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Abstract

Rice grain is widely consumed as a staple food, providing essential nutrition for households, particularly marginalized
families. It plays a crucial role in ensuring food security, promoting human nutrition, supporting good health,

and contributing to global food and nutritional security. Addressing the diverse quality demands of emerging diverse
and climate-risked population dietary needs requires the development of a single variety of rice grain that can meet
the various dietary and nutritional requirements. However, there is a lack of concrete definition for rice grain quality,
making it challenging to cater to the different demands. The lack of sufficient genetic study and development

in improving rice grain quality has resulted in widespread malnutrition, hidden hunger, and micronutrient
deficiencies affecting a significant portion of the global population. Therefore, it is crucial to identify genetically
evolved varieties with marked qualities that can help address these issues. Various factors account for the declining
quality of rice grain and requires further study to improve their quality for healthier diets. We characterized rice grain
quality using Lancastrians descriptor and a multitude of intrinsic and extrinsic quality traits. Next, we examined
various components of rice grain quality favored in the Asia—Pacific region. This includes preferences by different
communities, rice industry stakeholders, and value chain actors. We also explored the biological aspects of rice grain
quality in the region, as well as specific genetic improvements that have been made in these traits. Additionally,

we evaluated the factors that can influence rice grain quality and discussed the future directions for ensuring food
and nutritional security and meeting consumer demands for grain quality. We explored the diverse consumer

bases and their varied preferences in Asian-Pacific countries including India, China, Nepal, Bhutan, Vietnam, Sri
Lanka, Pakistan, Thailand, Cambodia, Philippines, Bangladesh, Indonesia, Korea, Myanmar and Japan. The quality
preferences encompassed a range of factors, including rice head recovery, grain shape, uniform size before cooking,
gelatinization, chalkiness, texture, amylose content, aroma, red-coloration of grain, soft and shine when cooked,
unbroken when cooked, gelatinization, less water required for cooking, gelatinization temperature (less cooking
time), aged rice, firm and dry when cooked (gel consistency), extreme white, soft when chewed, easy-to-cook rice
(parboiled rice), vitamins, and minerals. These preferences were evaluated across high, low, and medium categories.
A comprehensive analysis is provided on the enhancement of grain quality traits, including brown rice recovery,
recovery rate of milled rice, head rice recovery, as well as morphological traits such as grain length, grain width,
grain length—width ratio, and grain chalkiness. We also explored the characteristics of amylose, gel consistency,
gelatinization temperature, viscosity, as well as the nutritional qualities of rice grains such as starch, protein, lipids,
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vitamins, minerals, phytochemicals, and bio-fortification potential. The various factors that impact the quality of rice
grains, including pre-harvest, post-harvest, and genotype considerations were explored. Additionally, we discussed
the future direction and genetic strategies to effectively tackle these challenges. These qualitative characteristics
represent the fundamental focus of regional and national breeding strategies employed by different countries

to meet consumer preference. Given the significance of rice as a staple food in Asia—Pacific countries, it is primarily
consumed domestically, with only a small portion being exported internationally. All the important attributes

must be clearly defined within specific parameters. It is crucial for geneticists and breeders to develop a rice variety
that can meet the diverse demands of consumers worldwide by incorporating multiple desirable traits. Thus, the goal
of addressing global food and nutritional security, and human healthy can be achieved.

Keywords Food security, Nutritional security, Functionality, Protein, Flavor, Structure—functional relationship
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Introduction

Rice (Oryza sativa L.) serves as a fundamental food
source for a significant portion of the global population,
nourishing over 3.5 billion individuals on our planet. The
majority of production and consumption is dominated
by Asian countries, with China and India alone account-
ing for approximately 55% (Kong et al. 2015). Amongst
the various cereal crops, rice alone accounts for 20% of
the recommended calorie intake for the global popula-
tion. Rice is an important food source for a large portion
of the world’s population. Understanding the connec-
tion between the quality of rice grains and crop vyield is
an important step towards addressing issues such as
food scarcity, malnutrition, and ensuring the well-being
of millions of consumers. Micro-nutrient deficiencies
are a global concern, affecting preschool-aged children,
women of reproductive age, and impoverished working
communities. Insufficient intake of essential nutrients
like iron, zinc, vitamins, and folic acid can lead to various
health issues such as a compromised immune system,
stunted growth, decreased productivity, and a deficiency
in micronutrients (Stevens et al. 2022). At present, rice
researchers, geneticists and breeders are heavily involved
in the development of rice varieties that have high yields.

Rice Grain
Quality Attributes
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Advancements in high-yielding rice breeding have nearly
reached a plateau, raising concerns about meeting the
changing dietary demands for a balanced green revolu-
tion that considers both yield and quality (Chen et al.
2019; Wu et al. 2020).

The quality of rice grains is an essential factor that
influences the perception of its food value among con-
sumers in developing countries. However, there is a
prevailing concept of rice grain quality in the rice seed
industry that lacks clarity, along with a measurement
technique that is not well-defined. The perception of
rice grain quality can vary among consumers, influenced
by factors such as human civilizations, history, socio-
cultural norms, and geographical background (Cuevas
et al. 2017). This highlights the importance of develop-
ing universal "rice grain quality traits" that can meet the
needs of the evolving population with changing dietary
requirements. Through thorough research into market
values and industry trends, rice grain qualities are deter-
mined by considering consumer needs, market demand,
and the sustainability of rice food value chain (Demont
et al. 2017; My et al. 2018). The profile of a rice prod-
uct encompasses a range of characteristics that enhance
its effectiveness, and it is through these attributes that

" Grain Milling
Quality

G nc®

Fig. 1 Qualitative characteristic of rice grains. Grain milling quality—brown rice recovery (BRR), milled rice recovery (MRR) and head rice recovery
(HRR). Grain appearance quality—grain size (GS), grain chalkiness (GC), grain transparency (GT). Grain eating and cooking quality—amylose content
(AQ), gel consistency (GQ), gelatinization temperature (GT), and viscosity (VC). Grain nutritional quality—starch (ST), protein (PT), lipids (LP), vitamins

(VT), minerals (MN) and phytochemicals (PYT), respectively
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consumers express their preferences (Lancaster 1966).
The quality of rice can be classified into two categories:
intrinsic and extrinsic quality traits (Demont and Ndour
2015). The quality of the grain is determined by its shape,
size, purity, uniformity, head rice, softness, taste, cooking
and eating properties, nutrition, aroma, color, and clean-
liness. Additionally, branding, packaging, and labelling
are also important factors that contribute to overall rice
grain quality (Demont et al. 2017; My et al. 2018).

The quality of rice grain is influenced by a combination
of genetic and environmental factors, which can be cate-
gorized into appearance, milling, nutritional content, and
cooking properties. The evaluation of various physico-
chemical properties of rice grain quality is conducted in
a comprehensive manner during the processing and cook-
ing stages (Long et al. 2023). The quality of rice milling is
assessed based on factors such as milled rice, and head
rice recovery rate. Appearance quality takes into account
grain shape, chalkiness, and transparency. Nutritional
quality is determined by the levels of starch, protein,
lipids, minerals, vitamins, and phytochemicals. Cooking-
eating quality is evaluated based on amylose content, gel
consistency, and gelatinization temperature (Zhang et al.
20164, b; Fig. 1). Rice milling quality generally enhances
maximum vyield recovery without grain breakage. The
quality of rice milling is determined by a complex genetic
control mechanism, which is heavily influenced by vari-
ous genetic factors (Zhou et al. 2020). The quality of rice
milling has a direct impact on its appearance, including
factors such as grain shape, chalkiness, and translucency.
These characteristics play a significant role in determining
consumer preferences and marketability. The appealing
qualities of rice grains, such as their well-proportioned
shape, delicate chalkiness, clear translucency, and radi-
ant appearance, greatly appeal to consumers (Gong et al.
2023). The quality of rice grain plays a marked role in
determining the sensory characteristics associated with
cooking and eating. The eating-cooking quality is a com-
prehensive reflection of the preferences consumers have
for grain quality which include a fine texture, penetrating
aroma, cleanliness, non-sticky elasticity, excellent taste,
and a smooth consistency (Zhou et al. 2020; Fitzgerald
et al. 2009a, b). The nutritional quality of rice is classified
into grain proteins, lipids, vitamins, minerals, and phyto-
chemicals. The genetics of external and internal charac-
teristics related to milling, appearance, eating-cooking,
and nutritional quality remains largely unexplored;
despite that fact that significant progress has been made
in rice grain quality characterization and use of molecular
markers. In spite of these advancements in enhancing the
quality of rice grain, only a few key genes have been thor-
oughly studied in this regard.

Page 4 of 21

In this review, we have primarily summarized the
(i) comprehensive preferences for rice grain quality in
countries across the Asia—Pacific region. (ii) definition
of consumer preferences for rice grain quality, (iii) meas-
urement and characterization of rice grain quality, (iv)
genetic analysis of rice grain quality traits, (v) genetic
enhancement of preferred rice grain quality traits, and
(vi) factors influencing grain quality traits and future
directions for global food and nutrition security. We con-
ducted a thorough literature review to assess the grain
quality attributes. These aspects encompass: (i) the bio-
logical mechanism of consumer quality traits, (ii) con-
sumer preferences, (iii) participants in the value chain,
and (iv) advancements in genetic research. All the studies
cited in this review are based on published research arti-
cles, peer reviews, expert opinions, technical reports and
general consumer perceptions. Experts have consistently
reviewed each section and verified the similar qualitative
characteristics with a reference to Custodio et al. (2019)
analysis of quality preferences in Southeast Asia and
South Asia. This review provides valuable insights into
consumer demand, product design strategies, genetic
improvement directions, role of rice in food and nutri-
tional security worldwide.

Biological Niches of Rice Grain Quality

Rice grains are influenced by a variety of ecological and
socio-cultural factors that ultimately impact the quality
of rice. Rice cultivation varies depending on the climate,
with indica rice being grown in tropical conditions and
japonica rice thriving in temperate climates (Maclean
et al. 2013). Paddy rice is a result of crossbreeding
between Oryza sativa L. and the African rice cultivar,
O. glaberrima. The rice cultivars (O. sativa) have two
subspecies; indica and japonica species. Traditionally,
japonica rice is shorter in length and is primarily enjoyed
in Japan, Korea, and the northern regions of China.
The grains of japonica rice have lower amylose content,
resulting in a soft and moist consistency after cooking.
On the other hand, indica rice has higher amylose
content, leading to a firmer and drier consistency after
cooking. The best rice for the world is a non-glutinous
variety with amylose content of over 10%. In addition, it
is worth noting that indica is widely recognized as the top
rice cultivar worldwide, encompassing all rice-growing
regions (Kovach et al. 2009). According to Jamjod et al.
(2017), the majority of Thailand’s growing regions are
dedicated to cultivating jasmine and non-fragrance indica
rice, taking into account their specific agro-ecological
conditions. In addition, the HoM Mali aromatic rice
variety stands out for its premium quality, displaying
resistance to milling breaks, a shiny appearance, and
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a translucent texture. According to the Prom-U-Thai
and Rerkasem (2020), the rice varieties RD15, RD6,
and TRKB are responsible for a significant portion,
approximately 55%, of rice production in Thailand.
Production of Basmati rice is primarily limited to specific
regions in India and Pakistan, while parboiled rice is
mainly cultivated in South Indian regions. Glutinous rice,
on the other hand, is commonly grown in Laos, Thailand,
the Dai ethnic group, the Tai people of Myanmar, and the
southern and western parts of China. A study by Hansen
et al. (2002), examines the rapid evolution of taste buds
in Chinese consumers, specifically those who consume a
diet primarily consisting of rice and wheat. Another study
by Wailes and Chavez (2012) focuses on the demand for
rice among African population. It is unclear how much
the consumption habits of the non-rice eating and rice
eating communities have shifted over time.

Perceptions of Rice Grain Quality Characteristics in Asia
Pacific Countries

The demand for high-quality rice is increasing due to
various factors such as population growth, socio-cultural
norms and traditions, and changing consumer lifestyles.
Rice plays a significant role in consumers’ lives, whether
it’s for special occasions, festivals, or everyday meals. As
societies evolve and people migrate or immigrate, the cost
and variety of rice options also come into play. Rice has
become a staple that reflects the fashion and preferences
of a society. In order to establish a clear roadmap for a uni-
fied grain quality, it is crucial to thoroughly analyze and
understand the rice food value chain in countries across
the Asia—Pacific region. Thus, this review discusses the
different perceptions of grain quality among consumers
in Southeast Asia and South Asia. The quality of rice var-
ies greatly depending on the specific time and context in
which it is produced. The majority of the population con-
sumes white milled rice, taking into account its nutritional
aspects (Custodio et al. 2019). The nutritional quality of
food remains a mystery, as it is influenced by the evolving
preferences of the growing population. These preferences
may be rooted in long-standing eating habits, suggesting
a connection to ancient civilizations. On the other hand,
in Southeast Asia, the demand for rice is mainly driven
by its high nutritional value, smooth texture, and aro-
matic fragrance (Custodio et al. 2016; Wangcharoen et al.
2016). The characteristics of high-quality grains are con-
sistent shape and size, a glossy appearance, lack of chalki-
ness, translucency, long and slender when uncooked, and
plump and firm when cooked.

Ultimately, within rural communities in Asia—Pacific
countries, the quality of rice grains can be classified as
high, medium, or low. Top-notch rice should have a
larger volume when cooked, which not only increases
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the length of the grains but also provides a satisfying feel-
ing of fullness. On the other hand, lower quality rice may
have impurities, a dry and rough texture, and a reduced
cooking quality, often resulting in broken rice. In an
urbanized communities, there are striking similarities to
rural areas, with the exception of the availability of pre-
mium rice (high) and lower quality rice (poor) (Custodio
et al. 2019). These findings align with the typical prefer-
ences of South Asian consumers, except for a change in
preference for medium grain shaped rice (Custodio et al.
2016; Juliano and Villareal 1993). This change could be
attributed to the rise of parboiled traditional rice, known
for its firm and dry texture and high amylose content
(Graham 2002; Custodio et al. 2016, 2019). In general,
the perception of grain quality in South Asian countries
is consistent, with some minor differences depending on
the traditional and socio-cultural dietary practices (Cus-
todio et al. 2019; Fig. 2).

Genetic Basis of Rice Grain Quality

Milling Qualities

The quality parameters of rice milling are assessed during
the paddy processing phase, which involves the produc-
tion of full brown rice. This is then followed by the recov-
ery of milled rice (bran de-husked) and head rice (without
broken grains). The milling qualities are closely linked to
the evolution of rice grain shape and chalkiness. Typically,
grain milling qualities are achieved with shorter, round
grains and reduced chalkiness. On the other hand, longer
and slender grains with higher chalkiness yield poorer
milling qualities (Gong et al. 2020). The yield of milled
rice is closely linked to the attributes of rice milling. The
mill processing unit, grain moisture content (14%), and
the procedures and storage facilities all have a significant
impact on it. Research on functional genetics and genom-
ics for milling qualities have made significant progress in
quantitative traits loci (QTL) mapping for desirable traits
(Fig. 3; Gong et al. 2020; Deng et al. 2022).

A recent study by Deng et al. (2022) provided valuable
insights into the molecular basis of rice milling attrib-
utes through a genome-wide association study (GWAS).
However, this study primarily highlights the crucial role
of the Wx gene (which has been previously characterized)
in controlling the recovery of head rice by manipulating
the layers of unstructured starch granules. The study also
highlights the interplay between various factors such as
amylose content, milling quality, grain shape, and chalki-
ness, which are all influenced by the Wx gene. In future, it
is important to prioritize the genetic characterization of
milling quality characters and the identification of desira-
ble major/minor QTLs/genes for enhancing milling qual-
ity parameters (Fig. 3).
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Fig. 2 Rice grain quality preferences in Asia Pacific countries (India, China, Nepal, Bhutan, Vietnam, Sri Lanka, Pakistan, Thailand, Cambodia,
Philippine, Bangladesh, Indonesia, Korea, Myanmar, Japan). The quality perceptions indicators are recorded as low, medium, high, light, strong, soft,

soft sticky, firm, medium-firm, short, long, extra-long, and broken rice

Appearance Qualities

The quality of rice grain appearance is determined by its
visible physical characteristics, which greatly influence
consumers during the marketing of rice grains. The qual-
ity of rice grain appearance can be evaluated based on the
shape of the grains, chalkiness, level of transparency, and
grain color (Zhou et al. 2020).The shape of grains is an
important factor in determining the yield of rice grains.
It is characterized by its length, width, and the ratio
between the two (Li et al. 2022). In the past, there was

significant research on various indica and japonica rice
cultivars, focusing on their morphological and agronomi-
cal characteristics (Zhou et al. 2020; Li et al. 2022). Exten-
sive studies have been conducted in the past few decades
to analyze significant QTLs and genes (Fig. 3). The herit-
ability of grain shape in rice is significant, and research-
ers have successfully identified several genes with major
genetic effects that are responsible for determining grain
shape. Huang et al. (2013a, b) identified minor effect
genes/QTLs that play a role in shaping rice grains.
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Fig. 3 Genes cloned in milling, appearance, eating and cooking, and nutritional quality attributes in rice. All the genes cloned for particular
traits are widely presented based on specific chromosomal location. Only the gene names were provided with their trait legends
besides the chromosome. Same color represents-same genes identified for the same traits

Aroma

The aroma of rice plays a significant role in defining
its sensory quality and has a significant impact on its
market value. The rice aroma content is determined by
the inactivation of the badh2 gene, which is found on
chromosome 8 (Chen et al. 2006). So far, over 10 genes
derived from badh2 gene family have been identified to
have an impact on aromatic compounds in rice. These
genes include badh2-E7, badh2-E2, badh2-E4-5, badh2-
p-S0UTR, and badh2-p. They play a crucial role in
determining the aroma of rice (Gong et al. 2023; Fig. 3).
It is worth noting that a smaller set of genes has been
identified through integrated map-based cloning, such as
Osbadhl, OsGly, and OsP5CS. The annotated genes are
found in different loci and may play a role in increasing
the intensity of 2-AP and influencing aroma in rice (Zafar
and Jianlong 2023).

Pericarp Color

The pericarp of rice grains can come in various shades,
including red, brown, purple, or black. Colored rice is
rich in phenolic compounds such as anthocyanin and
proanthocyanidin, which have biological functions in
preventing oxidative stress, improving hyperlipidemia,
and preventing obesity. The red rice pericarp exhibits
distinct characteristics due to the presence of two genes,
Rc and Rd, which are associated with its domestication.
A recent study by Xie et al. (2024) revealed the presence
of multiple alleles of the Rc gene. These alleles encode a
bHLH protein and are associated with a red pericarp
phenotype.

Interestingly, the researchers found that a 14-base pair
deletion in the gene’s reading frame which is capable of
restoring its functionality. The Rd gene plays a vital role
in catalyzing the conversion of dihydroflavonol into
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leucoanthocyanidin by encoding a dihydroflavonol-4-re-
ductase (DFR). The Rd gene alone does not contribute to
color production, but it does play a role in the assimila-
tion of proanthocyanidin in grain coloration (Sweeney
et al. 2006; Furukawa et al. 2007). The genotype Rc-rd
results in brown-colored rice grains, while both rc-rd
and Rc-Rd genotypes produce white-colored rice grains
(Furukawa et al. 2007). Colored rice grains are highly
regarded by consumers as a potent source of nutrition
and an effective remedy for various emerging diseases.
The traditional colored or brown rice grains are excellent
sources of fiber and numerous vitamins, thanks to the
bran layers that remain intact with the endosperm during
processing. According to Veni (2019), colored rice grains
are a valuable source of low-fat, healthy carbohydrates, as
well as a reservoir of iron and zinc.

Grain Length

Several genes associated with grain length have been
previously identified. One of these genes, QTL-GS3,
was specifically identified for its role in rice grain length
and has been successfully cloned on chromosome 3. The
negative regulatory mechanism was discovered through
functional characterization of two NILs, Minghui 63
(large grain) and Chuan 7 (small grain). When comparing
the sequence of GS3 in different varieties for grain length,
it was observed that long grain cultivars have a cysteine
codon (TGC) in the termination region, which leads to
premature termination. The main reason for the larger
grain size is a truncation of about 178 amino acids at the
C-terminal region of the protein (Fan et al. 2006). The
GS3 contains four functional domains: one localized in
the N-terminal region, another in the trans-membrane
domain, a third in TNFR/NGFR, and the last one in
the C-terminal region. These domains exhibit allelic
variations due to natural fluctuations (Mao et al. 2010).
The GS3 gene plays a crucial role in determining grain
length in various cultivars. Different allelic variations
of GS3 have been identified, such as GS3-1 in indica-
derived cultivars with medium-length grain shape, GS3-
2 in japonica-derived cultivars with short grain length,
GS3-3 in Minghui 63-derived cultivars with long grains,
and GS3-4 in Chuan 7-derived cultivars with extremely
short grains. These allelic variations are linked to the
termination of OSR function and the loss of functional
domains on the C-terminal in GS3-4.

A recent report by Sun et al. (2018) found that GS3
is present in the G protein subunits and plays a role in
controlling grain length through the G-protein pathway.
The study highlights a regulatory mechanism in GS3
that affects grain length, which involves the competitive
binding pattern of G-protein subunits, along with the
involvement of DEPI and GGC2. Interestingly, GS3 also
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inhibits the function of DEPI and GGC2, resulting in
the development of smaller grains. The GL3.1/gGL3 loci
is responsible for decoding a protein phosphatase kelch
(PPKL) family member, which in turn leads to an increase
in grain length by negatively affecting cell numbers and
grain glumes (longitudinally). This position is closely
related to GS3 and the improvement of grain length
through an enhancer gene (Zhang et al. 2012; Gao et al.
2015). In addition, the GS3 location has a wide-ranging
impact on the GL3.3 gene, which encodes kinase activity
similar to GSK3/SHAGGY. The genotypes that possess
both the gs3 and g/3.1 genes exhibit a marked increase in
grain size compared to the genotypes that only carry one
of these genes (Xia et al. 2018; Fig. 3).

Grain Width

The width of rice grain has been extensively studied and
characterized over the past few decades. For instance,
GW2 was identified as the first QTL and was successfully
cloned on chromosome 2. This QTL encodes the RING-
type E3-ubiquitin ligase enzyme (Song et al. 2007).
A deletion of a base pair in the 4th exon of gene GW2
results in the premature termination of the stop codon,
leading to the production of a truncated protein and
development of a long-grain trait. The loss of gene GW2
leads to an increase in cell numbers within the spikelet
hull, resulting in improved rice grain weight, grain
width, and overall yield. The gSW5/GW5 are considered
significant QTLs for grain width, located on chromosome
5 (Weng et al. 2008).

Recent studies have revealed that the GW5 gene is
responsible for decoding a protein that is bound to the
membrane and contains a domain motif similar to IQ
calmodulin (Duan et al. 2017; Liu et al. 2017). The GW5
gene has the potential to regulate grain weight by inhibit-
ing the kinase activity of GSK2 on the OsBZR1 and DLT
through BR signaling pathways (Liu et al. 2017). The GS5
gene is a significant genetic factor that plays a domi-
nant role in determining the size of rice grains on chro-
mosome 5. It exerts extensive control over grain size by
positively regulating grain filling, width, and weight. The
GS5 enzyme was decoded by Li et al. (2011). The height-
ened expression of the GS5 gene hinders the coordination
between OsBAKI-7 and OsMSBPI, effectively suppress-
ing the extracellular leucine-rich repeat (LRR) domain
of OsBAKI-7. This approach, effectively circumvents
OsBAK1-7, as it undergoes endocytosis in concert with
OsMSBPI (Liu et al. 2015; Fig. 3).

Grain Length and Width

The correlation between grain length and width is
negative, and it necessitates a well-balanced genetic
mechanism to synchronize these traits. The GW8/GW7
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QTLs play a crucial role in determining the ratio of grain
length to width. These QTLs are found on chromosome
7 and 8, and they have a significant impact on regulating
the shape of grains. GWS is a significant QTL for grain
width, playing a positive role in regulating grain width
through the decoding of OsSPL16 protein. It is also
responsible for promoting cell proliferation (Wang et al.
2012). GW8 has been reported to cause malfunction in
the promoter of GW7, resulting in the inhibition of its
expression (Wang et al. 2015).

Studies have shown that certain QTLs, including GW7/
GL7/GLG?7, play a key role in regulating the ratio of grain
length to width. This regulation is achieved through the
decoding of a TRM motif protein, which is similar to the
Arabidopsis LONGIFOLIA proteins (Wang et al. 2015;
Zhou et al. 2015). There is an up-regulation of GW7 at
the location of copy number variation (CNVs), which
leads to the development of slender grains without
any loss in yield. Therefore, GW8-GW7 is designed to
showcase a beneficial approach for improving the quality
of rice grains. A study by Zhao et al. (2018) found GS9a
as a negative regulator for grain length/width ratio. This
regulator is found on chromosome 9 and has been found
to contribute to both horizontal cell multiplication and
vertical cell elongation. The GS9 allele is associated with
the enhancement of rice slender grain, in contrast to the
standard GS9 allele which does not exhibit any alterations
in grain thickness or weight (Zhao et al. 2021; Fig. 3).

Grain Chalkiness

Grain chalkiness occurs when starch granules and protein
bodies are arranged loosely and asymmetrically, resulting
in an opaque grain appearance (Lisle et al. 2000). In the
world of rice, chalkiness content is seen as a negative trait
that has a significant impact on various aspects such as
milling, appearance, cooking, and nutritional value. This,
in turn, can potentially decrease market demand and hin-
der the value chain process (Fitzgerald et al. 2009b). The
level of chalkiness content in rice endosperm is primar-
ily influenced by environmental factors, particularly tem-
perature. As a result, optimizing this content can be quite
challenging due to its complex nature. Several QTLs/
genes related to chalkiness have been documented, but
only two significant QTLs, Chalk5 and WCRI, located on
chromosome 5 and 1, have been successfully cloned and
characterized. Chalk5 plays an important role in enhanc-
ing grain chalkiness (Li et al. 2014). It is responsible for
decoding an enzyme called vacuolar H+-trans-located
pyro-phosphatase. An increased expression of the Chalk5
gene causes an increase in H+ absorption, which disrupts
the pH balance and development of the endosperm-
bounded-membrane, as well as the protein body’s for-
mation. This ultimately leads to the development of air
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spaces and an increase in their quantity within the rice
endosperm. The spatial distributions of storage pro-
teins and air space can contribute to the development of
chalkiness content (Li et al. 2014). A QTL for white core
rate in rice grains, which involves an F-box protein, has
been reported to play a negative role in regulating the
chalkiness of rice grains (Wu et al. 2022). The chalkiness
content of rice endosperm is determined through the
synthesis of reactive oxygen species (ROS) and inhibited
programmed cell death (PCD). In addition, a functional
SNP (A/G) located in the promoter region of WCRI is
strongly linked to variations in nucleotides and the WCR
phenotype (Fig. 3; Wu et al. 2022).

Eating and Cooking Qualities

The primary focus of current breeding is to enhance the
quality of rice grains in terms of flavor, aroma, and taste,
as experienced by individuals. The quality of the rice
grains is showcased through their exceptional taste, entic-
ing aroma, clear appearance, sparkling visibility, both
sticky and non-sticky texture, as well as their elasticity
and flexibility. Additionally, the grains remain soft even
after cooling (Fitzgerald et al. 2009). The current meth-
ods for testing and evaluating indicators for eating and
cooking qualities are insufficient in providing a compre-
hensive definition. Nevertheless, the evaluation of eat-
ing and cooking quality often takes into account factors
such as amylose content, gel consistency, and gelatiniza-
tion temperature (Tian et al. 2009). The starch content
plays a crucial role in determining the eating and cook-
ing quality of rice grains, as it covers the majority of the
rice endosperm. There are two classifications based on
their molecular structure: amylose and amylopectin.
According to Duan and Sun (2005), the amylose content
is considered to be the main factor in determining the eat-
ing and cooking quality. The formation of the rice grain’s
soft, fluffy, and smooth texture is attributed to the optimal
amylose content, which ranges from 14 to 20%. The gelati-
nization temperature results in a smooth and sticky tex-
ture, creating a coarse paste when the rice grain is cooked.
The gelatinization temperature affects the structure of
rice starch, as well as its bio-synthesis, gel consistency,
and cooking time. The lower gelatinization temperature
of rice grain effectively shortens cooking time by slowing
down water absorption. All these factors are significantly
and consistently linked to the quality of eating and cook-
ing. According to Zhang et al. (2020), there is a negative
correlation between amylose content and gel consistency,
while gel consistency shows a positive correlation with
gelatinization temperature. Through a thorough analysis
of eating and cooking quality, it is evident that the rice
endosperm serves as a storage site for starch and proteins.
The dimension of rice grains has a significant impact on
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its eating and cooking quality. Furthermore, the influence
of starch and proteins on the quality of rice when it comes
to eating and cooking is not well understood (Pfister and
Sciences 2016). A comprehensive explanation of the pro-
cess of starch biosynthesis was recently published by Li
et al. (2019) and Huang et al. (2021a, b). Currently, our
focus is on showcasing the qualitative inheritance of key
genes that play significant roles in enhancing the superior
qualities of rice grains. The endosperm of cereals con-
tains a well-preserved mechanism for starch biosynthesis,
which involves several important enzymes such as ADP-
AGPase, GBSS, SSS, SBE, and DBE (Huang et al. 2021a,
b). The synthesis of starch granules is primarily regulated
by ADP, with AGPase serving as the main substrate. After
synthesis, ADPG is transported to the amyloplast for the
deposition of amylose and amylopectin (Pfister and Sci-
ences 2016). GBSS gene and different isoforms of SS, SBE,
and DBE are responsible for the synthesis of amylose and
amylopectin (Pfister and Sciences 2016). The composi-
tion of both amylose and amylopectin involves a multi-
tude of enzymes and iso-enzymes, leading to the intricate
genetic characterization of their eating and cooking qual-
ity (Tian et al. 2009). Only a limited number of QTLs/
genes were successfully identified in the elite rice eating
and cooking quality. An important gene (Wx) and its vari-
ous alleles play a significant role in the synthesis of amyl-
ose content. This gene is located on chromosome 6 and
has a major impact on the cooking quality of rice grains
(Gong et al. 2023). A study conducted by Su et al. (2011)
found that the gGC6 and Wx gene share the same locus
on chromosome 6, specifically in relation to gel consist-
ency. The inverse relationship between gelatinization tem-
perature and amylose content suggests that the Wx gene
has a broad impact on the eating and cooking quality of
rice (Gong et al. 2023). The gelatinization temperature is
partly regulated by the ALK gene, which is found in close
proximity to the Wx gene loci on chromosome 6. The ALK
gene encodes an SSIla enzyme that plays a crucial role in
determining the branching composition of amylopectin
chains. This enzyme also has an impact on starch granule
structure, gelatinization temperature, and the overall eat-
ing and cooking quality of starch (Gao et al. 2011). In con-
clusion, the genes Wx and ALK have a significant impact
on the eating and cooking quality of rice. The Wx gene
plays a role in regulating amylose content, gel consistency,
and partly, gelatinization temperature. On the other hand,
the ALK gene regulates amylose content, gel consistency,
and paste texture (Gong et al. 2023).

Nutritional Qualities

The quality of nutrients in rice grains is determined
by their ability to support consumer health, growth,
development, reproduction, and overall physiological
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well-being. It is evident that the evolving populations
with changing dietary preferences rely heavily
on consuming brown or milled rice. The nutrient
compositions of brown/milled rice exhibit significant
variations in terms of starch, protein, lipid, minerals,
vitamins, and phytochemicals. Nevertheless, enhancing
the nutrient density in rice cultivars would be a valuable
resource for populations striving to address issues of food
and nutritional security (Zhao et al. 2020; Fig. 3).

Grain Protein Content

Rice grains are rich in protein, along with a significant
amount of starch. The protein content of rice crops typi-
cally ranges from 5 to 16%. In addition, it has been found
that indica rice has a protein content that is approxi-
mately 2% to 3% higher than japonica rice (Alam et al.
2023). Rice proteins comprise albumin, globulin, prola-
min, and glutelin. Out of all the proteins, one stands out
with a higher proportion—glutelin protein; which plays
an essential role in regulating high-lysine content and
enhancing digestibility (He et al. 2021). The variations
in glutelin protein composition will affect the nutri-
tional quality of rice grains. At present, the main focus
is on rice grain protein to develop rice cultivars with
high nutritional value. However, it has been observed
that higher grain protein content tends to negatively
impact the eating and cooking quality of rice. Accord-
ing to Long et al. (2023), there is an inverse relationship
between the nutritional and cooking qualities. Numer-
ous QTLs have been identified in relation to protein
content (Zhao et al. 2022; Alam et al. 2023). However,
protein content can be influenced by environmen-
tal factors, which is why most studies do not focus on
data from a single environment. Grain protein is highly
influenced by environmental factors. So far, research-
ers have successfully cloned and studied the functions
of two important QTLs, namely gPCI and gGPC-10,
which play a crucial role in enhancing the protein con-
tent of rice grains (Peng et al. 2014; Yang et al. 2019a,
b). The gPCI plays a key role in synthesizing starch and
grain proteins by functionally decoding an amino acid
transporter called OsAAP6 and culminates in increased
grain protein content (Peng et al. 2014). The gGPC-10
gene encodes a precursor of OsGluA2 and plays a role in
positively regulating the protein content of rice grains.
The gGPC-10 gene has been found to enhance the glu-
telin content in the protein fraction, resulting in an
increase in the protein content of rice grains (Yang et al.
2019a, b). The expression of the OsAPP6 and OsGIluA2
genes is responsible for the reduced protein content
in rice grains. Typically, high protein content can lead
to the development of a high density starch granules,
which in turn forms a compact structure in the rice
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endosperm. This compact structure reduces water imbi-
bition, ultimately resulting in poor palatability (Mar-
tin and Fitzgerald 2002). As a result, rice breeders face
a significant challenge in achieving a balance between
high-nutrition and high eating-cooking quality in a sin-
gle variety (Fig. 3).

Lipids

Lipids play a crucial role in the structure of starch
granules, forming strong connections with both amyl-
ose and non-starch lipids. The distribution is primarily
concentrated in the rice bran, as highlighted by Choud-
hury and Juliano (1980). The lipid concentration in rice
grains ranged from 0.89 to 2.16% (Azudin and Morri-
son 1986), and primarily consists of palmitic acid, oleic
acid, and linoleic acid. Among all lipids, only oleic acid
and linoleic acid hold significant importance for human
consumption (Li et al. 2022; Ren et al. 2023). Lipids
play a significant role in influencing the taste, cooking
properties, and nutritional value of rice. The bonding
relationship between amylose and amylopectin is often
intricate, involving glycolipids and phospholipids. In
a recent study by Concepcion et al. (2020), certain fac-
tors can affect the texture of cooked rice, such as starch
expansion and gelatinization temperature. In addition,
the aroma of rice is primarily influenced by unsaturated
fatty acids, which impacts its nutritional and cook-
ing qualities (Concepcion et al. 2018). There have been
a limited genetic studies on the synthesis of rice grain
oil concentration. A QTL was identified for grain nutri-
tion, specifically related to nutrition-eating-taste (NET),
which is believed to play a crucial role in lipid-nutrient
metabolism. A study by Yang et al. (2022) examined
the impact of various amino acids, vitamins, and poly-
phenol compounds on the taste of rice. Recent GWASs
have identified several candidate genes, including PAL6,
LIN6, MYR2, ARA6, and OsLP1I, that regulate rice oil/
lipid metabolism under natural variations (Zhou et al.
2021; Hong et al. 2023; Fig. 3).

Vitamins

Vitamins have a tendency to be absorbed by the human
body and are divided into two categories: water solu-
ble and fat soluble (fat soluble vitamins include A, D,
E, and K). Rice grains contain a range of essential vita-
mins including B1, B2, B3, B4, B6, B7, B9, and E, while
they do not contain vitamins A, C, and D (Champagne
et al. 2004). Vitamin A deficiency is a common issue
among rice-consuming communities, as rice grain lacks
[-carotene, which is a precursor to vitamin A (Burkhardt
et al. 1997). At present, malnutrition and hidden hunger
pose significant health risks to populations in countries
with poor diets. These conditions are linked to diseases
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such as blindness, xerophthalmia, and keratomalacia (Ye
et al. 2000). A significant amount of research has been
dedicated to the synthesis of vitamins within the rice
grain. The geranyl-geranyl diphosphate substrate (GGPP)
and iso-prenoid, a common precursor (C20) play major
roles in the production of carotenoid C40. Phytoene syn-
thase (psy) enzyme is responsible for f-carotene synthesis
in rice grains by incorporating two molecules of GGPP.

A recent revolutionary breakthrough in rice breeding
was the introduction of golden rice, developed by inte-
grating a prototype GR1 using a phytoene synthase gene
(psy) derived from daffodil. The phytoene desaturase
gene (crtl) and lycopene cyclase (Icy) genes were obtained
from E. uredovora (Ye et al. 2000). Additionally, the lcy
gene was modified to produce B-carotene in golden rice
(Schaub et al. 2005). Nevertheless, golden rice has certain
limitations when it comes to synthesizing -carotene at
extremely high levels. To overcome this, the psy gene has
been replaced with its maize homologous gene, resulting
in a significant increase in pro-vitamin A to 23 folds/37
(mg/g) in golden rice. This improved version has been
named golden rice 2 (Tang et al. 2009). Staxanthin is a red-
colored keto-group carotenoid that plays a central role in
antioxidant function. The production of astaxanthin is
delayed in higher plants. The genes related to the biosyn-
thetic pathway of B-carotenes include sPaCrtl, sZmPSY1,
sHpBHY, and sCrBKT and play crucial roles in enhancing
the astaxanthin content in rice grains (Zhu et al. 2018).
Other important genes in this pathway include phytoene
desaturase, phytoene synthase, p-carotene hydroxylase,
and B-carotene keto-lase. A recent metabolomic study by
Tian et al. (2019) discovered that certain genes, including
tHMG1, ZmPSY1, and PaCRTI, have significant impact
on increasing carotenoid levels in rice grains. There were
reports of natural variation in the levels of Vitamin Bl
(thiamine) and vitamin B6 (pyridoxine) in milled rice. The
THIC gene is responsible for encoding vitamin B1, while
PDX1.3a—c and PDX2 are responsible for encoding vita-
min B6. The genes exhibit a unique enzymatic activity
that is synthesized within rice leaves (Mangel et al. 2022;
Fig. 3).

Macro and Micro Nutrients (Mineral Elements)

Nutrients play important roles in supporting the growth,
development, and reproductive system of plants, includ-
ing rice grains. The acquisition of nutrients in the plant
system is regulated by photosynthesis, which involves
the utilization of water and carbon dioxide in the pres-
ence of sunlight. In addition to hydrogen and carbon, the
remaining 15 mineral elements play essential role in the
development of crops (White and Brown 2010). The min-
eral elements were categorized into two groups: macro
and micro nutrients (White and Brown 2010). The macro
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nutrients include sulfur (S), phosphorus (P), magnesium
(Mg), calcium (Ca), potassium (K), nitrogen (N), oxygen
(O), carbon (C), and hydrogen (H), while the micro nutri-
ents consist of molybdenum (Mo), nickel (Ni), copper
(Cu), zinc (Zn), manganese (Mn), boron (B), iron (Fe),
and chlorine (Cl). Out of all the minerals, zinc and iron
are particularly important for the health benefits they
provide to humans (Wirth et al. 2009). Iron deficiency
can lead to various health issues, such as anemia and
impaired growth, particularly in newborns and expectant
mothers (Ritchie and Roser 2017). A multitude of genetic
studies have explored increasing iron and zinc content
in rice grains. A study by Paul et al. (2012) identified
OsGlb for globulin, OsGluBI and OsGIluA2 for glutelin,
and Osfer2 genes for regulating iron and zinc content in
rice grains. The transport mechanism of iron content is
based on chelation in low iron conditions and reduction
in high iron conditions, converting Fe*** to Fe**. The
chelation mechanism is facilitated by the NAS enzyme
to release phytosiderophores, which are involved in iron
deficit zone (Kok et al. 2018). Thus, the intake of iron
into the plant system is regulated by both the reduction
and chelation systems working together. It is worth not-
ing that iron content in rice grains has been significantly
enhanced by the efficient utilization of three candidate
genes, namely OsNAS1, OsNAS2, and OsNAS3 (Lee et al.
2012; Kok et al. 2018). The expression of the OsYSL2
gene has a significant impact on the iron content of rice
grains. A study by Bashir et al. (2013) highlights the sig-
nificant impact of two vacuolar genes, namely OsVITI
and OsVIT2, on the quantitative enhancement of iron
and zinc content through iron transport. A novel gene,
SoyferH2, which plays a role in improving iron levels,
primarily regulated by OsGluB1 and OsGlb promoters,
and were combined with three specific genes, HYNASI,
HvNAAT-A, and HYNAAT-B. These genes are responsible
for decoding mugineic acid to increase the iron content
in milled rice (Masuda et al. 2013a, b).

Another critical element to consider is zinc, which
plays a vital role in regulating over 300 enzymes involved
in the metabolism of carbohydrates, lipids, proteins, and
nucleic acids (Swamy et al. 2016). Malnutrition is a sig-
nificant issue in regions where milled rice is commonly
consumed, with zinc deficiency being a major contrib-
uting factor (Rao et al. 2020). According to the Dietary
Reference Intake, it is important for adults to consume
an adequate amount of zinc, which ranges from 7 to
13 mg/g/, in order to maintain a healthy lifestyle. Insuffi-
cient zinc supply can lead to various health issues such as
imbalanced appetite, slowed growth, weakened immune
function, weight and hair loss, digestive problems, eye
and skin problems, delayed wound healing, and men-
tal disorders (Prasad 2004). There has been significant

Page 12 of 21

progress in genetic research on zinc content in recent
years. Increasing the density of zinc content in rice grains
can be achieved through zinc bio-fortification, which is
an alternative approach. OsZIPs, OsIRTs, OsNASs genes
were cloned and their zinc and iron content regulatory
mechanisms were studied. The zinc and iron content
in rice grains during the filling stage is quantitatively
increased by certain genes (Das et al. 2020). The uptake
of zinc occurs through the root system of rice and then
transported from the vegetative parts to the endosperm
(Yin et al. 2016). Zinc uptake in rice endosperm is facili-
tated by the transfer of zinc from vegetative parts (Wu
et al. 2010). A limited number of rice metal transporter
genes (ZIP family) have been identified and are observed
to be up-regulated in zinc deficient environments (Tan
et al. 2015). In another study by Aung et al. (2013), it
was discovered that the overexpression of gene OsYSL2,
belonging to the NAS family genes, has the potential to
enhance zinc and iron content in rice. In a study by Tan
et al. (2015), it was observed that OsIRT and MxIRT genes
had a positive impact on the levels of iron and zinc. A zinc
bio-fortified rice has been developed in Bangladesh by
Harvest Plus and the International Rice Research Institute
(IRRI), which boast of increased zinc content by 60% to
meet daily zinc requirements (Goldstein 2018). A similar
collaboration with Indian research institutions has also
resulted in a rice variety in India with a zinc content of
28 mg/kg (Rao et al. 2020). A study by Trijatmiko et al.
(2016) reported the successful insertion of the OsNAS2
and SferH-1 genes into rice, without causing any negative
effects on the quality or quantity of the crop (Fig. 3).

Bio-fortifications of Rice Grains

Essentially, the bio-fortification of staple food crops aims
to enhance the nutrient profiles. Ensuring a sufficient
supply of nutrients for staple crops is crucial for address-
ing the needs of a growing population and promoting
food and nutritional security. An innovative approach
has been developed to enhance the nutritional value
of rice grains by simultaneously increasing the levels of
zing, iron, and B-carotene through a multi-gene stacking
system. As part of this approach, researchers success-
fully created a transgenic line by increasing the levels of
zinc, iron, and P-carotene using specific genes found in
maize (PHYTOENE SYNTHASE or ZmPSY), bacteria
(CAROTENE DESATURASE or CRTI), beans (FERRI-
TIN or PvFERRITIN), and Arabidopsis (nicotianamine
synthasel or AtNAS1) (Zhu et al. 2020). This is the latest
development in metabolic engineering, where genes are
extracted from a variety of pooled metabolic pathways.
The goal was to create a plant system capable of meeting
the nutritional needs of humans (Fig. 3).
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Factors Influencing Rice Grain Quality

Pre-harvest Factors

Ecological Factors

It is widely recognized that various environmental factors
and agronomic practices have significant impacts on the
quality characteristics of rice grains. The phenotypic per-
formance of a genotype is influenced by various factors,
including the genotype itself, environment, and interaction
between genotype and environment. It has been noted that
growing environment conditions also play a significant role
in this regard (Abebe et al. 2023). The regulation of aroma
genes is influenced by various environmental factors such
as water, soil, light, and temperature (Sakthivel et al. 2009).
As a result, aromatic rice varieties are limited to specific
growing regions. Many aromatic rice varieties lose their
distinctive aroma when grown outside of their native envi-
ronment. Many important traits of rice are determined by
multiple genes, resulting in quantitative characteristics.
Improving the quality of rice grains can be quite challeng-
ing due to their susceptibility to environmental factors. This
makes it difficult to enhance grain quality using traditional
breeding methods. Environmental factors such as tempera-
ture extremes, drought, and salinity stress can have a sig-
nificant impact on various aspects of rice, including grain
yield, milling quality, appearance quality, eating-cooking
quality, and nutritional quality (Sreenivasulu et al. 2015).
It has been established that drought stress during the flow-
ering period have minimal impact on the morphological
and nutritional grain quality traits, except for an increase
in grain chalkiness (Yang et al. 2019a, b). Decreased tem-
peratures during the flowering period have the potential
to improve milling and nutritional characteristics, but they
may also reduce the eating-cooking quality parameter of
late growing rice varieties (Huang et al. 2021a, b). Salinity
has a negative impact on various quality traits of rice grains.
It leads to a decrease in head rice recovery and amylose
content, while increasing the chalkiness rate (Zheng et al.
2023). Several studies have demonstrated that crop produc-
tion is significantly influenced by environmental factors.
In addition to environmental factors, genetic factors play a
significant role in regulating grain length, amylose content,
grain width, and aspect ratio (Fitzgerald et al. 2009a, b).
Environmental factors have a significant impact on various
grain quality characteristics, including brown rice, milled
rice, head rice, grain chalkiness, grain chalkiness level, grain
length, grain width, aspect ratio, gel consistency, amylose
content, and protein content. The protein content and eat-
ing-cooking quality traits of rice are primarily influenced by
ecological factors and cultivation practices (Lou et al. 2023).

Field Management Practices
The field management practices encompass the various
cultural practices carried out throughout the entire rice
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growing cycle, including pre-harvest activities. Research
has shown that this particular practice has minimal
impact on the quality and yield of rice grains when com-
pared to other factors such as genetics and the environ-
ment. In addition, the rate of nitrogen application has a
significant impact on both the yield and quality of rice
grains. There is a strong correlation between nitrogenous
fertilizers and the milling and nutritional quality traits of
rice. In addition, there is a negative correlation between
appearance and eating-quality (Zhou et al. 2018). A com-
prehensive study has indicated that the application rate
of nitrogen plays a crucial role in altering both the grain
yield and quality. In a recent study, it has been found that
applying a moderate nitrogen rate (210-260 kg/ha) can
have positive effects on the milling and nutritional qual-
ity, as well as the eating-cooking qualities of japonica spe-
cies (Liang et al. 2021). The impact of nitrogen application
on eating-cooing quality parameters has been thoroughly
studied, revealing its ability to modify protein content and
starch characteristics. Increasing the nitrogen levels in the
endosperm can have a positive impact on its texture when
cooked. This is due to a decrease in amylopectin branch-
ing and an increase in protein content, resulting in a more
compact texture. However, it is important to note that this
may also lead to a decrease in palatability levels (Lou et al.
2023). In addition to the zinc (Zn) and iron (Fe) levels in
the rice grains, the cooking characteristics are influenced
by various other mineral contents found in the rice grain.
Multiple studies have shown a strong correlation between
mineral elements and amino acid and grain protein con-
tent. In addition, gel consistency of grains showed a clear
correlation with K, C, and Mn contents of the rice grain.
The amylose content was greatly affected by the levels of
K, sodium (Na), Mg, Cu, and Mn. The mineral uptake and
sequestration in the rice plant system is a highly intricate
process that can be significantly influenced by soil fertility,
fertilizer usage, and changing climate.

Post-harvest Factors

Drying Facilities

Ensuring the quality of rice grain is the primary focus
of flexible rice consumption, particularly during off-
seasons. Several post-harvest techniques are utilized to
maintain the quality of rice grains, including drying, stor-
age, and processing. The drying temperature for storing
rice grain typically falls between 40 and 60 °C. The rec-
ommended storage moisture levels range from 11 o 15%
at temperatures of 16-20 °C, with a relative humidity
of 60%, allowing for storage of up to 12 months (Miiller
et al. 2022). The drying process of rice involves the trans-
fer of heat from the drying air to the surface mass of rice
grains. In order to effectively dry rice grains, it is impor-
tant to ensure that the water vapor pressure of the grains
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Fig. 4 Factors influencing rice grain quality

is higher than the temperature of the drying air. If the
pressure is lower, it can lead to an increase in moisture
content. According to Miiller et al. (2022), maintaining
an equal vapor pressure between grains and drying air is
crucial for improving storage conditions. This is because
when the moisture content of rice grains is reduced, it
can lead to shrinkage and cracks, resulting in breakage
and fissures. The heat applied to rice grains lead to evap-
oration and an increase in internal pressure, resulting in
improved drying efficiency and time savings. The stor-
age environment’s temperature has a significant impact
on the composition of starch, the breakdown of starch,
and the color of rice grains (Donlao et al. 2018). By rais-
ing the drying temperature in storage conditions, the
density of rice starch can be enhanced, and thus improv-
ing gelatinization and reduced amylose retrogradation.
It is important to maintain storage conditions at a tem-
perature below 70 °C. This is because as the temperature
gradually increases from 40 to 100 °C, the crystallization
of starch decreases from 21.97 to 20.35%. This decrease
also affects the amylopectin chains (Ramos et al. 2019).

The interactions between starch, amylose, amylopectin,
and gelatinization play a significant role in the cooking
and nutritional quality of rice grains (Fig. 4).

Storage Facilities

Rice grain storage chambers are meticulously designed
with a focus on structural integrity and are equipped
with state-of-the-art facilities. They offer storage
services specifically for rice grains/seeds (Kudra 1996).
Rice grains are traditionally stored in various types
of containers, such as mud, structured warehouses,
aerated chambers, and other manually designed storage
chambers. The quality of rice grains can be significantly
influenced by the storage conditions over time, whether
it is for a few months or even years (Singh et al. 2006).
In rural areas of Asia—Pacific region, rice consumers
often store rice grains for extended periods of time,
ranging from 6 months to a year or even longer. The
reasoning behind this approach is that using aged rice
grains enhances the taste and texture of the cooked rice,
resulting in a larger quantity. Many people tend to prefer
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consuming rice grains stored around 1 year old. The aged
rice grains possess exceptional qualities in terms of their
eating, cooking, and nutritional value. Storing rice for
extended periods can lead to a decline in its quality and
development of unwanted flavors, as microorganisms
tend to grow over time.

Declining rice grain quality is linked to the respiratory
system of the rice grains. Storage time, temperature, and
relative humidity are crucial factors that can be affected
by the concentration of O, and CO,. These factors have
the potential to impact rice grain metabolism and the
respiration system (Singh and Fielke 2017). According to
Huang et al. (2013a, b), the decomposition of 1 g of dry
matter requires 1.07 g of O, under aerobic conditions and
results in the production of 1.47 g of CO,, which can be
used to calculate the dry matter loss. The subtle changes
in moisture and temperature have an impact on the
composition of starch, protein, and lipids in rice grains.
Consequently, these changes can affect eating, cooking,
and nutritional quality (Yanxia et al. 2018). Storing the
rice grains at a temperature below 4 °C helps to bring
back their original characteristics, with only slight
adjustments in moisture content, moisture activity, and
grain appearance (Klaykruayat et al. 2020). Nevertheless,
the color of rice grains primarily corresponds to the
growth of microorganisms on the surface (Atungulu
2018: Fig. 4).

Rice Grain Processing Facilities

White rice is widely consumed worldwide, and it is
produced by removing the bran layer from the rice
endosperm during the milling process (Runge et al
2019). Friction between the grains and milling roller can
lead to inconsistencies in grain size, shape, and the sur-
face of coarse rice, as well as rice breakage (Zeng et al.
2018). Quality of milling is directly influenced by water
absorption of rice grains, leading to a smooth texture,
tenderness, and increased gelatinization rate (Miiller
et al. 2022). The quality of polished rice is determined
by the lipid content, appearance, and uniform coloration
and shine of the rice grain surface (Rodriguez-Arzuaga
et al. 2016). The brown rice undergoes a similar process,
with the exception of removing the intact aleuronic layer
on the surface of the rice grains culminating in higher
nutritional properties (Fig. 4).

Rice Grain Aging

Storing rice grains for a specific duration before con-
sumption is known as rice aging. In South Asian coun-
tries like India, Nepal, Bangladesh, Sri Lanka, and
Pakistan, aged rice is highly favored for its superior qual-
ity attributes. Curiously, when given the option between
aged and fresh rice, most consumers tend to prefer aged
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rice over the fresh variety. This suggests that aged rice is
a more desirable trait for these Asian consumers (Bhat-
tacharya 2011); while many consumers in East Asia pre-
fer fresh rice grains. The aging process affects size, water
absorption, cooking properties, texture, and stickiness,
when compared to freshly harvested rice (Chrastil 1990).
In addition, the aging process of rice enhances tensile
strength, softness, sensory quality, adhesion, cohesive-
ness, hardness, rough surface, and resistance to grinding
(Chrastil 1990; Zhou et al. 2002). One significant disad-
vantage of aged rice is its lengthy storage period, which
typically lasts around 3—4 months or even longer under
natural conditions (Saikrishna et al. 2018). The process
of rice aging occurs between the post-harvest stage and
consumption. Aging involves a range of physiochemical
properties (Singh et al. 2006). In general, the process of
rice aging leads to an increase in rice volume and a quick
absorption of water; in addition to enhancing the texture
properties, paste, color, aroma, chemical compositions,
and eating-cooking quality (Zhou et al. 2003). The aging
process of rice involves the manipulation of proteins and
cell wall lipids, as well as the oxidation of lipids and inter-
actions between proteins and starch (Sodhi et al. 2003).
During the aging process of rice, various changes occur
in the proteins and lipids. The lipids in rice consist of
fatty acid compounds and are strongly linked to amyl-
ase, carbonyl, and hydro-peroxides. These connections
lead to the oxidation of proteins and the condensation
of volatile compounds. According to Sodhi et al. (2003),
rice grain aging can affect the expansion of starch gran-
ules and alter the texture of cooked rice. The process of
rice aging involves the manipulation of cooking quality
through the swelling or puffing of starch granules, result-
ing in gelatinization. This process leads to the produc-
tion of starch molecules and loosened amylose granules
(Nardi and Bellopede 1997). Nevertheless, a reaction
between insoluble starch and protein, resulting in a sub-
par cooking quality was reported by Ohno et al. (2005),
where aged rice has a slightly harder and non-sticky
texture compared to fresh milled rice. This difference in
texture is believed to be closely related to protein con-
tent manipulations, particularly protein oxidation on the
outer surface of the rice grain.

Adeboye et al. (2015) investigated genetic variations
of 10 rice varieties in a controlled environment with
a temperature of 55 °C, relative humidity of 72+2%,
and a duration of 72 h. The findings indicate a notable
decline in genetic integrity as rice grain age, resulting
in decreased germination rate (Zhang et al. 2016a, b).
Lipid peroxidation is a significant process that leads
to seed deterioration through the catalytic action of
the LOX3 enzyme (Xu et al. 2015). Through proteomic
analysis, it has been established that the LOX3 enzyme
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has a negative impact on rice grain longevity. In recent
studies, researchers have utilized SSR markers to assess
the genetic diversity in aging rice. The findings indicate
a direct correlation between various factors such as
polymorphic alleles, gene diversity index, polymorphic
ratio bands, effective allele numbers, specific individual
plant number, Shannon index, and seed germination
rate. Notably, an optimal germination rate of up to 60%
was observed (Zhou et al. 2023). However, as of now, no
QTLs/genes have been identified or successfully cloned.
This opens up a new research area for scholars to explore
the crucial QTLs/genes linked to the aging of rice (Fig. 4).

Assumptions and Implications for Future
Nutritional Demand and Food Security

It is widely recognized that the quality of rice grains
is a complex characteristic that has implications for
growing populations. The rice grain industry have
been experiencing significant growth on a regularly
basis, with a primary focus on increasing yield and
maintaining quality standards. Undoubtedly, there has
been significant progress and remarkable achievements
breeding for rice yield. However, the enhancement of
rice grain quality attributes still lags behind. As the
global population continues to grow with changing
dietary requirements, there is an increasing demand for
high-quality grain to meet the rising living standards.
Nevertheless, it is crucial to re-evaluate rice grain yield
quality, taking into account the current market conditions
and the increasing demands of a growing population.
A thorough analysis is required to gather extensive
data on rice quality perceptions in order to effectively
address the needs of the food value chain. This review
offers a comprehensive analysis of available literature
research on consumer choices, farmers’ and industrial
requirements, and the genetic improvement of various
quality traits in rice grains. These traits include milling,
appearance, eating—cooking, and nutritional quality.
Our findings revealed that there is a broad consumer
perception of rice grain quality that is time-and location-
specific. Consumers’ preferences are constantly changing
based on time, location, culture, lifestyle, and societal
trends. These preferences can be influenced by occasions,
festivals, gatherings, and even migration or immigration.
Additionally, factors like the cost of rice, rice options,
fashion, and society also play a role in shaping consumer
choices. Existing rice market provides a diverse selection
of rice quality characteristics, taking into account the
preferences and purchasing behavior of consumers. The
overall quality ratings for rice range from very poor to
poor, poor to middle class, middle class to good, good
to premium, and premium to high. The first class is of
low quality and is aimed at impoverished communities.
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The second class is of average quality, intended for
those slightly above the poverty line. The middle-class
community is catered to with classes of moderate to
good quality grain rice. The upper middle class can
access classes of good to premium quality. Lastly, the
extremely affluent society can avail classes of premium
to high quality. Developing a single rice variety that can
possess all the quality characters is a complex task, given
the diverse demands for rice quality. In order to address
the increasing demand from a changing population, it is
crucial to establish a standardized and high-quality rice
variety. This can be achieved by integrating regional and
national rice breeding targets to develop a branded elite
rice variety or germplasm with improved characteristics.
The rice value chain actors from countries such as India,
China, Nepal, Bhutan, Vietnam, Sri Lanka, Pakistan,
Thailand, Cambodia, Philippines, and Bangladesh can
enhance the quality of rice through packaging, labelling,
and branding to facilitate international trade.

The japonica cultivar dominates the biological niches of
rice grain quality. The indica and japonica rice cultivars
have successfully adapted to both tropical and temperate
geographical conditions. The japonica grain type has
a shorter and medium length with lower amylose
content. It is primarily consumed in Japan, Korea, and
the northern part of China. Instead, the indica rice grain
type is slender and long with higher amylose content.
It is mainly consumed in Southeast and South Asiatic
regions. The non-sticky variety of rice is considered
the highest quality and is led by indica rice cultivars.
India is the dominant producer of indica type of rice,
accounting for 90% of the total production. Similarly,
Thailand has a strong hold on the production of Jasmine
and non-fragrance indica type of rice, with a market
share of 98%, thanks to their favorable agro-ecological
conditions. It is unclear how much the consumption
habits of non-rice eating communities within the current
developing population of Asian migrants/immigrants
have influenced the shift between indica and japonica
rice types.

There is a lack of research on the genetic enhancement
of rice grain quality traits. The recent advancements
in enhancing milling, appearance, eating-cooking and
nutritional grain quality indicators highlight the need
for a more comprehensive rice product profile. This can
be achieved by incorporating all the quality evaluation
standards that are relevant to rice grain quality. Given the
complex nature of quality attributes, their expression is
influenced by a combination of genetic factors, including
gene interaction and epistasis, as well as environmental
conditions and crop production. Improving the milling
qualities of rice, such as brown rice recovery, milled rice
recovery, and head rice recovery, as well as appearance
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qualities like grain length, grain width, grain length—
width ratio, and grain chalkiness, is essential for enhanc-
ing consumer preferences in Asia Pacific countries.
Additionally, enhancing the eating and cooking qualities
of rice, including amylose, gel consistency, gelatinization
temperature, viscosity, and nutritional qualities such as
starch, protein, lipids, vitamins, minerals, phytochemi-
cals, and bio-fortification, can vigilantly contribute to
meeting consumer demands. The genetic studies for all
these component traits have yet to be explored, which
means that developing varieties with this genetic back-
ground could meet the consumer demand for seed, food,
nutrition, health, and contribute to global peace and
security.

The quality of rice grains can be affected by various
factors such as the facilities used for drying, storage,
processing, and the aging process. A lack of proper dry-
ing facility results in the retention of excess moisture
in the rice grain, creating an ideal environment for the
growth of microorganisms and leading to rapid quality
deterioration. Many farming communities face the chal-
lenge of inadequate grain storage conditions, leading to
the rapid growth of micro-organisms and pests. This can
result in the production of unhealthy grain and a decline
in the quality of food consumed. Due to the inclusion
of broken rice grain in grain processing, many families
in poor communities are unable to access high-quality
grain with proper shape. As a result, they heavily rely on

consuming broken rice, which lacks sufficient nutrition.
This has led to the prevalence of malnutrition and hid-
den hunger within these communities. Aged rice grain
consumption is a popular trend in many Asian coun-
tries. Many rural communities choose to consume aged
rice grains, considering them to be of superior quality
and a symbol of prestige. On the other hand, the absence
of advanced storage facilities and limited storage dura-
tion significantly compromises the quality of stored rice
grains. Often, consumers in impoverished communities
are left with no alternative but to purchase spoiled rice
grains. This unfortunate situation leads to numerous
health risks, nutrient imbalances, and ultimately disrupts
food security. A strategic plan must be devised to address
these challenges.

Concluding Remarks and Future Outlook
Approximately 10% of the global population, which
amounts to 828 million people, goes to bed daily without
access to food. Existing breeding objectives aim to
maximize the multiplication of nutrients and compounds
for optimal results. Incorporating plant breeding into
mainstream practices in developing rice varieties that
meet consumer demand and preferences will not only
ensures nutritious rice grain and quality; but its impact
on food consumption in the Asia—Pacific region.
Humanity faces a multitude of daunting challenges
that put lives at risk. One potential solution to ensure
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that the remaining populations have access to nutri-
tious foods is to develop varieties that offer both high
grain yield and exceptional grain quality. Here, we pre-
sent a strategy for the development of a single rice vari-
ety that can meet the high-quality traits required by
teeming and changing consumer requirements across
the Asia—Pacific region. Our comprehensive review
presented significant findings regarding the subpar
quality of rice grains to various stakeholders, includ-
ing consumers, policy makers, breeders, and research
centers. Developing a single variety with desirable traits
will meet the diverse needs of consumers. It is crucial
for the top rice research organizations to prioritize the
establishment of a globally recognized standard for
rice grain quality, encompassing a wide range of qual-
ity parameters. The food value chain undergoes a shift
towards a demand-driven phase, driven by moderni-
zation and the impact of international trade. The food
value chain actors have the potential to meet the needs
and desires of their consumers in terms of supply,
prices, and meeting expectations. Geneticists should
focus on addressing consumer preferences for rice
grain quality across different market segments, includ-
ing local, regional, and international markets. This will
encourage policy makers to prioritize the well-being
and security of populations that rely on rice seed, food,
and nutrition. This will markedly encourage them to
invest in research and development at various levels—
local, regional, national, and international—in order to
assess and address food security (Fig. 5).
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