si (the red line), and 
vice versa; at a high rate of K, the amount needed to control tungro disease needs a 
low rate of Si (the black line). 

 
Figure 3. Interaction between potassium and silicon on rice plants tungro 
disease score. 

The significant quadratic polynomial of Si is presented in Figure 4. The graph 
showed that the quadratic has one depression, which is the minimum rate of Si at a 
range of 165 kg/ha to 175 kg/ha (blue vertical line), which could benefit in controlling 
tungro disease. A higher or lower than the range provided could increase the severity 
of the tungro disease. 

 
Figure 4. Significant quadratic polynomial of Silicon application on rice 
plants tungro disease score. 

Nitrogen and potassium are vital for optimum plant growth, development, and 
productivity. In comparison, silicon is considered a beneficial element. The current 
study indicates that the increase in nitrogen rate could control the disease. In 
contrast, depending on one of the rates used, the interaction between silicon and 
potassium may affect the disease score. The 3D surface graph could determine the 
relationship between these three elements. After optimization of the 3D graph by 
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determining the N level from the lowest rate to the highest rate, it was found that 
the severity of the disease score can be reduced with the highest N rate (Figure 5). 
The results based on the 3D response surface for disease score show that the balance 
fertilization for controlling tungro disease was at 138 kg N/ha, 62 kg K2O/ha, and 200 
kg Si/ha. 

 
Figure 5. 3D surface graph for tungro disease score 

Effect of N, K and Si on spikelet number per panicle 

The value of Prob. > F in Table 4 for the model was higher than 0.05, which 
indicates that the model was insignificant.  Insignificant model terms are not 
desirable as they indicate that the terms in the model do not significantly affect the 
response (spikelet number per panicle). Thus, there was no real relationship between 
the factors (N, K, and Si), and the response could be investigated. 

Table 4. ANOVA table for response surface model for spikelet per panicle. 

Source df Mean 
Square F-value P-value 

Model 4 186.42 1.57 0.1827 
  A-Year 1 442.04 3.73 0.0548 
  B-Nitrogen 1 61.06 0.51 0.4736 
  C-Potassium 1 205.15 1.73 0.1896 
  D-Silicon 1 37.42 0.31 0.5746 
Residual 195 118.41 -  -  
  Lack of Fit 25 104.58 0.86 0.6484 
  Pure Error 170 120.45 -  -  
Cor Total 199 -  -   - 

  

Effect of N, K and Si on filled grain (%) 

The analysis of variance of the experimental data suggested a linear model for 
filled grain (%), and the ANOVA analysis is presented in Table 5. In this case, A (year) 
is a significant model term. P-values greater than 0.1 indicate that the model terms 
are insignificant (nitrogen, potassium, and silicon). The filled grain percentage was 
significantly higher in 2022 (62%), compared to 2021 (51%), by an average of 
21.6% (Figure 6). 
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Table 5. ANOVA table for response surface model for filled grain (%). 

Source df Mean 
Square F-value P-value 

Model 4 1182.60 15.48 < 0.0001 
  A-Year 1 4678.75 61.24 < 0.0001 
  B-Nitrogen 1 21.24 0.27 0.5987 
  C-Potassium 1 49.81 0.65 0.4206 
  D-Silicon 1 10.53 0.13 0.7109 
Residual 179 76.40 -  -  
  Lack of Fit 25 88.49 1.19 0.2567 
  Pure Error 154 74.18 -   - 
Cor Total 183 -  -   - 

 

 
Figure 6. The effect of different planting cycle (Year) on filled grain (%). 

Effect of N, K and Si on 1,000-grain weight (g) 

The analysis of variance of the experimental data suggested a linear model for 
the 1,000-grain weight (g), and the ANOVA analysis is presented in Table 6. In this 
case, A (year) is a significant model term. P-values greater than 0.1 indicate that the 
model terms are insignificant (nitrogen, potassium, and silicon). The 1,000-grain 
weight (g) was significantly higher in 2021 (23.4 g) compared to 2022 (22.7 g) by 
an average of 3.1% (Figure 7). 

Table 6. ANOVA table for response surface model for 1,000-grain weight (g). 

Source df Mean 
Square F-value P-value 

Model 4 6.90 3.66 0.0067 
  A-Year 1 27.19 14.43 0.0002 
  B-Nitrogen 1 0.19 0.10 0.7457 
  C-Potassium 1 0.15 0.08 0.7773 
  D-Silicon 1 0.06 0.03 0.8521 
Residual 179 1.88 - - 
  Lack of Fit 25 2.30 1.26 0.1942 
  Pure Error 154 1.82 - - 
Cor Total 183 - - - 
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Figure 7. Effect of different planting cycle (Year) on 1,000-grain weight (g). 

Effect of N, K and Si on net grain weight per plant 

The analysis of variance of the experimental data suggested a significant 
quadratic model for net grain weight per plant, which indicates the value of  
Prob. > F for the model is less than 0.05. The significant terms were a year (two 
planting cycles), the interaction between year and potassium, the polynomial 
quadratic of potassium, and the polynomial quadratic of silicon. Other model terms, 
such as nitrogen, potassium, silicon, or other interactions, were insignificant.  
The lack of fit is insignificant relative to the pure error. A non-significant lack of fit is 
good because the model could be fit. A similar procedure by selecting the backward 
elimination to automatically reduce the terms that are not significant to the model is 
presented in the final ANOVA table presented in Table 7. 

Table 7. ANOVA table for reduced quadratic model response on grain weight per 
plant. 

Source df Mean Square F-value P-value 
Model 7 0.5440 5.89 < 0.0001 
  A-Year 1 2.0900 22.60 < 0.0001 
  C-Potassium 1 0.0085 0.09 0.7617 
  D-Silicon 1 0.0108 0.11 0.7327 
AC 1 0.5112 5.53 0.0198 
AD 1 0.3210 3.48 0.0641 
C2 1 0.4713 5.10 0.0252 
D2 1 0.4626 5.01 0.0266 
Residual 167 0.0924  - -  
  Lack of Fit 22 0.0554 0.56 0.9404 
  Pure Error 145 0.0980 -   - 
Cor Total 174 -   -   - 

 

Results from Table 7 indicate that the model is still significant, but the main 
effect of nitrogen has been removed, showing that nitrogen does not contribute to 
the net grain weight per plant. The significant interaction between year and 
potassium and between year and silicon may indicate the possibility of heat and 
humidity changes in the glasshouse. Based on Table 7, a low potassium rate  
(62 kg/ha, black line) almost does not indicate any effect between the two planting 
cycles studied (2021 and 2022), but a high potassium rate (80 kg/ha, red line) had 
changes in net grain weight per plant (Figure 8). A similar result was found for silicon. 
A low rate of silicon (100 kg/ha, black line) had slight changes, but a high silicon rate 
(200 kg/ha, red line) had more effect on net grain weight per plant (Figure 9).  
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Figure 8. Interaction effect between different planting cycle (year) and 
potassium on net grain weight per plant (g). 

 
Figure 9. Interaction effect between different planting cycle (year) and 
silicon on net grain weight per plant (g). 

The significant quadratic polynomial of potassium (Figure 10) indicates that the 
depressions range between 69 kg/ha and 72 kg/ha (vertical blue lines) and could 
result in lower net grain weight per plant. On the other hand, a significant quadratic 
polynomial of silicon shows that the peak range between 148 kg/ha and 158 kg/ha 
could maximize the net grain weight per plant (Figure 11).  

 
Figure 10. Effect of quadratic polynomial of potassium on net grain weight 
per plant (g). 
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Figure 11. Effect of quadratic polynomial of silicon on net grain weight per 
plant (g). 

Overall, the response surface method (RSM) shows that the net grain weight 
per plant is independent of N. In contrast, using K shows a quadratic polynomial with 
depressions, while using Si shows a quadratic polynomial with peaks. 3D optimization 
combining these three fertilizers shows that the maximum yield of net grain weight 
can be achieved either at a low K rate (62 kg/ha) or a high rate (80 kg/ha) with an 
additional 150 kg Si/ha. As N did not significantly contribute to grain production, a 
low rate of N at 104 kg/ha could be suggested (Figure 12). 

 
Figure 12. 3D surface graph for net grain weight per plant. 

DISCUSSION 

Rice tungro disease causes severe damage because farmers mistake the tungro 
symptoms for a lack of nutrients or other rice diseases. According to Salwani et al., 
(2013), applying a high amount of nitrogen fertilizer increases the probability of 
tungro disease occurrence, so it is often too late to control it, which contradicts our 
finding that high levels of N significantly lower the disease score. In the context of 
nitrogen and plant fungal disease management, the excessive use of N fertilization 
in plants promotes a high level of foliar nitrogen that provides a pathogen resource 
of nutrients for growth and reproduction and decreases the production of defensive 
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compounds in the plant, allowing the pathogenic fungi to more easily infect the plants 
(Luo et al., 2021). A high N fertilizer promotes fungal virulence enough to override 
such elevation of plant defenses, and consistently high N is associated with an 
increase in susceptibility to biotrophic and hemibiotrophic pathogens (Jeon, 2019). 
Nazarov et al., (2020) reported that viral infections often require damaged tissues or 
specialized structures (e.g., stomata) to enter the cell or through a vector. Once the 
virus enters the vascular system, it moves passively through the phloem sieve tubes 
with the flow of substances and infects all the plant cells. The green planthopper 
(Nephotettix virescens) is known to cause damage to rice plants by sucking rice fresh 
fluid and the vector virus of tungro disease (Abdullah et al., 2021). In the case of 
other species of Nephotettix cincticeps, a prevalent rice pest, during the sucking 
process, it injects gelling and watery saliva into the plant tissues, which are believed 
to interact with plant cell constituents and play essential roles in overcoming host 
plant defense responses (Matsumoto and Hattori, 2018). In general, rice plants 
attacked by GLH need to defend against damage due to the effects of GLH itself and 
the secondary impact of the tungro virus (if GLH is the carrier or vector) entering the 
rice plant. In this study, we believe the increase in tungro disease scores with the 
increase in rice growth stages (30 - 100 DAS) with the highest disease score of 5.0 
but still lower than the standard IRRI score of 7 and 9 (more severe symptoms) could 
be because the plant needs to control damage from GLH attacks and at the same 
time reduce the virus infection spreading within the plant's cell. Two mechanisms 
could be proposed for how the rice plant lowers the severity and controls the damage. 
First, we suggest that the significant increase of N in reducing the disease score  
was through the development of plant compounds with antimicrobial properties 
containing low-molecular-weight non-protein substances classified into 
phytoanticipins (saponins, phenylpropanoids, alkaloids, cyanogenic glycosides, and 
glucosinolates) and phytoalexins. Phytoalexins are phenylpropanoids, alkaloids, and 
terpenes formed in response to a pathogenic attack (Nazarov et al., 2020). This could 
be similar to a reduction in low-molecular-weight compounds (soluble sugar) because 
adequate K supply to the plant has been found to correlate with being less susceptible 
to disease incidence (Tripathi et al., 2022). In addition, K sufficiency in plants has 
been associated with higher cell-membrane resistance, lowering the risk of 
pathogenic attacks (Sardans and Peñuelas, 2021). K strengthens plant cell walls and 
is involved in the lignification of sclerenchyma tissues (Dobermann and Fairhurst, 
2000). The second mechanism is believed to be the act of Si that is mainly deposited 
in the epidermal cells forming silicified cells, and a cuticle-Si double-layer structure, 
which can enhance the mechanical strength and stability of the host plant cell wall, 
thereby delaying and resisting the invasion and expansion of pathogens (Li et al., 
2022). In addition, the thickness of the leaf's epidermis, the curding of feathers, and 
the roughness of the leaves could prevent tungro vector (GLH) infestation (Muazam 
et al., 2021) and, according to Khaerana and Gunawan (2019) Si could be used to 
increase the leaf epidermis thickness to prevent the infestation. This study also shows 
that a high N rate is a must as a control measure, and it is different from most reports 
that state that a high N increases the risk of disease attacks (mainly due to fungal 
and bacteria infections) and pests. The optimization of high N (138 kg/ha) with 
balanced fertilization of 62 kg K/ha and 200 kg Si/ha significantly improves the plant 
against tungro disease. However, it can be controlled more effectively by carrying 
out additional studies by increasing the N rate above 138 kg/ha, minimizing the K 
rate below 62 kg/ha, and increasing the Si rate above 200 kg/ha. The elements Si 
and K were antagonistic in the plants' root and stem wheat, and an increase in Si 
content in the root and stem hampered the K content of both plant parts, except in 
reproductive regions, which showed a synergism effect (Mukhomorov and Anikina, 
2011). In this study, the same principle may occur in rice plants with the antagonistic 
effect between silicon and potassium in reactions to tungro disease infection. 

A series of studies conducted using MARDI Siraj 297 with different fertilizer 
treatments showed that there was no difference in spikelets per panicle or the 
number of spikelets per square meter (NurulNahar et al., 2023a, NurulNahar et al., 
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2023b; NurulNahar et al., 2023c). Spikelet number was influenced by temperatures 
rather than nutrient application (Yoshida, 1973; Jagadish et al., 2007; de Souza  
et al., 2017). In addition, Lakitan et al. (2020) found that the use of NPK fertilizers 
does not provide any benefits to black glutinous rice reproductive traits, which they 
suggested could be predominately regulated by genetic factors. According to Engku 
Hasmah et al., (2021) rice production in Malaysia is exceptionally vulnerable to 
environmental changes, and any increases in average temperature or above the 
optimal temperatures at the reproductive and grain filling stages are crucial as they 
significantly produce low grain yield production. In addition, the temperature at the 
flowering to grain formation stages greatly impacted rice grain yield (Kulyakwave  
et al., 2020). In this study, no effect of using nitrogen, potassium, or silicon can be 
confirmed, indicating that nutrient factors do not contribute to spikelet production. 

The non-structural carbohydrate (NSC) stored in rice stems is the carbon source 
for grain filling (Wakabayashi et al., 2022). Rice grains primarily consist of starch, 
synthesized from non-structural carbohydrates, which plays a remarkable role in 
maintaining the supply of photoassimilates during grain filling (Costa et al., 2021). 
NSCs comprise soluble sugars (such as glucose, fructose, and sucrose) and starch 
(Huang et al., 2023). A cucumber mosaic virus (CMV) case study in melon (Cucumis 
melo L.) Shalitin and Wolf, (2000) found that CMV infection altered carbohydrate 
metabolism and inhibited starch accumulation and/or starch degradation due to 
increased demand for soluble sugars to maintain a high respiration rate because of 
severe symptoms of leaf necrosis. Hence, it is believed that the tungro disease 
infection causes severe yellowing symptoms in rice leaves, may interrupt 
photosynthesis, and as a result, disrupts the non-structural carbohydrate formation 
that limits the supply for grain filling demand. As discussed earlier, once plants are 
infected, one of the mechanisms is to regulate antimicrobial properties that are tied 
up with an adequate nutrient supply. Thus, insignificant nitrogen, potassium, and 
silicon in filled grain (%) could be insufficient energy to accommodate the demand 
for antimicrobial products and NSC formation, as the plants must maintain their vigor 
first.  

The 1,000-grain weight was not affected by nutrients, and N fertilization did 
not affect grain size, but considerable genotypic differences indicate that genetic 
variables more easily modify grain size than agronomic factors (Borrell et al., 1999), 
are relatively stable (Zhou et al., 2017), and are a constant characteristic because 
grain size is controlled by hull size (Yoshida 1981). Therefore, it is not surprising if 
the use of nitrogen, potassium, and silicon in this study does not contribute to the 
1,000-grain weight. However, the estimated 1000-grain weight of 23.4 g (in year 
2021) and 22.7 g (in year 2022) was meager, based on the results obtained by 
NurulNahar et al., (2023a, 2023b) under normal conditions, and the same variety 
had produced a 1,000-grain weight between 26.8 g and 29.4 g. This shows the effect 
of the tungro disease attack, which caused the weight of 1,000 grains to be affected.  

In contrast to the balanced fertilization to control rice tungro disease with a rate 
of 138 kg N/ha, 62 kg K2O/ha, and an additional 200 kg Si/ha, the balance of 
fertilization for maximizing grain yield per plant was found to be not dependent on 
nitrogen but needed either low K (62 kg K2O/ha) or high K (80 kg K2O/ha) but with 
moderate Si (150 kg Si/ha). As discussed earlier, nitrogen was not contributing to 
the grain yield. It could prioritize the nitrogen to regulate and develop antimicrobial 
properties, which may sacrifice the formation and accumulation of NSC in rice plants 
for grain development. Prioritizing tungro disease control and adopting the rate of 
N:K2O:Si (138:62:200), it was found that there was a yield reduction of an average 
of 7.7% as the net grain weight reduced from 1.3 g/plant to 1.2 g/plant (Figure 12 
vs. Figure 13). In addition, year variations (temperature, humidity, etc.) in grain 
weight depending on climatic factors may contribute to glasshouse variations, so the 
grain weight differed in any two years. 
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Figure 13. 3D surface graph for net grain weight per plant as follow the 
recommendation rate for tungro disease control 138:62:200 (N:K:Si) 

CONCLUSION 

One of the key advantages of RSM is that it generates an incredible amount of 
information from a small number of experiments. Compared to a factorial 
experiment, which is a set of treatments consisting of all possible combinations of 
the levels (rates) of several factors (N, K, and Si), it may require many total 
treatments. In this study, N and K were based on subsidies and high-yielding fertilizer 
recommendations in Malaysia. Silicon was based on other studies for controlling pests 
and diseases and high-yield options. The phosphorous rate (42 kg/ha) was constant 
for all treatments. Complete and balanced nutrition has always been the first line of 
defense for plants due to the direct involvement of mineral elements in plant 
protection. In the case of rice tungro disease, the rate that could minimize disease 
development is found to be balanced at 138:42:62:200 (N:P2O5:K2O:Si). A high rate 
of nitrogen is needed to reduce disease development. The results on N may explain 
that not all conditions of rice plants are at risk with high N rates, as in many previous 
findings. However, this is also possible because adding Si fertilizer contributes to 
plant defense mechanisms and plays a role in yield formation. Further studies, 
especially on splitting the silicon at different rice growth stages, could be done to see 
the optimal response for disease and yield optimization, as well as a combination of 
a higher rate of nitrogen and a lower rate of potassium. 
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