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Abstract: Silicon (Si) is a beneficial nutrient that has been shown to increase rice productivity and
grain quality. Fragrant rice occupies the high end of the rice market with prices at twice to more than
three times those of non-fragrant rice. Thus, this study evaluated the effects of increasing Si on the
yield and quality of fragrant rice. Also measured were the content of proline and the expression of
the genes associated with 2AP synthesis and Si transport. The fragrant rice varieties were found to
differ markedly in the effect of Si on their quality, as measured by the grain 2AP concentration, while
there were only slight differences in their yield response to Si. The varieties with low 2AP when the
Si supply is limited are represented by either PTT1 or BNM4 with only slight increases in 2AP when
Si was increased. Si affects the gene expression levels of the genes associated with 2AP synthesis, and
the accumulation of 2AP in fragrant rice mainly occurred through the upregulation of Badh2, DAO,
OAT, ProDH, and P5CS genes. The findings suggest that Si is a potential micronutrient that can be
utilized for improving 2AP and grain yield in further aromatic rice breeding programs.

Keywords: fragrant rice landraces; Si fertilizer application; 2AP biosynthesis pathway; fragrant
genes; gene expression

1. Introduction

Silicon (Si) is a non-essential element that has been discovered to be beneficial for
the growth and development of horticultural and agricultural crops [1,2]. In Gramineae
crops, especially wheat, rice, and sugarcane, Si has been reported to enhance the growth
and biomass, yield, and grain quality [3,4]. Several studies have reported that Si fertilizer
has direct or indirect effects on plant growth and development. Si fertilizer enhances cell
wall strength, reduces lodging, and enhances resistance to abiotic and biotic [5–8]. Rice is
indeed a known accumulator of silicon by taking up and accumulating large amounts of
silicon from the soil through the roots and depositing it in the plant tissues [9,10]. Plant
roots uptake Si via active, passive, and rejective transport that differ among plant species.
In three modes of Si uptake, it has been suggested that the active mechanisms were the best
Si transport across the cell membrane [8–11]. The lateral roots uptake Si from the soil by
active and passive mechanisms, then transport it passively to shoot through the xylem via a
transpiration stream, where it accumulates in the cell wall of leaves, stems, and other plant
tissues [5,11–15] Several studies have identified genes involved in regulating Si transporters
in rice that uptake and distribute Si from the root to other plant parts (i.e., the cell wall
of leaves, stems, and hulls). The Si accumulation in the shoot ranges from 1.5 to 10% Si
concentrations in the plant’s dry weight, depending on the species [5,12,13]. There are
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several genes known as Lsi genes involved in different transport mechanisms throughout
the plant. The genes involved in the root transport are OsLsi1 and OsLsi2, for Si influx and
efflux, respectively [14,16–19]. Additionally, the study also found that OsLsi2 and OsLsi3
are involved in the active efflux transport of silicon from the shoot into panicles [20–24].
OsLsi6 is highly expressed in node-1 below the panicles in the reproductive growth stage of
rice as an influx transporter and a homolog of OsLsi1, responsible for unloading the Si into
the xylem vessels via transport in the transpiration stream for distributing Si to the panicle
and grain [24–27]. In addition, the study of Wangkaew et al. [28] found that OsLsi6 was not
detected in the roots at all stages, but the highest expression was observed in the node at the
booting and flowering stages. Furthermore, Chaiwong et al. [29] also reported that OsLsi6
can be utilized to enhance rice production by promoting the development of caryopsis.

Rice (Oryza sativa) is an important crop globally as the staple food for more than half
of the world’s population, particularly in Asia [30,31]. Fragrance rice or aromatic rice
refers to a small but special group of rice varieties that present an aroma on the grain with
a “popcorn-like” or “pandan-like” flavor [32,33]. Fragrance in rice is an essential factor
that contributes to its desirability and value in both domestic and international markets.
The rice with the highest prices in the world market are Indian and Pakistan Basmati,
followed by Thai Hom Mali and Cambodian Phka Malis [34]. The premium prices, at
2–3 times that of ordinary non-aromatic rice, are due to their aroma and unique grain
quality characteristics preferred by high-income consumers [35–37]. The key compound in
fragrant rice’s aroma is 2-acetyl-1-pyrroline (2AP), which is produced under the control
of the recessive aroma gene [38–41]. L-proline, L-ornithine, hydroxyproline, and glutamic
acid have been identified as possible precursors for the formation of 2AP in aromatic
rice via a polyamine pathway with ∆1-Pyrroline-5-carboxylate synthetase (P5CS; coded
by P5CS gene), proline dehydrogenase (ProDH; coded by PRODH gene), and ornithine
aminotransferase (OAT coded by OAT gene) associated with the rise of ∆1-pyrroline.
Moreover, ornithine diamine oxidase (DAO coded by DAO gene) can convert ornithine to
polyamine putrescine, which is then transformed into 1-pyrroline [42–45] and, subsequently,
the loss function of the betaine-aldehyde dehydrogenase (BADH2 coded by BADH2 gene)
leads to aroma formation in fragrant rice [46–50]. However, another proposed pathway for
2AP biosynthetic is the glycolysis pathway with methylglyoxal as a precursor [51].

Furthermore, Si has been associated with improving rice grain quality by increased
milling quality, reduced chalkiness, and enhanced cooking and eating characteristics [52–54].
Applying Si fertilizer increased the 2AP content, Si and proline contents in the leaf and
grain in fragrant rice, the growth, and yield due to increased photosynthetic activities [6].
Likewise, the 2% w/v of foliar Si application improved grain yield, yield traits, and 2AP
content in Thai jasmine rice by enhancing panicle weight, the number of fertile seeds, grain
fertility percentage, the number of panicles, total grain weight, and harvest index [55].
Moreover, several studies have demonstrated the significant effects of combining fertilizers
such as nitrogen-silicon (N-Si) fertilization on grain yield and lodging resistance in fragrant
rice. This effect is attributed to the increased activities of N metabolism enzymes and the
accumulation of N and Si in various parts of the rice plant. Notably, the high accumulation
of N and Si directly regulates the 2AP content or indirectly influences the antioxidant
response parameters, ultimately promoting the formation of 2-AP [56]. Similarly, the appli-
cation of Se-Si treatment in fragrant rice led to the regulation of plant growth. Moreover,
this treatment improved the grain 2AP content by regulating the metabolism of proline,
pyrroline-5-carboxylate (P5C), and γ-aminobutyric acid (GABA) [57,58].

In Thailand, where rice has a social as well as economic importance, fragrant rice
accounts for approximately one-third of the annual production, with some 70% grown from
Khao Dawk Mali 105 (KDML105), a photoperiod-sensitive variety with a traditional plant
type [59]. There are numerous other fragrant rice varieties, including several landraces, in
Thailand’s genetically highly diverse local rice germplasm, some of which are differentiated
from the mega variety KDML105 in their grain morphology, cooking qualities, aroma, and
allelic variation of the fragrant gene Badh2 [60]. One of these, BNM4 (Buer Ner Moo 4),
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was evaluated in its response to Si, in comparison with KDML105, and a modern fragrant
variety, Pathum Thani 1 (PTT1). However, Thai landraces have not yet been exploited by
comparing them to the successful KDML105 and a modern variety, PTT1. Therefore, the
objectives are to examine the yield and quality response to different silicon applications
and to determine which genes are expressed during the important growing stages and
aroma production. Thus, the results are expected to increase our understanding of how
rice yield and the quality of fragrance are affected by Si nutrition, forming a basis for the
development of Si fertilizer management for fragrant rice.

2. Results
2.1. Grain Yield and Yield Component

The grain yield of the four rice varieties was increased by Si, but with different
responses to the Si rates (Figure 1). All four rice varieties had the lowest grain yield at Si0.
The yield of BNM4 and KDML105 increased with increasing Si to Si225, while the yield of
PTT1 and SPR1 reached the maximum at Si150.
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Figure 1. Grain yield of four rice varieties grown at different silicon fertilizer applications. Bars
represent standard error of mean. Different lowercase letters above bars indicate least significant
differences at p < 0.05. (n = 24).

The rice varieties were affected differently by Si in their plant height and percentage of
filled grain (p < 0.001), while there was a general trend of small increases in thousand-grain
weight with increasing Si. Additionally, Si had no significant effect on the number of tillers
and panicles nor the effect of variety and the interaction between variety and Si (Table 1).
The highest plant height was found in KDML105 in all silicon applications, which increased
with increasing Si to Si225. In BNM4 and SPR1, plant height increased with increasing
Si to Si75, but at Si150, the plant height decreased. Meanwhile, the plant height of PTT1
decreased with increasing Si to Si225. Applying silicon fertilizer continued to increase the
percentage of filled grain in KDML105 and SPR1. In BNM4, the percentage of filled grain
at Si75 decreased below that with Si0 and increased with increasing Si75 to Si225. The
thousand-grain weight increased with increasing Si to Si225 in all varieties. Among the
varieties, the highest thousand-grain weight was found in BNM4, whereas KDML105 and
SPR1 had the lowest thousand-grain weight.

Table 1. Yield component of four rice varieties grown at different silicon fertilizer applications. The
samples were evaluated at maturity. The data are the means of three replications. (n = 24).

Variety (V) Silicon
Fertilizer (Si)

Plant Height
(cm)

Number of
Tiller Plant−1

Number of
Panicle

Number of
Spikelet

Panicle−1

Filled Grains
(%)

1000-Grain
Weight (g)

BNM4 Si0 97.7 ± 3.13 d–f 4 ± 0.31 4 ± 0.22 117.0 ± 6.11 f 66.5 ± 3.89 h 35.0 ± 0.74 bc

Si75 104.2 ± 2.20 bc 4 ± 0.17 4 ± 0.26 142.3 ± 2.84 bc 65.5 ± 1.46 h 35.6 ± 1.50 b

Si150 99.3 ± 2.84 c–e 4 ± 0.21 4 ± 0.17 150.2 ± 4.94 b 75.5 ± 0.72 fg 35.8 ± 0.75 b

Si225 98.7 ± 3.02 c–e 5 ± 0.22 4 ± 0.26 142.7 ± 3.68 bc 78.9 ± 1.75 d–f 35.0 ± 0.98 bc
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Table 1. Cont.

Variety (V) Silicon
Fertilizer (Si)

Plant Height
(cm)

Number of
Tiller Plant−1

Number of
Panicle

Number of
Spikelet

Panicle−1

Filled Grains
(%)

1000-Grain
Weight (g)

KDML105 Si0 110.0 ± 1.71 b 4 ± 0.17 4 ± 0.17 133.8 ± 10.14 c–e 78.4 ± 2.13 ef 31.5 ± 0.38 fg

Si75 122.7 ± 0.92 a 4 ± 0.21 4 ± 0.31 171.0 ± 4.90 a 84.4 ± 1.77 b–d 32.1 ± 0.42 e–g

Si150 125.8 ± 1.23 a 4 ± 0.21 4 ± 0.31 169.3 ± 2.94 a 86.8 ± 1.75 ab 31.4 ± 0.25 fg

Si225 126.5 ± 1.98 a 4 ± 0.21 4 ± 0.22 168.2 ± 4.28 a 90.7 ± 1.11 a 33.0 ± 0.81 c–f

PTT1 Si0 97.7 ± 2.39 d–f 4 ± 0.17 4 ± 0.17 101.7 ± 3.23 g 80.0 ± 1.50 d–f 32.3 ± 0.53 d–g

Si75 77.6 ± 1.45 g 4 ± 0.21 4 ± 0.17 121.0 ± 4.20 ef 85.9 ± 1.56 a–c 33.3 ± 0.69 c–f

Si150 75.3 ± 1.25 g 5 ± 0.26 5 ± 0.33 125.0 ± 2.12 d–f 80.7 ± 1.23 c–f 33.3 ± 0.85 c–f

Si225 74.4 ± 1.46 g 5 ± 0.21 5 ± 0.22 128.8 ± 6.03 c–f 79.1 ± 3.03 d–f 34.2 ± 0.62 b–d

SPR1 Si0 92.7 ± 2.02 f 5 ± 0.22 4 ± 0.21 121.2 ± 6.81 ef 66.6 ± 1.63 h 29.0 ± 0.59 h

Si75 101.1 ± 2.24 cd 4 ± 0.17 4 ± 0.17 141.8 ± 5.98 bc 70.5 ± 1.32 gh 30.4 ± 0.66 gh

Si150 94.2 ± 2.02 ef 4 ± 0.21 4 ± 0.17 134.0 ± 4.49 c–e 83.7 ± 1.33 b–e 32.8 ± 0.65 d–f

Si225 98.4 ± 1.48 c–f 4 ± 0.21 4 ± 0.17 136.2 ± 6.42 b–d 82.2 ± 2.94 b–e 33.8 ± 0.70 b–e

Analysis of variance
Variety (Var) *** ns ns *** *** ***
Silicon fertilizer application (Si) ns ns ns *** *** ***
Var × Si *** ns ns *** *** ns

LSD0.05 (V) 2.94 - - 7.48 2.79 1.05
LSD0.05 (Si) - - - 7.49 2.79 1.05
LSD0.05 (V × Si) 5.88 - - 14.95 5.57 -

*** indicate significant difference at p < 0.05, p < 0.01, and p < 0.001, respectively, and ns indicates no significant
difference. Different superscript lowercase letters indicate least significant differences within each column
(p < 0.05).

2.2. Silicon Concentration

The silicon application increased the silicon concentration in the paddy and straw in
the four rice varieties differently (p < 0.001) (Figure 2). When no Si was applied, the rice
varieties accumulated Si in the paddy at different concentrations, with the highest in BNM4,
followed by SPR1 and PTT1, and the lowest in KDML105 with only half the concentration
in BNM4. The paddy Si was increased only slightly by increasing the Si rate in BNM4 and
more strongly in the other three varieties. Maximum paddy Si was reached at Si150 in
KDML105 and SPR1, and at Si225 in PTT1 (Figure 2a). The straw Si levels were generally
much lower than the paddy Si and responded to increasing Si among the rice varieties
differently from the paddy Si (Figure 2b). At Si0, for example, the straw Si in BNM4 was
only half of its paddy Si. Increasing the Si rate increased the straw Si strongly in BNM4 but
had little or no effect in the other three varieties.

2.3. Proline Concentration

Silicon fertilizer applications significantly affected proline concentrations differently
between rice varieties (p < 0.05) (Figure 3). In BNM4, the proline concentration increased
with increasing Si to Si150, but at Si225, the proline decreased below that with Si0. The
proline in PTT1, on the other hand, continued to increase with Si to Si225. KDML105
and non-fragrant SPR1 responded to Si in the same way, in that there was a significant
increase in the proline concentration from Si0 to Si75, with little or no additional effect at
higher rates.

2.4. Grain Quality
2.4.1. Aroma–2AP Concentration

The three fragrant rice varieties responded differently to increasing rates of Si applica-
tion in the 2-acetyl-1-pyrroline (2AP) concentration of their milled grain (white rice), while
no 2AP was detected in the non-fragrant SPR1 (Figure 4a). At Si0, the 2AP concentration of
KDML105 was triple that in PTT1 and BNM4. Increasing Si increased the 2AP concentra-
tion in all three varieties but with varying responses. In KDML105, the 2AP concentration
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increased significantly with higher rates up to the maximum at Si225. In PTT1, the 2AP
concentration increased most strongly to the level approaching the maximum in KDML105,
but with significant declines at higher Si rates. The application of Si also increased the 2AP
concentration in BNM4, but much less strongly than KDML105 and PTT1, reaching the
maximum at Si150 at a low 2AP concentration only two-thirds of that in KDML105 at Si0
(Figure 4a).
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Figure 4. The 2-acetyl-1-Pyrroline (2AP) concentration (a) and content (b) in grain of three fragrant
rice varieties (SPR1 is non-aromatic rice) grown at different silicon fertilizer applications. Bars
represent standard error of mean. Different lowercase letters above bars indicate least significant
differences at p < 0.05 (n = 3).

The content of 2-acetyl-1-pyrroline (2AP), calculated from the harvested yield as the
2AP yield, was affected by the Si fertilizer rate differently among the rice varieties (p < 0.05)
(Figure 4b). Compared to the control treatment, applying silicon fertilizer at 75 and 150 ppm
increased the 2AP content in BNM4 by 87.8% and 131.5%, respectively, but decreased at
225 ppm silicon fertilizer by 16.9%. In KDML105, applied silicon fertilizer at 75, 150, and
225 ppm increased 2AP content by 36.6%, 14.8%, and 44.3%, respectively, compared with
the Si0 treatment. On the other hand, applying silicon fertilizer in PTT1 increased 2AP
content when compared with the control treatment at 75 ppm content by 392.9% while 2AP
decreased at Si150 and Si225 by 25.8% and 15.7%, respectively. The highest 2AP content
was obtained at 225 ppm in KDML105 (52.8 µg/plant), while SPR1 was non-fragrant rice
and the 2AP content was zero (not detected).

2.4.2. Amylose Content (%)

There was no interaction between variety and Si in their effects on the rice grain
amylose percentage, although there were significant differences among the varieties and
the Si effects (p < 0.05) (Figure 5). At 15%, KDML105 and BNM4 were lowest in amylose,
followed by PTT1 at 20%, and highest in SPR1 at 33%. Although significant, the general
effects of Si on amylose were slight.

2.5. Gene Expression

The expression levels of Badh2, DAO, OAT, ProDH, and P5CS in 5DAF in panicle and
OsLsi6 in the first node of rice plants were significantly affected by Si fertilizer application
between rice varieties (Figure 6).
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Figure 5. Amylose content (%) of four rice varieties grown at different silicon fertilizer applications.
Amylose content between 0 and 2% is defined as waxy rice, between 3 and 9% as very soft rice,
between 10 and 19% as soft rice, between 19 and 25% as medium rice, and more than 25% as hard
rice [61,62]. Bars represent standard error of mean. Different lowercase letters above bars indicate
least significant differences at p < 0.05 (n = 3).
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The expression levels of the Badh2 gene in BNM4 and PTT1 significantly increased by
21.4–34.5% and 39.3–48.8%, respectively, compared to Si0. KDML105 increased progres-
sively with increasing Si to 225 ppm by 28.9–71.5%, but no significant difference in the level
of gene expression at Si75 and Si150 was observed. Meanwhile, SPR1 was unresponsive
to Si. The highest expression level of Badh2 was found in PTT1 under Si75, Si150, and
Si225, respectively (Figure 6a). In BNM4 under Si75, there was no significant difference in
the expression level of the DAO gene with Si0, while under the application of Si150 and
Si225, they increased by 31.2 and 26.4% from Si0. The expression of DAO in the KDML105
gene increased progressively with increasing Si by 11.2–31.2%. PTT1 and SPR1 displayed
significant expression levels of DAO gene increases when applied to Si75 and Si150 (29.0,
40.8, 52.4, and 49.0%, respectively) (Figure 6b). The expression of the OAT gene increased
progressively with increasing Si to 225 ppm by 9.6–36.9% in BNM4. In KDML105 and SPR1,
there were significant levels of OAT gene expression increases with 75 to 225 ppm. SPR1
had no significant difference effect of Si on OAT gene expression (Figure 6c). ProDH expres-
sion was progressively enhanced in all rice varieties except KDML105, which decreased
gene expression from Si0 by 10.7, 45.1, and 52.3% when applied to Si75, Si150, and Si225,
respectively (Figure 6d). Upon increasing the application of Si, the expression level of P5CS
increased in BNM4, KDML105, and PTT1, but not SPR1, which was not significant in P5CS
gene expression (Figure 6e).

Applying Si fertilizer increased the expression level of OsLsi6 in all rice varieties. The
highest expression level of OsLsi6 was observed in BNM4 and SPR1 under Si150 and Si225,
respectively. PTT1 showed a significant increase in the expression only with Si 225 ppm,
while KDML105 showed no significant difference in gene expression under Si0 and Si75
but applying Si from 75 to 150 enhanced the level of OsLsi6 expression by 25.3% (Figure 7).
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The correlation analysis between proline, 2AP concentration, and the relative gene
expression levels (RQ) of Badh2, DAO, OAT, ProDH, and P5CS genes in 5 DAF of four rice
varieties is shown in Table 2. The 2AP concentration was positively correlated with the
RQBadh2 gene (r = 0.30; p < 0.05), RQDAO gene (r = 0.34; p < 0.05), RQP5CS gene (r = 0.68;
p < 0.001), and RQProDH gene (r = 0.38; p < 0.01). There was also a significant positive
correlation between the proline concentration with the RQOAT gene (r = 0.41; p < 0.05),
RQP5CS gene (r = 0.44; p < 0.05), and RQProDH (r = 0.34; p < 0.05), between the RQBadh2
gene and the RQDAO gene (r = 0.34; p < 0.05) and RQP5CS gene (r = 0.44; p < 0.01), and
between the RQDAO gene and the RQOAT gene (r = 0.59; p < 0.001) and RQP5CS gene
(r = 0.45; p < 0.001).

Table 2. Correlation analysis of proline, 2AP concentration, and the relative gene expression levels
(RQ) of Badh2, DAO, OAT, ProDH, and P5CS genes in 5DAF of four rice varieties grown at different
silicon fertilizer applications.

Proline
Concentration
(µmoles/g FW)

RQBadh2 Gene RQDAO Gene RQOAT Gene RQP5CS Gene Rqprodh Gene

RQBadh2 gene 0.17 ns

RQDAO gene 0.20 ns 0.34 *
RQOAT gene 0.41 * 0.11 ns 0.59 ***
RQP5CS gene 0.44 * 0.44 ** 0.45 *** 0.26 ns

RQProDH gene 0.34 * 0.22 ns 0.06 ns −0.05 ns 0.23 ns

2AP concentration
(ppm) 0.16 ns 0.30 * 0.34 * −0.00 ns 0.68 *** 0.38 **

RQ = Relative quantification in gene expression; *, **, and *** indicate significant difference at p < 0.05, p < 0.01,
and p < 0.001, respectively, and ns indicate no significant difference.

3. Discussion
3.1. Yield Response and Expression of Si Transport Gene

Si fertilizer applications were found to have variable effects on proline concentrations
in leaves at the flowering stage. Proline concentration increased after the treatments,
except in BNM4 at Si225, which decreased. In all varieties, the highest grain yield was
obtained with increasing levels of silicon fertilizer, with KDML105 outyielding the other
lines across all applications. The increased grain yield can be attributed to an improved
increase in the percentage of filled grain while the number of tillers and panicles per plant
did not show any significant difference. However, previous studies found that silicon
application increased rice yield, especially the number of tillers and panicles per plant and
the percentage of filled grains [63,64]. The study by Detmann et al. [65], which compared
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a wild type and mutant, showed significant differences between the genotypes. The Si
fertilizer not only improved crop yield but also affected photosynthesis, with increased
mesophyll conductance and photosynthetic activity.

The effect of Si fertilizer on Si concentrations in different plant parts, with differences
between the paddy and straw among different rice varieties and Si levels, was observed.
However, due to the growing conditions in the soil, the roots were not examined in this
study. This variability highlights the intricate mechanisms governing Si uptake, transport,
and distribution within the plant. Previous studies demonstrated that Si accumulated much
more in the rice husk during the grain development stages [66]. The variability in response
could be explained by differences in Si uptake, transport, and Si accumulation among
rice varieties, which all depend on its ability to take up the elements from the soil via the
root [27] and are related to the expression levels of Si transporter genes [14,15]. The results
from the gene expression analysis of OsLsi6 in the nodes of four rice varieties increased
differently with rising Si fertilizer rates and related to a positive correlation with Si con-
centration in paddy and straw. Likewise, the recent study of Chaiwong et al. [64] reported
that the highest expression OsLsi6 was obtained at the highest Si rate and demonstrated
that the Si concentration in rice plants and Si total uptake were related to the expression of
the OsLsi6 gene. Additionally, the study of Lavinsky et al. [67] revealed an increase in the
expression level of OsLsi6 when Si fertilizer was applied at the reproductive stage, poten-
tially contributing to the higher Si levels in the rice panicles. It has also been reported that
OsLsi6 functions as a Si transporter that is responsible for unloading and the distribution of
Si from the xylem to accumulate in the leaf and grains [11,14,21,68]. Interestingly, a study
by Wangkaew et al. [28] revealed that SPR1 accumulated more Si in its transpiring organs,
including the leaves and husks, and exhibited higher expression of OsLsi1, OsLsi2, and
OsLsi6 compared to PTT1. This indicates that while PTT1 has the ability to absorb silicon, it
may respond to silicon or utilize it, which could potentially lead to reduced aroma or other
effects on various aspects or mechanisms within the plant.

3.2. Effects of Silicon on the Aroma (2AP)

Without Si application, the higher 2AP concentration in the grain of KDML105 com-
pared to PTT1 and BMN4 is in agreement with previously reported findings [69]. Aroma is
the primary determinant of Thai Hom Mali rice, while other grain quality features such
as head rice yield, grain translucency, and vitreousness are satisfied [70]. The high 2AP
concentration found here in KDML105 in Si0 suggests that it is likely to perform well
with respect to aroma in soils low in available Si. This, along with KDML105’s ability to
maintain high head rice yield when nitrogen is limited [71], is likely to have contributed
to the variety’s popularity in Thailand, accounting for 70% of the country’s fragrant rice
production, with a total area of 4.5 million ha annually (computed from data in OAE [72]).
The lower 2AP concentration of the rice varieties PTT1 than KDML105 has been consistently
shown under a wide range of conditions [69,73]. The almost 4-fold increase in the 2AP
concentration in PTT1 with a low Si rate (Si75) found in the present study suggests that the
application of Si fertilizer may be a means of quality improvement in this high-yielding,
photoperiod-insensitive fragrant rice variety. Although the 2AP concentration in BMN4
approached that of KDML105 when grown in the highlands where it originated [69], Si
fertilizer was less effective in increasing the 2AP concentration in the landrace line of
fragrant rice.

The correlation observed in this study between proline, the 2AP concentration, and
gene expression associated with 2AP biosynthesis indicates that the expression levels of
Badh2, DAO, ProDH, and P5CS genes were linked to 2AP production and the expression of
OAT, P5CS, and ProDH in relation to the proline concentration in the polyamine pathway.
In general, OAT, P5CS, and ProDH are the genes that code the enzyme catalysis in the
aroma pathway, a vital step in the formation of ∆1-pyrroline-5-carboxylate (P5C) using proline,
glutamic acid, and ornithine as precursors with P5C converted into △1-pyrroline [42,74,75].
Furthermore, the non-functionality of the Badh2 gene leads to the synthesis of 2AP in
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scented rice, resulting in the accumulation of γ-amino butyraldehyde (GABald) and ulti-
mately to the formation of 2AP [76,77]. Another process involving synthesizing 2AP was
regulated by BADH2 and DAO genes. DAO transforms putrescine into GABald, which fur-
ther converts to ∆1-pyrroline or synthesizes GABA, depending on the absence or presence
of the functional BADH2 enzyme [78,79]. Nevertheless, this study demonstrates that the
increase in the 2AP concentration was not associated with the proline concentration. Thus,
there is likely another precursor involved in the biosynthesis of 2AP. The study of Huang
et al. [42] also suggested that methylglyoxal in the glycolysis pathway might be a precursor
for 2AP biosynthesis and found a strong positive correlation between methylglyoxal and
2AP accumulation. While all genes may not be directly associated with fragrance traits,
they can still be utilized in studies examining the responses of rice to fertilizers. However,
further investigation is necessary at the transcript level to provide a comprehensive un-
derstanding. Therefore, in future studies, the intermediates in 2AP biosynthesis pathways
should be more extensively explored.

4. Materials and Methods
4.1. Plant Culture and Experimental Design

A factorial experiment with 4 rice varieties and 4 rates of Si was conducted during
the wet season of 2022 (from June to November) at Chiang Mai University, in Northern
Thailand. Four 14-day-old seedlings of 3 fragrant rice varieties, a landraceBNM4 [52],
KDML105 (traditional plant type), PTT1 (high yielding, modern plant type), and one non-
fragrant, high-yielding variety, Suphan Buri 1 (SPR1), were each grown in a plastic pot
(30 cm-diameter, 25 cm-deep), containing 15 kg of a loamy sand soil, with 2.23% organic
matter, 0.12% total nitrogen (%), 38.01 mg kg−1 available phosphorus (P), 173.79 mg kg−1

exchangeable potassium (K), pH 5.46, and electrical conductivity of 2.58 dS m−1, with
5 plants per pot and 2 pots per variety. Silicon was applied at the maximum tillering stage
and booting stage as a sodium metasilicate pentahydrate (Na2SiO3·5H2O) at 0, 75, 150, and
225 mg kg−1 soil (designated as Si0, Si75, Si150, and Si225, respectively). The pots were
arranged in a factorial randomized complete block design with 3 replications (n = 30 in each
treatment). The plants were grown as wetland rice, with 15 cm of water maintained above
the soil surface during the whole crop-growth period. Each pot underwent applications of
60 kg N ha−1 (46% N), 21 kg P2O ha−1, and 15 kg K2O ha−1, which was split twice equally
at 7 days after the transplanting and maximum tillering stages.

4.2. Yield and Yield Components

Samples were manually harvested at the maturity stage, and four plants per pot were
harvested and evaluated for yield and yield components (plant height, number of tillers
plant−1, number of panicles plant−1, panicle length (cm), and percentage of filled grain).
The grain yield was carefully threshed and air-dried to measure the thousand-grain weight.
Some grain samples were stored at minus 20◦C for sensory tests and 2AP analysis. Other
grain samples were kept at room temperature before processing for grain-quality analysis.
The husk, outer covering of the rice seed, and straw samples were oven-dried at 75 ◦C for
72 h before Si concentration analysis.

4.3. Silicon Concentrations Analysis

The silicon concentration was determined in the paddy, as very little Si accumulates
in the rice kernel [29], and straw. Approximately 10 g of dried samples were ground into
a fine powder. The analysis of the Si concentration was conducted using the autoclave-
induced digestion method [80,81]. Then, 0.1 g subsamples were analyzed and digested
in 50% sodium hydroxide. The analysis for Si concentration was conducted using a
spectrophotometer at 650 nm. Silicon was calculated based on the standard curve.
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4.4. Proline Concentration

At maximum tillering and booting stages, seven days after applying silicon fertilizer
and at the 50% heading (flowering) stage, a second young leaf blade on the main stem
was collected and determined according to the method described by Bates et al. [82].
The absorbance was measured at 520 nm. The proline concentration was determined by
comparison with a standard curve and expressed as µmoles proline g−1 of fresh weight.

4.5. Grain Quality

Aroma, as represented by the 2AP concentration, and amylose content, two key
features of Jasmine-type aromatic rice, were determined.

4.5.1. Aroma–2AP Concentration

Ten grams of milled grain (1 year of storage at −20 ◦C as white rice) of each sample
were ground into a powder and sieved through a 35-mesh sieve. Then, 1.0 g of rice powder
was placed into a headspace vial containing 1.0 µL of 500 ppm 2,4,6-trimethylpyridine
(TMP) as an internal standard. The headspace vials were immediately sealed with PTFE/
silicone septa and aluminum caps before analysis using static headspace-gas chromatogra-
phy coupled with a nitrogen/phosphorus detector (SHS-GC–NPD) [73] at Salana Organic
Village (Social Enterprise) Company Limited (Nakhon Pathom, Thailand).

4.5.2. Amylose Content

Amylose content was determined on the rice flour using the conventional method [61,83].
The absorbance of the solution was measured at 620 nm with a spectrophotometer. The
determination of amylose content was calculated according to a standard curve developed
using different ratios of amylose blends.

4.6. Gene Expression Analysis

Plant samples were collected for gene expression analysis 5 days after flowering (DAF).
Fresh tissues of the first node below the panicle and panicle were collected and ground
in liquid nitrogen. RNA was extracted using the TRIzol ® reagent following the protocol
provided by the manufacturer (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA)
and treated with DNase. Approximately 1 µg of total RNA was used for first-strand cDNA
synthesis using a RevertAid first-strand cDNA synthesis Kit (Thermo Fisher Scientific,
MA, USA). Gene expression levels of Badh2, DAO, OAT, ProDH, P5CS, and OsLsi6 were
analyzed using Quantitative real-time RT-PCR (qRT-PCR) using gene-specific primers from
the previous studies as shown in Table 3. PCR amplification was performed in a 20 µL
final volume containing 10 µL of the 2× SensiFASTTM SYBR green No-ROX kit (Bioline
Reagents Ltd., London, UK), 0.3 µL each of 10 µmol forward and reverse primers, and
8.4 µL of 100 ng cDNA as a template. The RT-PCR condition was determined by denaturing
at 95 ◦C for 2 min followed by 40 cycles at 95 ◦C for 30 s, 60 ◦C primer annealing for 30 s,
and extension at 72 ◦C for 30 s. Then the temperature was raised gradually by 0.5 ◦C every
10 s to perform the melt-curve analysis. The PCR reactions were performed on QIAquant
96 5plex instruments and operated via the Q-Rex Software (Qiagen, Hilden, Germany).
The relative quantities of each amplified product in the samples were assessed using the
comparative ∆∆Ct method. Duplicate measurements were averaged, and the mean values
were used to adjust Ct values for further calculations.

4.7. Statistical Analysis

Statistical analysis of the data for different rice varieties and treatments of Si fertiliza-
tion application in this study were examined using analysis of variance (ANOVA, New
Providence, NJ, USA) via the Statistic8 program (analytical software, SXW, Tallahassee,
FL, USA). Least significant differences (LSD) at p < 0.05 were used to compare the differ-
ences between means. The significance of the correlation coefficient was analyzed using
Pearson correlation.
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Table 3. Primer list used for studying gene expression levels.

Genes Primer References

OsLsi6
F: AGATCGTCGTCACCTTCAACAT

[25]R: CTTGAAGGAGGAGAGCTTCTGG

DAO
F: TGGCAAGATAGAAGCAGAAGT

[44]R: GTCCATACGGGCAACAAA

Badh2
F: TGTGCTAAACATAGTGACTGGA

[51]R: CTTAACCATAGGAGCAGCT

OAT
F: ATGAAATGATGTTGCCGATGA

[84]R: CCTAATGTCCGACCATGAAAA

ProDH
F: ATTGCTCTCGTCTTCCTCCT

[85]
R: ATGACTCGATCGCTTCACTC

P5CS
F: TGGCAATTCGAAGTGGTAAT
R: AGCAAATCTGCGATCTCATC

OsActin
(housekeeping gene)

F: GACTCTGGTGATGGTGTCAGC
[51]R: GGCTGGAAGAGGACCTCAGG

5. Conclusions

In conclusion, this study has shown that the effect of Si on the quality of fragrant
rice, as measured by the grain 2AP concentration, can differ markedly among varieties,
while there were only slight differences in the yield response to Si among the fragrant
rice varieties and the non-fragrant variety studied. KDML105 represents the varieties a
with high 2AP concentrations when Si supply is low, with 2AP increasing only slightly
with Si application. Varieties with low 2AP concentrations when the Si supply is limited
may respond strongly to the 2AP concentration as shown with PTT1 or weakly as was
the case of BNM4, which responds strongly to a moderate increase in Si supply in its 2AP
concentration. The variation also includes the response to Si fertilizer in terms of gene
expression associated with 2AP biosynthesis in the polyamine pathways, 2AP content, and
the response of the OsLSi6 gene to Si. The enhancement of 2AP production in fragrant
rice under Si fertilizer application mainly occurred through the upregulation of Badh2,
DAO, ProDH, and P5CS gene expression. An increasing proline concentration was not
associated with an increase in 2AP concentration. Thus, for future work, confirmation of
the varietal differences in the effects of Si on the aromatic compound 2AP would be useful
for the management and breeding of fragrant rice. Elucidating the metabolites—precursors,
products, and enzyme activities—in the 2AP biosynthesis pathways and not only the
polyamine pathway but also the glycolysis pathway, along with the associated genes
responsible for 2AP accumulation in the glycolysis pathway, coupled with investigations
into mechanisms linked to silicon should be studied. Furthermore, these results could
be valuable for rice breeders and farmers in upcoming studies exploring the association
between phenotypic and genotypic traits or in developing a bi-parental population or
multi-parental population. By doing so, researchers could gain a better understanding
of the complex relationships within this pathway. This would not only provide breeders
with unique and customized germplasm but also enable farmers to utilize high-yield
lines. Furthermore, these studies could lead to the development of a set of interesting and
unique markers for Thailand’s landrace populations. Additionally, they may contribute
to the development of novel aromatic varieties responsive to silicon application, thereby
enhancing grain aroma.
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13. Mandlik, R.; Thakral, V.; Raturi, G.; Shinde, S.; Nikolić, M.; Tripathi, D.K.; Sonah, H.; Deshmukh, R. Signifcance of silicon uptake
transport, and deposition in plants. J. Exp. Bot. 2020, 71, 6703–6718. [CrossRef] [PubMed]

14. Ma, J.F.; Yamaji, N.; Mitani-Ueno, N. Transport of silicon from roots to panicles in plants. Proc. Jpn. Acad. Ser. B 2001, 87, 377–385.
[CrossRef] [PubMed]

15. Ma, J.F.; Yamaji, N. Silicon uptake and accumulation in higher plants. Trends Plant Sci. 2006, 11, 392–397. [CrossRef] [PubMed]
16. Ma, J.F.; Yamaji, N.; Mitani, N.; Xu, X.Y.; Su, Y.H.; McGrath, S.P.; Zhao, F.J. Transporters of arsenite in rice and their role in arsenic

accumulation in rice grain. Proc. Natl. Acad. Sci. USA 2008, 105, 9931–9935. [CrossRef]
17. Ma, J.F.; Yamaji, N.; Mitani, N.; Tamai, K.; Konishi, S.; Fujiwara, T.; Katsuhara, M.; Yano, M. An efflux transporter of silicon in rice.

Nature 2007, 448, 209–212. [CrossRef]
18. Ma, J.F.; Yamaji, N.; Tamai, K.; Mitani, N. Genotypic difference in silicon uptake and expression of silicon transporter genes in

rice. Plant Physiol. 2007, 145, 919–924. [CrossRef]
19. Coskun, D.; Deshmukh, R.; Shivaraj, S.M.; Isenring, P.; Bélanger, R.R. Lsi2: A black box in plant silicon transport. Plant Soil. 2021,

466, 1–20. [CrossRef]
20. Trejo-Téllez, L.I.; Gómez-Trejo, L.F.; Escobar-Sepúlveda, H.F.; Gómez-Merino, G.M. The genetics of silicon accumulation in

plants. In Silicon and Nano-Silicon in Environmental Stress Management and Crop Quality Improvement; Etesami, H., Al-Saeedi, A.H.,
El-Ramady, H., Fujita, M., Pessarakli, M., Hossain, M.A., Eds.; Elsevier-Academic Press: Amsterdam, The Netherlands, 2022;
pp. 67–75. [CrossRef]

21. Mitani-Ueno, N.; Yamaji, N.; Huang, S.; Yoshioka, Y.; Miyaji, T.; Ma, J.F. A silicon transporter gene required for healthy growth of
rice on land. Nat. Commun. 2023, 14, 6522. [CrossRef]

22. Gaur, S.; Kumar, J.; Kumar, D.; Chauhan, D.K.; Prasad, S.M.; Srivastava, P.K. Fascinating impact of silicon and silicon transporters
in plants: A review. Ecotox. Environ. Saf. 2020, 202, 110885. [CrossRef]

23. Hosseini, S.A. Silicon uptake, acquisition, and accumulation in plants. In Silicon and Nano-Silicon in Environmental Stress
Management and Crop Quality Improvement; Etesami, H., Al-Saeedi, A.H., El-Ramady, H., Fujita, M., Pessarakli, M., Hossain, M.A.,
Eds.; Elsevier-Academic Press: Amsterdam, The Netherlands, 2022; pp. 37–42. [CrossRef]

https://doi.org/10.3390/plants7030054
https://www.ncbi.nlm.nih.gov/pubmed/29986422
https://doi.org/10.1016/S0928-3420(01)80006-9
https://doi.org/10.1007/s00018-008-7580-x
https://www.ncbi.nlm.nih.gov/pubmed/18560761
https://doi.org/10.1016/j.jcs.2017.03.014
https://doi.org/10.3389/fpls.2017.00701
https://www.ncbi.nlm.nih.gov/pubmed/28529517
https://doi.org/10.1155/2021/6679787
https://www.ncbi.nlm.nih.gov/pubmed/34159198
https://doi.org/10.1016/S0065-2113(08)60255-2
https://doi.org/10.1007/s40011-013-0270-y
https://doi.org/10.1007/s42729-022-00787-y
https://doi.org/10.1093/aob/mci255
https://www.ncbi.nlm.nih.gov/pubmed/16176944
https://doi.org/10.1093/jxb/eraa301
https://www.ncbi.nlm.nih.gov/pubmed/32592476
https://doi.org/10.2183/pjab.87.377
https://www.ncbi.nlm.nih.gov/pubmed/21785256
https://doi.org/10.1016/j.tplants.2006.06.007
https://www.ncbi.nlm.nih.gov/pubmed/16839801
https://doi.org/10.1073/pnas.0802361105
https://doi.org/10.1038/nature05964
https://doi.org/10.1104/pp.107.107599
https://doi.org/10.1007/s11104-021-05061-1
https://doi.org/10.1016/B978-0-323-91225-9.00011-X
https://doi.org/10.1038/s41467-023-42180-y
https://doi.org/10.1016/j.ecoenv.2020.110885
https://doi.org/10.1016/B978-0-323-91225-9.00009-1


Plants 2024, 13, 1336 15 of 17

24. Huang, S.; Yamaji, N.; Sakurai, G.; Mitani-Ueno, N.; Konishi, N.; Ma, J.F. A pericycle-localized silicon transporter for efficient
xylem loading in rice. New Phytol. 2022, 234, 197–208. [CrossRef] [PubMed]

25. Yamaji, N.; Ma, J.F. A transporter at the node responsible for intervascular transfer of silicon in rice. Plant Cell 2009, 21, 2878–2883.
[CrossRef] [PubMed]

26. Ma, J.F.; Yamaji, N. A cooperative system of silicon transport in plants. Trends Plant Sci. 2015, 20, 435–442. [CrossRef] [PubMed]
27. Yan, G.C.; Nikolic, M.; YE, M.J.; Xiao, Z.X.; Liang, Y.C. Silicon acquisition and accumulation in plant and its significance for

agriculture. J. Integr. Agric. 2018, 17, 2138–2150. [CrossRef]
28. Wangkaew, B.; Prom-u-thai, C.; Jamjod, S.; Rerkasem, B.; Pusadee, T. Silicon concentration and expression of silicon transport

genes in two Thai rice Varieties. CMU J. Nat. Sci. 2019, 18, 358–372. [CrossRef]
29. Chaiwong, N.; Rerkasem, B.; Pusadee, T.; Prom-u-thai, C. Silicon application improves caryopsis development and yield in rice. J.

Sci. Food Agric. 2021, 101, 220–228. [CrossRef] [PubMed]
30. Fukagawa, N.K.; Ziska, L.H. Rice: Importance for global nutrition. J Nutr Sci Vitaminol. 2019, 65, S2–S3. [CrossRef]
31. Mohidem, N.A.; Hashim, N.; Shamsudin, R.; Che Man, H. Rice for food security: Revisiting its production, diversity, rice milling

process and nutrient content. Agriculture 2022, 12, 741. [CrossRef]
32. Shao, G.N.; Tang, A.; Tang, S.Q.; Luo, J.; Jiao, G.A.; Wu, J.L.; Hu, P.S. A new deletion mutation of fragrant gene and the

development of three molecular markers for fragrance in rice. Plant Breed. 2011, 130, 172–176. [CrossRef]
33. Shan, Q.; Zhang, Y.; Chen, K.; Zhang, K.; Gao, C. Creation of fragrant rice by targeted knockout of the OsBADH2 gene using

TALEN technology. Plant Biotechnol. J. 2015, 13, 791–800. [CrossRef]
34. FAO, Markets and Trade. 2023. Available online: https://www.fao.org/markets-and-trade/commodities/rice/fao-rice-price-

update/en/ (accessed on 18 July 2023).
35. Shi, W.W.; Yang, Y.; Chen, S.H.; Xu, M.L. Discovery of a new fragrance allele and the development of functional markers for the

breeding of fragrant rice varieties. Mol. Breed. 2018, 22, 185–192. [CrossRef]
36. Singh, V.; Singh, V.; Singh, S.; Khanna, R. Effect of zinc and silicon on growth and yield of aromatic rice (Oryza Sativa) in

north-western plains of India. J. Rice Res. Dev. 2020, 3, 82–86. [CrossRef]
37. Paul, N.C.; Tasmim, M.T.; Imran, S.; Mahamud, M.A.; Chakrobortty, J.; Rabbi, R.H.M.; Sarkar, S.K.; Paul, S.K. Nutrient

management in fragrant rice: A review. Agric. Sci. 2021, 12, 1538–1554. [CrossRef]
38. Buttery, R.G.; Ling, L.C.; Juliano, B.O.; Turnbaugh, J.G. Cooked rice aroma and 2-acetyl-1-pyrroline. J. Agric. Food Chem. 1983, 31,

823–826. [CrossRef]
39. Mahatheeranont, S.; Keawsa-ard, S.; Dumri, K. Quantification of the rice aroma compound, 2-acetyl-1-pyrroline, in uncooked

Khao Dawk Mali 105 brown rice. J. Agric. Food Chem. 2001, 49, 773–779. [CrossRef] [PubMed]
40. Yang, D.S.; Shewfelt, R.L.; Lee, K.S.; Kays, S.J. Comparison of odor-active compounds from six distinctly different rice flavor

types. J. Agric. Food Chem. 2008, 56, 2780–2787. [CrossRef] [PubMed]
41. Zheng, Z.; Zhang, C.; Liu, K.; Liu, Q. Volatile Organic Compounds, Evaluation Methods and Processing Properties for Cooked

Rice Flavor. Rice 2022, 15, 53. [CrossRef] [PubMed]
42. Huang, T.C.; Teng, C.S.; Chang, J.L.; Chuang, H.S.; Ho, C.T.; Wu, M.L. Biosynthetic mechanism of 2-acetyl-1-pyrroline and its

relationship with ∆1-pyrroline-5-carboxylic acid and methylglyoxal in aromatic rice (Oryza sativa L.) callus. J. Agric. Food Chem.
2008, 56, 7399–7404. [CrossRef] [PubMed]

43. Li, M.; Ashraf, U.; Tian, H.; Mo, Z.; Pan, S.; Anjum, S.A.; Duan, M.; Tang, X. Manganese-induced regulations in growth, yield
formation, quality characters, rice aroma and enzyme involved in 2-acetyl-1-pyrroline biosynthesis in fragrant rice. Plant Physiol.
Biochem. 2016, 103, 167–175. [CrossRef]

44. Bao, G.; Huang, S.; Ashraf, U.; Qiao, J.; Zheng, A.; Zhou, Q.; Li, L.; Wan, X. Insights of improved aroma under additional nitrogen
application at booting stage in fragrant rice. Genes 2022, 13, 2092. [CrossRef]

45. Imran, M.; Shafiq, S.; Ilahi, S.; Ghahramani, A.; Bao, G.; Dessoky, E.S.; Widemann, E.; Pan, S.; Mo, Z.; Tang, X. Post-transcriptional
regulation of 2-acetyl-1-pyrroline (2-AP) biosynthesis pathway, silicon, and heavy metal transporters in response to Zn in fragrant
rice. Front Plant Sci. 2022, 13, 948884. [CrossRef]

46. Bradbury, L.M.T.; Gillies, S.A.; Brushett, D.J.; Waters, D.L.E.; Henry, R.J. Inactivation of an aminoaldehyde dehydrogenase is
responsible for fragrance in rice. Plant Mol. Biol. 2008, 68, 439–449. [CrossRef] [PubMed]

47. Fitzgerald, T.L.; Waters, D.L.E.; Henry, R.J. The effect of salt on betaine aldehyde dehydrogenase transcript levels and 2-acetyl-1-
pyrroline concentration in fragrant and non-fragrant rice (Oryza sativa). Plant Sci. 2008, 175, 539–546. [CrossRef]

48. Sakthivel, K.; Sundaram, R.M.; Rani, N.S.; Balachandran, S.M.; Neeraja, C.N. Genetic and molecular basis of fragrance in rice.
Biotechnol. Adv. 2009, 27, 468–473. [CrossRef] [PubMed]

49. Bao, G.; Ashraf, U.; Wang, C.; He, L.; Wei, X.; Zheng, A.; Mo, Z.; Tang, X. Molecular basis for increased 2-acetyl-1-pyrroline
contents under alternate wetting and drying (AWD) conditions in fragrant rice. Plant Physiol. Biochem. 2018, 133, 149–157.
[CrossRef]

50. Renuka, N.; Barvkar, V.T.; Ansari, Z.; Zhao, C.F.; Wang, C.L.; Zhang, Y.D.; Nadaf, A.B. Co-functioning of 2AP precursor amino
acids enhances 2-acetyl-1-pyrroline under salt stress in aromatic rice (Oryza sativa L.) cultivars. Sci. Rep. 2022, 12, 3911. [CrossRef]

51. Hinge, V.R.; Patil, H.B.; Nadaf, A.B. Aroma volatile analyses and 2AP characterization at various developmental stages in Basmati
and Non-Basmati scented rice (Oryza sativa L.) cultivars. Rice 2016, 9, 38. [CrossRef]

https://doi.org/10.1111/nph.17959
https://www.ncbi.nlm.nih.gov/pubmed/35020209
https://doi.org/10.1105/tpc.109.069831
https://www.ncbi.nlm.nih.gov/pubmed/19734433
https://doi.org/10.1016/j.tplants.2015.04.007
https://www.ncbi.nlm.nih.gov/pubmed/25983205
https://doi.org/10.1016/S2095-3119(18)62037-4
https://doi.org/10.12982/CMUJNS.2019.0025
https://doi.org/10.1002/jsfa.10634
https://www.ncbi.nlm.nih.gov/pubmed/32627188
https://doi.org/10.3177/jnsv.65.S2
https://doi.org/10.3390/agriculture12060741
https://doi.org/10.1111/j.1439-0523.2009.01764.x
https://doi.org/10.1111/pbi.12312
https://www.fao.org/markets-and-trade/commodities/rice/fao-rice-price-update/en/
https://www.fao.org/markets-and-trade/commodities/rice/fao-rice-price-update/en/
https://doi.org/10.1007/s11032-008-9165-7
https://doi.org/10.36959/973/424
https://doi.org/10.4236/as.2021.1212098
https://doi.org/10.1021/jf00118a036
https://doi.org/10.1021/jf000885y
https://www.ncbi.nlm.nih.gov/pubmed/11262027
https://doi.org/10.1021/jf072685t
https://www.ncbi.nlm.nih.gov/pubmed/18363355
https://doi.org/10.1186/s12284-022-00602-3
https://www.ncbi.nlm.nih.gov/pubmed/36309628
https://doi.org/10.1021/jf8011739
https://www.ncbi.nlm.nih.gov/pubmed/18680302
https://doi.org/10.1016/j.plaphy.2016.03.009
https://doi.org/10.3390/genes13112092
https://doi.org/10.3389/fpls.2022.948884
https://doi.org/10.1007/s11103-008-9381-x
https://www.ncbi.nlm.nih.gov/pubmed/18704694
https://doi.org/10.1016/j.plantsci.2008.06.005
https://doi.org/10.1016/j.biotechadv.2009.04.001
https://www.ncbi.nlm.nih.gov/pubmed/19371779
https://doi.org/10.1016/j.plaphy.2018.10.032
https://doi.org/10.1038/s41598-022-07844-7
https://doi.org/10.1186/s12284-016-0113-6


Plants 2024, 13, 1336 16 of 17

52. Abdullah, E.H.E.; Misran, A.; Yaapar, M.N.; Yusop, M.R.; Ramli, A. The potential of silicon in improving rice yield, grain quality,
and minimising chalkiness: A review. Pertanika J. Trop. Agric. Sci. 2021, 44, 655–672. [CrossRef]

53. Jiang, H.; Xu, X.; Sun, A.; Bai, C.; Li, Y.; Nuo, M.; Shen, X.; Li, W.; Wang, D.; Tian, P.; et al. Silicon nutrition improves the quality
and yield of rice under dry cultivation. J. Sci. Food Agric. 2024, 104, 1897–1908. [CrossRef]

54. Wei, X.; Zhang, Y.; Song, X.; Zhao, L.; Zhao, Q.; Chen, T.; Lu, K.; Zhu, Z.; Huang, S.; Wang, C. Silicon and Zinc Fertilizer
Application Improves Grain Quality and Aroma in the japonica Rice Variety Nanjing 46. Foods 2024, 13, 152. [CrossRef]

55. Praseartkul, P.; Taota, K.; Tisarum, R.; Sakulleerungroj, K.; Sotesaritkul, T.; Panya, A.; Phonsatta, N.; Cha-um, S. Foliar Silicon
application regulates 2-acetyl-1-pyrroline enrichment and improves physio-morphological responses and yield attributes in Thai
jasmine rice. Silicon 2022, 14, 6945–6955. [CrossRef]

56. Chen, Y.J.; Dai, L.; Cheng, S.; Ren, Y.; Deng, H.; Wang, X.; Li, Y.; Wang, Z.; Mo, Z. Regulation of 2-acetyl-1-pyrroline and grain
quality of early-season indica fragrant rice by nitrogen–silicon fertilization under different plantation methods. J. Integr. Agric.
2024, 23, 511–535. [CrossRef]

57. Liu, X.; Huang, Z.; Li, Y.; Xie, W.; Li, W.; Tang, X.; Asheaf, U.; Kong, L.; Wu, L.; Wang, S.; et al. Selenium-silicon (Se-Si) induced
modulations in physio-biochemical responses, grain yield, quality, aroma formation and lodging in fragrant rice. Ecotox. Environ.
Saf. 2020, 196, 110525. [CrossRef] [PubMed]

58. Du, B.; Wang, W.; Jiang, S.; Xie, Y.; Cheng, Y.; Xu, J.; Xing, D. Silicon and selenium fertilizer management improved productivity
and aroma of fragrant rice. Crop Sci. 2021, 61, 936–946. [CrossRef]

59. Vanavichit, A.; Kamolsukyeunyong, W.; Siangliw, M.; Siangliw, J.L.; Traprab, S.; Ruengphayak, S.; Chaichoompu, E.; Saensuk, C.;
Phuvanartnarubal, E.; Toojinda, T.; et al. Thai Hom Mali Rice: Origin and Breeding for Subsistence Rainfed Lowland Rice System.
Rice 2018, 11, 20. [CrossRef] [PubMed]

60. Chan-in, P.; Jamjod, S.; Yimyam, N.; Rerkasem, B.; Pusadee, T. Grain quality and allelic variation of the Badh2 gene in Thai
fragrant rice landraces. Agronomy 2020, 10, 779. [CrossRef]

61. Juliano, B.O.; Villareal, C.P. Grain Quality Evaluation of World Rices; International Rice Research Institute: Manila, Philippines, 1993.
62. Dela, C.N.; Khush, G.S. Rice Grain Quality Evaluation Procedures. In Aromatic Rices; Singh, R.K., Singh, U.S., Khush, G.S., Eds.;

Oxford and IBH Pulishing Co. Pvt. Ltd: New Delhi, India, 2000; pp. 16–28.
63. Cuong, T.X.; Ullah, H.; Datta, A.; Hanh, T.C. Effects of silicon-based fertilizer on growth, yield and nutrient uptake of rice in

tropical zone of Vietnam. Rice Sci. 2017, 24, 283–290. [CrossRef]
64. Chaiwong, N.; Pusadee, T.; Jamjod, S.; Prom-U-Thai, C. Silicon application promotes productivity, silicon accumulation and

upregulates silicon transporter gene expression in rice. Plants 2022, 11, 989. [CrossRef] [PubMed]
65. Detmann, K.C.; Araújo, W.L.; Martins, S.C.; Sanglard, L.M.V.P.; Reis, J.V.; Detmann, E.; Rodrigues, F.A.; Nunes-Nesi, A.; Fernie,

A.R.; DaMatta, F.M. Silicon nutrition increases grain yield, which, in turn, exerts a feed-forward stimulation of photosynthetic
rates via enhanced mesophyll conductance and alters primary metabolism in rice. New Phytol. 2012, 196, 752–762. [CrossRef]

66. Tamai, K.; Ma, J.F. Reexamination of silicon effects on rice growth and production under field conditions using a low silicon
mutant. Plant Soil 2008, 307, 21–27. [CrossRef]

67. Lavinsky, A.O.; Detmann, K.C.; Reis, J.V.; Ávila, R.T.; Sanglard, M.L.; Pereira, L.F.; Sanglard, L.M.V.P.; Rodrigues, F.A.; Araújo,
W.L.; DaMatta, F.M. Silicon improves rice grain yield and photosynthesis specifically when supplied during the reproductive
growth stage. J. Plant Physiol. 2016, 206, 125–132. [CrossRef] [PubMed]

68. Yamaji, N.; Sakurai, G.; Mitani-Ueno, N.; Ma, J.F. Orchestration of three transporters and distinct vascular structures in node for
intervascular transfer of silicon in rice. Proc. Natl. Acad. Sci. USA 2015, 112, 11401–11406. [CrossRef] [PubMed]

69. Tejakum, P.; Khumto, S.; Jamjod, S.; Yimyam, N.; Pusadee, T. Yield, grain quality and fragrance of a highland fragrant rice
landrace variety, Bue Ner Moo. Khon Kaen Agric. J. 2019, 47, 317–326.

70. Leesawatwong, M.; Jamjod, S.; Rerkasem, B. Determinants of a premium priced special quality rice. Int. Rice Res. Notes 2003,
28, 34.

71. Leesawatwong, M.; Jamjod, S.; Kuo, J.; Dell, B.; Rerkasem, B. Nitrogen fertilizer increases seed protein and milling quality of rice.
Cereal Chem. 2005, 82, 588–593. [CrossRef]

72. OAE. Agricultural Economic Information by Crop 2563 (In Thai). Available online: https://www.oae.go.th (accessed on 18
August 2023).

73. Boontakham, P.; Sookwong, P.; Jongkaewwattana, S.; Wangtueai, S.; Mahatheeranont, S. Comparison of grain yield and 2-acetyl-1-
pyrroline (2AP) content in leaves and grain of two Thai fragrant rice cultivars cultivated at greenhouse and open-air conditions.
Aust. J. Crop Sci. 2019, 13, 159–169. [CrossRef]

74. Mattioli, R.; Falasca, G.; Sabatini, S.; Altamura, M.M.; Costantino, P.; Trovato, M. The proline biosynthetic genes P5CS1 and P5CS2
play overlapping roles in Arabidopsis flower transition but not in embryo development. Physiol. Plantarum. 2009, 137, 72–85.
[CrossRef] [PubMed]

75. Lehmann, S.; Funck, D.; Szabados, L.; Rentsch, D. Proline metabolism and transport in plant development. Amino Acids 2010, 39,
949–962. [CrossRef] [PubMed]

76. Bradbury, L.M.T.; Fitzgerald, T.L.; Henry, R.J.; Jin, Q.; Waters, D.L.E. The gene for fragrance in rice. Plant Biotechnol. J. 2005, 3,
363–370. [CrossRef]

77. Chen, S.; Yang, Y.; Shi, W.; Ji, Q.; He, F.; Zhang, Z.; Cheng, Z.; Liu, X.; Xu, M. Badh2, Encoding betaine aldehyde dehydrogenase,
inhibits the biosynthesis of 2-acetyl-1-pyrroline, a major component in rice fragrance. Plant Cell 2008, 20, 1850–1861. [CrossRef]

https://doi.org/10.47836/pjtas.44.3.09
https://doi.org/10.1002/jsfa.13098
https://doi.org/10.3390/foods13010152
https://doi.org/10.1007/s12633-021-01488-4
https://doi.org/10.1016/j.jia.2023.05.009
https://doi.org/10.1016/j.ecoenv.2020.110525
https://www.ncbi.nlm.nih.gov/pubmed/32224370
https://doi.org/10.1002/csc2.20352
https://doi.org/10.1186/s12284-018-0212-7
https://www.ncbi.nlm.nih.gov/pubmed/29633040
https://doi.org/10.3390/agronomy10060779
https://doi.org/10.1016/j.rsci.2017.06.002
https://doi.org/10.3390/plants11070989
https://www.ncbi.nlm.nih.gov/pubmed/35406969
https://doi.org/10.1111/j.1469-8137.2012.04299.x
https://doi.org/10.1007/s11104-008-9571-y
https://doi.org/10.1016/j.jplph.2016.09.010
https://www.ncbi.nlm.nih.gov/pubmed/27744227
https://doi.org/10.1073/pnas.1508987112
https://www.ncbi.nlm.nih.gov/pubmed/26283388
https://doi.org/10.1094/CC-82-0588
https://www.oae.go.th
https://doi.org/10.21475/ajcs.19.13.01.p1431
https://doi.org/10.1111/j.1399-3054.2009.01261.x
https://www.ncbi.nlm.nih.gov/pubmed/19627555
https://doi.org/10.1007/s00726-010-0525-3
https://www.ncbi.nlm.nih.gov/pubmed/20204435
https://doi.org/10.1111/j.1467-7652.2005.00131.x
https://doi.org/10.1105/tpc.108.058917


Plants 2024, 13, 1336 17 of 17

78. Wakte, K.; Zanan, R.; Hinge, V.; Khandagale, K.; Nadaf, A.; Henry, R. Thirty-three years of 2-acetyl-1-pyrroline, a principal
basmati aroma compound in scented rice (Oryza sativa L.): A status review. J. Sci. Food Agric. 2017, 97, 384–395. [CrossRef]
[PubMed]

79. Luo, H.; Du, B.; He, L.; He, J.; Hu, L.; Pan, S.; Tang, X. Exogenous application of zinc (Zn) at the heading stage regulates
2-acetyl-1-pyrroline (2-AP) biosynthesis in different fragrant rice genotypes. Sci. Rep. 2019, 9, 19513. [CrossRef] [PubMed]

80. Dai, W.M.; Zhang, K.Q.; Duan, B.W.; Sun, C.X.; Zheng, K.L.; Cai, R.; Jiieyun, Z. Rapid determination of silicon content in rice. Rice
Sci. 2005, 12, 145–147.

81. Elliott, C.L.; Snyder, G.H. Autoclave-induced digestion for the colorimetric determination of silicon in rice straw. J. Agric. Food
Chem. 1991, 39, 1118–1119. [CrossRef]

82. Bates, L.S.; Waldren, R.P.; Teare, I.D. Rapid determination of free proline for water-stress studies. Plant Soil 1973, 39, 205–207.
[CrossRef]

83. Juliano, B. A simplified assay for milled-rice amylose. Cereal Sci. Today 1971, 16, 334–360.
84. Luo, H.; Duan, M.; Xing, P.; Xie, H.; Tang, X. Foliar application of procyanidins enhanced the biosynthesis of 2-acetyl-1-pyrroline

in aromatic rice (Oryza sativa L.). BMC Plant Biol. 2022, 22, 376. [CrossRef]
85. Yooyongwech, S.; Cha-um, S.; Supaibulwatana, K. Proline related genes expression and physiological changes in indica rice

response to water-deficit stress. Plant Omics 2012, 5, 597–603.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/jsfa.7875
https://www.ncbi.nlm.nih.gov/pubmed/27376959
https://doi.org/10.1038/s41598-019-56159-7
https://www.ncbi.nlm.nih.gov/pubmed/31862962
https://doi.org/10.1021/jf00006a024
https://doi.org/10.1007/BF00018060
https://doi.org/10.1186/s12870-022-03775-7

	Introduction 
	Results 
	Grain Yield and Yield Component 
	Silicon Concentration 
	Proline Concentration 
	Grain Quality 
	Aroma–2AP Concentration 
	Amylose Content (%) 

	Gene Expression 

	Discussion 
	Yield Response and Expression of Si Transport Gene 
	Effects of Silicon on the Aroma (2AP) 

	Materials and Methods 
	Plant Culture and Experimental Design 
	Yield and Yield Components 
	Silicon Concentrations Analysis 
	Proline Concentration 
	Grain Quality 
	Aroma–2AP Concentration 
	Amylose Content 

	Gene Expression Analysis 
	Statistical Analysis 

	Conclusions 
	References

