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Abstract: High yield and superior quality are the main objectives of rice breeding and research. While
innovations in rice breeding have increased production to meet growing demand, the universal issue
of balancing high yield and susperior quality has led to a lack of focus on improving rice quality.
With rising living standards, improving rice quality has become increasingly important. Rice grain
quality is a complex trait influenced by both genetic and environmental factors, with four primary
aspects: milling quality, appearance quality, eating and cooking quality, and nutritional quality. While
different populations have varying demands for rice quality, the core traits that contribute to rice
quality include grain shape and chalkiness in terms of appearance, as well as endosperm composition
that influences cooking and sensory evaluation. Researchers have made substantial advancements in
discovering genes/QTLs associated with critical traits including appearance, aroma, texture, and
nutritional properties. Markers derived from these genetic discoveries have provided an efficient tool
for marker-assisted selection to improve rice quality. Thus, this review focuses on elite genes and
their applications in breeding practices to quickly develop superior quality rice varieties that meet
various market demands.
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1. Introduction

Rice (Oryza sativa L.) is one of the most important staple crops in the world. High
yield and superior quality have always been the main goals of rice breeding and basic
research. In recent decades, through technological innovations such as dwarf breeding,
heterosis utilization, and super rice breeding, rice production has increased significantly,
basically meeting the growing demand for rice consumption. However, the contradiction
between high yield and superior quality of crops is a universal scientific problem, and
there has been insulfficient attention given to rice quality in the actual rice variety breeding
process. With the gradual improvement in people’s living conditions and consumption
levels, improving the quality of rice is becoming increasingly important [1]. The primary
focus of current basic research and genetic improvement in rice quality is to develop
new superior quality rice varieties that meet diverse market demands and facilitate rapid
improvement of rice quality.

Rice quality is a comprehensive trait that encompasses various fundamental character-
istics of the product from rice production to consumption after processing. Rice quality
is a complex trait influenced by genetic and environmental factors. Although different
populations have different focuses on rice quality, rice breeders, producers, and consumers
generally have a consistent definition of rice quality, which generally includes four aspects:
milling quality, appearance quality, eating and cooking quality, and nutritional quality [2—4].
Each aspect of quality can be described by a series of corresponding quantifiable indicators.
Milling quality is an important aspect that refers to the ability of rice to withstand the
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processing procedure, characterized by brown rice recovery (BR) and head rice recovery
(HR), whereas appearance quality is primarily concerned with grain length (GL), grain
width (GW), the length /width ratio, chalkiness, and grain translucency. Eating and cook-
ing quality (ECQ) mainly reflects the properties and taste of cooked rice and is associated
with three starch-related traits, namely, amylose content (AC), gel consistency (GC), and
gelatinization temperature (GT). Meanwhile, rice nutritional quality (NQ) is determined by
the content and quality of proteins, lipids, minerals, and other beneficial substances that
can contribute to human health. While this article does not focus on discussing individual
rice quality indicators, several excellent reviews or chapters in books published in recent
years can help people gain a more comprehensive understanding of rice quality [5-8].

Different populations show diverse demands for rice quality. Milling quality is defined
as the percentage of the marketable product obtained during the milling process, which
begins with brown rice and ends with unbroken white rice. Obviously, milling quality is
of greater concern to rice producers. BR and HR are important indicators of rice quality
evaluation standards in different countries and are of interest to breeders [6]. The properties
exhibited by rice grains following processing are known as the appearance quality, which
includes grain shape, chalkiness, and translucency, and directly affects the commercial
value of rice. Rice with a uniform shape, less chalkiness, good translucency, and a glossy
appearance is more attractive to consumers [9]. Eating and cooking quality refers to all the
physical and chemical characteristics and sensory properties of rice during the cooking
process and eating. Similar to appearance quality, ECQ is a fundamental indicator of rice
quality that consumers can directly perceive. While consumers in various regions may
have distinct preferences for rice ECQ, superior quality rice generally exhibits intact grains
that are clean and fragrant, soft and elastic but not sticky, palatable, and can maintain their
texture when cold [6,10]. Rice is mainly composed of starch, with very low amounts of
other nutrients including protein, amino acids, fat, vitamins, and mineral elements. How-
ever, additional nutrients in rice have received increasing attention due to their potential
importance for maintaining human health.

In general, rice quality traits are determined by a combination of genetic and environ-
mental factors. Core traits that contribute to rice quality include grain shape and chalkiness
in terms of appearance, as well as the starch composition that influences cooking and sen-
sory evaluation. The quality of rice grain is closely correlated with rice seed characteristics,
such as the pericarp, seed coat, aleurone, starchy endosperm, and embryo [11]. Recently,
many quantitative trait loci (QTLs) and critical genes responsible for rice quality traits have
been identified, and useful molecular markers have been developed to improve rice quality.
Notably, researchers have made significant progress in identifying and characterizing the
genes responsible for crucial traits such as appearance (shape and chalk), aroma, texture,
and nutritional properties. Here, we mainly discuss some elite genes and their applications
in breeding practice.

2. Genetics of Grain Shape

Rice grain appearance is an essential and extensively researched quality trait that
is usually determined by grain shape, chalkiness, and transparency. Grain shape is is
defined by its length, width, and length/width ratio, and it is a crucial target trait for
yield, appearance, domestication, and breeding [12-17]. In Indica rice, slender grains are
preferred, while Japonica rice is characterized by short and round grains. Over the past
few decades, geneticists have identified numerous QTLs related to grain shape in rice, but
only a few have been cloned (Figure 1).

2.1. Grain Length

The first QTL that has been cloned for grain length in rice was GS3 (Grain Size on
Chromosome 3). GS3 was identified from a NIL population of Minghui 63 (large grain) and
Chuan 7 (small grain) and it negatively regulates grain length. By comparing the GS3
sequences from rice varieties with different grain lengths, it was found that the long-grain
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varieties had a cysteine codon (TGC) to a termination codon mutation in the second exon
of the GS3 gene, which resulted in premature termination and a 178-aa truncation of the
C-terminus of the protein and led to larger grains [18]. This mutation was strongly selected
in both Japonica and Indica rice varieties, providing an explanation for the prevalence of
long grain in Indica rice genotypes [19]. GS3 has four functional domains (OSR in the N
terminus, a transmembrane domain, TNFR/NGFR, and VWEFC in the C terminus), and
different alleles of GS3 formed due to natural variation [20]. The GS3 gene is a key regulator
of grain size in rice, with different alleles exhibiting distinct effects on grain length. The
wild-type GS3 allele (GS3-1) has a medium-length grain shape, which is the genotype for
the majority of medium-grain Indica varieties. In most temperate Japonica varieties, such
as Nipponbare, the GS3-2 allele has minimal impact on grain length due to a single amino
acid difference at the C-terminus compared to that of GS3-1. In contrast, the GS3-3 allele in
the Minghui 63 cultivar results in longer grains by eliminating OSR function. Similarly, the
GS3-4 allele in the Chuan 7 cultivar leads to extremely short grains by the loss of functional
domains at the C-terminus. It was later discovered that G53 is a G protein y subunit
gene that regulates grain length through the G protein pathway [21,22]. G53 negatively
regulates rice grain length by competitively binding to G protein 3 subunits with two other
v subunits, DEP1 and GGC2, which inhibits the function of DEP1 and GGC2 and leads to
shorter grains [22].
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Figure 1. The major genes controlling rice grain quality. This figure shows some extensively studied
genes/QTLs related to the core quality traits including appearance quality, eating and cooking
quality, and nutritional quality. Genetic dissection of these genes has enabled the development of
functional markers to accelerate breeding programs for improving rice quality. GL, grain length; GW,
grain width; CH, chalkiness; AM, amylose; AP, amylopectin; PC, protein content; UFA, unsaturated
fatty acids.

The GL3.1/9GL3 locus encodes a protein phosphatase kelch (PPKL) family member
and functions by negatively modulating the longitudinal cell number in grain glumes. This
locus is closely linked to GS3 and acts as an enhancer gene, enhancing the effect of G53
on grain length [23-25]. Furthermore, it has been discovered that the GS3 locus displays
epistatic interaction with GL3.3, a gene encoding a kinase similar to GSK3/SHAGGY. Plants
carrying both gs3 and 3.3 genotypes exhibit significantly longer grains compared to those
carrying only one of the genotypes [26].
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2.2. Grain Width

GW2 (Grain Width on Chromosome 2) was the first QTL cloned for rice grain width,
which encodes a RING-type E3 ubiquitin ligase [27]. In exon 4 of the GW2 gene, a 1 bp
deletion introduces a premature stop codon, leading to a truncated protein and a large-grain
phenotype. GW2 negatively regulates cell division by directing its substrate to proteasomes
for regulated proteolysis. The loss function of gw?2 results in increased cell numbers in the
spikelet hull, thereby, enhancing grain width, weight, and yield.

qSW5 (Seed Width on Chromosome 5)/ GW5 (Grain Width on Chromosome 5) is a major
QTL that controls rice grain width and has been mapped to a genomic region of 2263 bp and
21 kb, respectively [28,29]. The former two studies identified a 1212 bp deletion in this locus
as a determinant of wide-grain phenotype. Further investigations revealed that the true
gene of GW5 encodes a membrane-localized protein with an IQ calmodulin-binding motif
domain and it is located downstream of the 1212 bp deletion [30,31]. GW5 participates in
the brassinosteroid pathway by regulating grain growth through inhibition of the kinase
activity of GSK2 on OsBZR1 and DLT [31]. Natural variation of GW5 has been found in
different haplotypes, including a 1212 bp deletion in most Japonica rice varieties, a 950 bp
deletion in most wide-grain Indica varieties, and no deletion in most narrow-grain Indica
varieties [30]. This InDel marker can be used to identify functional alleles of GW5/qSW5
for wide and narrow grains. A recent functional analysis revealed that the transcription
factor OsSPL12 promoted the expression of GW5 by directly binding to the 1212 bp region
in most Indica varieties. This suggests that OsSPL12 may have co-evolved with GW5 to
determine the differences in grain shape between Indica and Japonica rice [32].

GS5 (Grain Size on Chromosome 5) is another major QTL in rice that controls grain size
by positively regulating grain width, filling, and weight, and it has no other significant
effect. It encodes a putative serine carboxypeptidase, and higher expression of GS5 is
correlated with larger grain size. The promoter region of GS5 shows the natural variation
that is linked to grain width, thereby, contributing to the diverse grain size of rice [33].
Through the identification of two SNPs located between the wide-grain allele GS5-1 and the
narrow-grain allele GS5-2 in the upstream region of the gene, differential expression of GS5
during the development of young panicles is attributed to these SNPs. Moreover, enhanced
expression of GS5 competitively inhibits the interaction between OsBAK1-7 and OsMSBP1
by occupying the extracellular leucine-rich repeat (LRR) domain of OsBAK1-7. This, in
turn, prevents OsBAK1-7 from undergoing endocytosis by interacting with OsMSBP1 and
explains the positive association between grain size and GS5 expression [34].

2.3. Grain Length/Width

Grain length and width are negatively correlated, and this requires a mechanism to
balance these two traits. Indeed, GW8 and GW7 loci have been proposed to interact and
form a module for regulating grain shape. GW8 (Grain Width on Chromosome 8) is a positive
regulator of grain width which encodes the OsSPL16 protein that is responsible for cell
proliferation [35]. A 10 bp deletion in the OsSPL16 promoter in Basmati rice is associated
with the formation of a slenderer grain. GW8 directly binds to the GW7 (Grain Width on
Chromosome 7) promoter and represses its expression [36]. GW7, a locus also known as GL7
(Grain Length on Chromosome 7)/SLG7 (Slender Grain on Chromosome 7), is a positive regulator
for the grain length/width ratio encoding a TONNEAUI1-recruitment motif (TRM) protein
homologous to Arabidopsis LONGIFOLIA proteins [36-38]. Copy number variations (CNVs)
at the GW7 locus lead to the upregulation of GW7, inducing slender grains with higher
grain appearance without loss in yield. Thus, the GWS-GW7 module represents a promising
strategy for improving rice grain quality. In addition, GS9 (Grain Shape Gene on Chromosome
9) negatively regulates the length /width ratio of rice grains by regulating horizontal cell
division and vertical cell elongation [39]. Introducing the gs9 null allele into elite rice
cultivars produces significantly more slender rice grains than those with normal GS9 allele
and with no changes in grain thickness or weight, suggesting its potential application in
the breeding of rice varieties with optimized grain shape [39,40].
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2.4. The Utilization of Grain Shape Genes in Genetic Improvement of Rice Grain Quality

The rapid progress in rice genetics and functional genomics has facilitated the devel-
opment of numerous molecular markers. Marker-assisted selection (MAS) has become
a widely used approach in conventional plant breeding programs. MAS is widely used
in various breeding techniques such as backcross breeding, forward selection, reverse
selection, gene pyramiding, and background screening. By incorporating genes related to
grain shape, rice yields and appearance quality can be significantly improved [41] (Table 1).

Sequencing and association analyses of natural variant populations have confirmed
that GS3 is the most effective and crucial gene that controls rice grain length. The premature
termination of the ¢gs3 mutation is advantageous for designing functional CAPS molecular
markers to detect the long- and short-grain genotypes of GS3 [42,43]. Utilizing the five
molecular markers developed for GS3, a chromosome segment harboring the recessive gs3
allele has been successfully introgressed into a leading cultivar, Kongyu 131, resulting in the
development of new varieties with longer grains (a 12.05% increase in grain length) [44].

Table 1. Elite alleles in the genetic improvements of rice grain quality by MAS.

Trait Allele Variation Function Description Reference
gs3 Loss of function mutation in Increased grain length to produce [35,36,44-46]
exon 2 slender grains.
Pyramiding of GW77 and gs3
GW7TFA S.NPS and Indels produced much longer grains and [36]
in the promoter . o
increased grain yield.
L Pyramiding of gw8 and gs3 increased
qw8 10-bp deletion in the promoter erain length with no yield loss. [35]
An insertion—-deletion .1 .
) OsMADS!8¥3  polymorphism in the splice site Pyramld;;ii ciirigyti aarr\illgsiillgcreased [45]
Grain shape of the intron 7/exon 8 junction & & yreld.
depl A 625 bp deletion in exon 5 Increased grain length in Japonica rice. [46]
131 C-A at 1092 bp and C-T at Increased grain length and yield in [24]
8t 1495 bp hybrid rice.
GSE5Z/B No deletion Producefi longer but srr}aller grains [47]
with lower chalkiness.
3 bp Insertion in exon 1 and
gs9 4 SNPs in exon 4; 7 kb Increased grain length. [39,40]
insertion at 311 bp
chalkb 2 SNPs in the promoter Reduc.ed gram chalkmess [48]
in Indica rice.
Chalkiness ; ; ;
WCRIA A functional SNP (A/G) at Reduced grain chalkiness [49]
—1696 bp in the promoter in Japonica rice.
W G-A in exon 4 Decreased the .AC t(? 10~15. Yo tO [50]
produce semi-glutinous rice.
Wax? G-T at splicing site in intron 1 Decreased the AC to 10~15%. [51-53]
Eating and W A-Cin exon 6 Decreased the AC to 14% and [54]
cooking quality improved endosperm transparency.
ALK? 3 SNPs in exon 8 Decreased the AC and GT. [55]
badh2-E7 8 bp Deletion and 3 SNPs in Produced rice variety with aroma. [55]
exon 7
Protein qPC- Decreased the protein content to
content {Habataki Not clear enhance ECQ. [56,57]
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The combination of genes involved in grain shape is a valuable approach for producing
rice varieties with high yield and superior quality. The large number of genes that regulate
grain shape, as well as their wide genetic variation, allow breeders to create diverse rice
grain shapes. For example, the pyramiding of gw8 and gs3 into a short-grain variety (HJX74)
has produced long-grain shaped rice similar to Basmati 385. Similarly, the development of
a new elite Indica variety, Huabiaol, with elongated grains, was achieved by pyramiding
these two genes, which substantially improved grain quality [35]. Furthermore, the CNVs
and InDel in the GW7 locus can be used to create functional molecular markers without any
significant adverse effects, allowing for the design of superior-quality rice varieties. The
new hybrid Indica rice varieties, Taifengyou55 and Taifengyou208, developed through QTL
pyramiding of the GW7™ (an allelic variant of the GW7 from a cytoplasmic male sterility
line TaifengA) and gs3 alleles, have substantially improved grain quality [36]. Pyramiding
of OsMADS1'8¥3 (a key effector downstream of GS3 to regulate grain length) and gs3 alleles
in the Liangyoupeijiu genetic background has been shown to enhance overall grain yield
with improved grain quality [45].

Indica rice is known for having longer grains and better appearance quality compared
to Japonica rice. In recent years, improving the grain shape and appearance quality of
Japonica rice has been a major focus. The development of the Jiahe series serves as an
exemplary case of improving Japonica rice grain shape [17]. The Jiahe series of rice varieties
are characterized by enhanced appearance quality and elongated grain shape, which can
be attributed to the incorporation of depl and gs3 into the breeding program. DEP1 (Dense
and Erect Panicle 1) encodes another atypical Gy subunit that is similar to GS3 [46]. The
successful integration of gs3, GW7TH, and dep1 led to the development of Jiahe 218, a novel
long-grain Japonica rice variety with improved grain shape and quality. Derivatives of
Jiahe, such as Zhongjia 8 and Jiafengyou 2, also carry gs3 and depl and have both good
grain shape and quality.

In addition, some other beneficial alleles that control grain shape have been utilized.
The ggl3 allele has been applied in breeding elite rice varieties, and crossing between 9311
and NIL-4gI3 with three commercial photo-thermosensitive male sterile lines has been
shown to increase grain length and yield without negatively impacting grain quality [24].
The introgression of the gs9 allele, which has slender grains due to the loss of function, has
also been used to improve the appearance quality of the Japonica variety Wuyungeng 27
which carries dep1-1 [39,40]. Moreover, pyramiding multiple favorable genes has proven
effective in significantly enhancing the appearance quality of rice grains. Rational allelic
combinations of the GW5NP-GS3%311-GW79311.GWSNIP-LGY3%!1 module simultaneously
improve grain yield and quality [58], offering promising implications for rice improvement
in the future. A recent genetic analysis of grain shape-related genes in the Guangdong
Simiao rice varieties, a widely cultivated series of rice varieties in southern China, has
identified GS3, GW5, GL7, and GS5 as crucial genes. The study found that the combina-
tion of GS3vllele3_GWiellele2 G 7ollele2_Gg5allele? s the most predominant allelic combination
associated with grain shape in this rice variety series [59].

3. Genetics of Grain Chalkiness

Grain chalkiness is one of the most important traits in rice grain quality since it results
in an opaque endosperm phenotype caused by the loose and irregular distribution of
starch granules and protein bodies [60]. This undesirable trait affects the appearance,
milling, cooking, and nutritional quality of rice, thereby, decreasing its marketability
and commercial value [10]. Since the formation of chalkiness is highly susceptible to
environmental conditions, especially temperature, and the complexity of measuring the
chalkiness trait, the majority of major QTLs that impact this trait are challenging to identify.
For naturally occurring chalkiness, only two QTLs have been successfully cloned so far
(Figure 1).

Chalk5 (Chalk on Chromosome 5) is the first major QTL that has been cloned in rice
and is responsible for positively regulating grain chalkiness [48]. It was identified from a
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double-haploid population created from a cross between two Indica varieties, H94 (with
low chalkiness) and Zhenshan 97 (with high chalkiness). Chalk5 encodes a vacuolar H*-
translocating pyrophosphatase, and its increased expression leads to an elevation in vacuole
H* concentration, which disturbs endomembrane pH homeostasis and protein formation,
causing the formation of air gaps. This abnormal spatial arrangement of storage substances
eventually leads to an increase in grain chalkiness [48]. Two conserved SNPs in the Chalk5
promoter result in the high chalkiness of Zhenshan 97, which carries a naturally highly
expressed allele of Chalk5, partly accounting for the differences in its mRNA level [48].
Chalk5 is considered to be the major QTL affecting the chalkiness variation in most Indica
rice varieties.

The WCR1 (White-Core Rate 1) gene, encoding an F-box protein, is a recently discovered
gene that negatively regulates grain chalkiness [49]. It reduces chalkiness by inhibiting the
accumulation of reactive oxygen species (ROS) and delaying programmed cell death (PCD)
in the endosperm. Additionally, a functional SNP (A /G) located at —1696 bp in the WCR1
promoter region has been associated with both WCR phenotype and nucleotide variation in
Asian-cultivated rice accessions. This functional SNP can affect transcription factor binding
sites, and molecular markers developed based on this SNP can be used to efficiently identify
individuals carrying desirable alleles during selection, potentially speeding up the breeding
process by allowing more efficient screening of large populations [49].

Through the process of long-term breeding practices, it has been discovered that
slender-grain rice varieties generally possess better appearance qualities such as low chalk-
iness, while wide-grain varieties tend to have poorer quality. Studies have also shown
that grain shape and chalkiness are often co-related, with cloned grain shape QTLs fre-
quently exhibiting chalkiness as a co-effect [61]. The correlation between grain shape and
chalkiness has been confirmed, with certain QTLs such as gw2 [27] and GS2 [62] showing a
significant increase in chalkiness while enhancing grain width/weight, and others such as
GL7/GW?7 [36,37], gw8 [35], and gs9 [39] reducing chalkiness percentage by increasing grain
length and decreasing grain width. A recent study identified that the grain width QTL
GWb5/GSES5 has pleiotropic effects on both chalkiness and grain shape [47]. Introducing
the GSE5%/8 allele to the Indica rice varieties Zhenshan 97B showed lower chalkiness and
longer but smaller grains. Therefore, increasing grain length provides an effective strategy
for reducing chalkiness.

Unlike the diverse requirements for grain shape, low chalkiness is a common demand
in rice breeding. The development of molecular markers for fine-mapped QTLs related to
chalkiness is important in breeding practices. Introducing QTLs or genes with significant
genetic effects into the Indica and Japonica cultivars can be an effective strategy for pro-
ducing superior quality rice with a high yield (Table 1). However, high yield and superior
quality are often contradictory and difficult to reconcile. The mining of Chalk5, which is
tightly linked to GW5 and GS5, has provided genetic and molecular evidence that has
helped to overcome this contradiction [48]. On the one hand, in Indica rice, the haplotype
block comprising chalk5, gs5, and GW5, which are tightly linked, leads to the formation
of slender, low-chalkiness grains. On the other hand, in Japonica rice, the combination of
Chalk5, GS5, and gw5 genes results in the development of wide grains that exhibit high
chalkiness. Therefore, breeders generally select slender grain seeds to achieve the coordina-
tion of high yield and superior quality in Indica rice. Alternatively, the use of WCR14 from
the Japonica variety represents a novel way to overcome the negative association between
quality and yield for variety improvement, especially for Indica varieties. Introducing
WCR14 from the Japonica variety into the widely planted Indica accession 9311 has resulted
in lower chalkiness, higher grain length, and increased grain yield [49].

To enhance appearance quality, the primary objectives should be centered on reducing
grain chalkiness, enhancing transparency, and generating grains with the appropriate size
and shape that fulfill the demands of diverse consumers. The screening and pyramiding
of superior alleles of grain shape and chalkiness will be beneficial for producing excellent
grain appearance lines [63].
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4. Genetics of Eating and Cooking Quality

The eating and cooking quality (ECQ) of the rice grain is a fundamental component
that reflects the flavor of rice. Good ECQ is represented by good palatability, an aromatic
scent, a white and shiny appearance, a pliable and supple texture, non-stickiness, and
no hardening or rebounding after cooling [10]. Artificial taste testing is not accurate for
evaluating ECQ; therefore, three classic physicochemical indicators are commonly used
as references: amylose content (AC), gel consistency (GC), and gelatinization temperature
(GT) [64]. Starch, the primary component of rice, is divided into amylose and amylopectin
based on distinct molecular structures, and amylose is considered the most significant
determinant of rice quality [65]. Rice with moderate AC (14~20%) has a soft and fluffy
texture which is preferred by most consumers, while glutinous rice is best with a low
AC (<2%). GC is a crucial parameter for assessing the textural properties of cooked rice
and the stickiness of cooled paste for cooked rice flour. A softer GC is often preferred by
consumers. In addition, the GT of rice starch is a key determinant of the rice cooking time.
Rice with lower gelatinization temperature (<70 °C) requires less water and a shorter time
for rice cooking, making it more popular. These characteristics are interrelated and jointly
determine the ECQ of rice; AC is negatively correlated with GC and GT value, while GC is
positively correlated with the GT value [66—-68].

The endosperm, which mainly comprises starch and protein, constitutes the primary
edible part of the rice seed. An evaluation of rice ECQ is primarily related to the physic-
ochemical characteristics of starch. At the molecular level, genes involved in endosperm
starch synthesis and regulation potentially play a significant role in the formation of rice
ECQ [69,70]. For detailed information related to starch biosynthesis, please refer to the
excellent review and book chapters published recently [71,72]. Here, we shall concentrate
solely on several crucial genes that dictate rice quality. The biosynthesis of starch in the
endosperm of cereals is a highly conserved pathway, involving several key enzymes such
as adenosine diphosphate (ADP)-glucose pyrophosphorylase (AGPase), granule-bound
starch synthase (GBSS), soluble starch synthase (SS), starch-branching enzyme (SBE), and
starch debranching enzyme (DBE) [72,73]. AGPase is responsible for the synthesis of ADP
glucose (ADPG), which serves as the primary substrate for starch synthesis [70]. ADPG
is then transported to the amyloplast to synthesize amylose and amylopectin. In brief,
amylose is synthesized mainly by GBSS I, whereas amylopectin is synthesized by a combi-
nation of multiple isoforms of SS, SBE, and DBE [70]. The complexity of the amylose and
amylopectin composition, which is controlled by multiple isozymes of enzymes, makes it
difficult to genetically dissect ECQ [64].

4.1. Wx Determines the Amylose Content

In rice, GBSSI is encoded by the Wx (Waxy) gene, which is mainly responsible for the
synthesis of amylose (Figure 1). Variations in allelic forms of Wx determine the amylose
content in rice grain and serve as a decisive factor in regulating ECQ [64,74,75]. Wx is
located on chromosome 6 and consists of 14 exons and 13 introns [76]. It is specifically
expressed in the endosperm of developing rice seeds, with the transcription start site
located in the first exon and the translation start codon located in the second exon [77,78].
A 3.3 kb pre-mRNA is first transcribed, which is then spliced to form a mature mRNA of
2.3 kb that is further translated into GBSSIL. Glutinous rice and high-AC varieties produce
mRNA of 3.3 kb and 2.3 kb, respectively, while the intermediate-AC varieties exhibit a
combination of the two [77]. Any changes in the structure of the Wx exons and introns
can affect both the expression level and protein function. There are multiple alleles of the
Wx gene in rice, each with distinct single nucleotide polymorphisms (SNPs) and varying
amylose content (AC) levels [54,79-86]. The Wx” and Wx" alleles have AC levels greater
than 25%, while Wx™ has AC levels between 18% and 22%, and Wx? has AC levels between
15% and 18%. Other alleles such as Wx™@, Wx!a, Wx™1, Wx™?, Wx%, and Wx"? have AC
levels ranging from approximately 10% to 15%. The wx allele has the lowest AC level
of around 2%. Two major alleles, Wx* and Wx?, are predominantly distributed in Indica
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and Japonica rice varieties, respectively, and evolved from the ancestral Wx™ allele that
originated from wild rice. The original Wx? allele underwent mutations to become Wx? in
the Indica subspecies and Wx? in the Japonica subspecies. Later, Wx" mutated to Wx™ in
Indica, and Wx? mutated to Wx"™ in Japonica as a result of artificial mutagenesis [85]. Based
on the distinct characteristics of these various Wx alleles, molecular markers can be used to
assist in the targeted improvement of rice AC and ECQ. For example, a functional marker
for Wx'" has been developed to screen lines with intermediate AC, which is identified by a
SNP (A to C) in exon 6 that distinguishes high and intermediate amylose varieties [82,87].
In addition to its impact on rice AC, Wx also serves as the major gene for controlling
GC [88,89]. The dominant QTL for GC, gGC6, has been confirmed to be located at the
Wx locus [90]. GC and AC have been shown to have a significant negative correlation.
Therefore, Wx exhibits pleiotropy and acts as a major gene affecting the ECQ of rice.

4.2. ALK and Wx Influence Gelatinization Temperature

The gelatinization temperature (GT) is another important indicator of rice ECQ and is
determined by the alkali degeneration (ALK) gene located near the Wx locus on chromosome
6. ALK, the dominant QTL for GT, encodes the SSIla enzyme, which plays a critical
role in the formation of amylopectin medium-length branching chains [91] (Figure 1). A
comparison of the ALK gene sequences in different rice varieties has revealed that two
amino acid substitutions within the coding region of the gene are responsible for changes
in SSIla enzyme activity. These changes affect the synthesis of amylopectin medium-length
branching chains, alter the crystal structure of starch granules, and ultimately result in
changes in the GT [91-93]. Previous studies have identified at least three SNPs in exon 8
of the ALK gene that are tightly associated with GT variation, including positions Ex8-733
bp (A/G), Ex8-864 bp (G/T), and Ex8-865 bp (C/T) [81,94,95]. These SNPs generate three
haplotypes, including ALK* (A-GC) and ALK? (G-TT), which control low GT, and ALK®
(G-GC), which controls high GT [68,96].

The Wx gene plays a major role in regulating both AC and GC and also has a minor
effect on GT. Allelic variations in the Wx gene could significantly affect the activity of SSIla
during grain filling. By pyramiding different haplotypes of Wx and ALK, a better ECQ
has been achieved for lower AC, lower GT, and soft GC [97]. ALK also has an impact on
AC, GC, and pasting properties. The loss-of-function mutant sslla exhibits higher AC with
a reduced GT compared to the wild type [95]. Taken together, the combination of allelic
variants of Wx and ALK genes are responsible for most of the phenotypic variations in GT
and AC in rice varieties, and these genes are key factors in determining the ECQ of rice.

4.3. Aroma

The aroma of rice is a key attribute of its eating and sensory quality, and it can have a
significant impact on market price. Currently, rice varieties that exhibit a distinctive aroma
are highly sought after by producers and consumers. Extensive research has revealed the
presence of hundreds of volatile compounds in rice, among which 2-acetyl-1-pyrroline
(2-AP) is considered to be the principal compound responsible for the fragrance of rice
grains. Extensive studies have focused on its genetic regulation. Now, it is well known
that fragrance in rice results from the loss of function of the betaine aldehyde dehydrogenase
2 (badh2) gene on chromosome 8 [98,99] (Figure 1), which leads to the enhancement of
2-AP biosynthesis in fragrant rice [100]. The badh2 gene is composed of 15 exons and
14 introns, and its non-functional recessive alleles display a range of variations throughout
the sequence. Currently, more than 10 alleles of badh2 have been identified, such as badh2-E7,
badh2-E2, badh2-E4-5, badh2-p-50UTR, and badh2-p [98,100-105]. An 8 bp deletion in exon
7 (badh2-E7) is the predominant allele in most aromatic varieties including the famous
Jasmine and Basmati fragrant rice [98,100], and a haplotype analysis has revealed that
the badh? allele in Indica varieties originated from Japonica rice [102,106]. The nucleotide
diversity of badh2 allows the development of specific molecular markers to discriminate
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aromatic and non-aromatic rice cultivars by PCR amplification [101,103,107], which greatly
facilitated the selection and breeding of aromatic rice cultivars.

4.4. Genetic Improvement of Rice Eating and Cooking Quality

As the core of improving rice quality, the goal of ECQ improvement is to obtain rice
varieties that possess desirable characteristics such as good palatability, aromatic scent,
white and shiny appearance, pliable and supple texture, no stickiness, and no hardening or
rebounding after cooling [10]. Fortunately, the relevant genes that determine these traits
have been cloned, and their abundant allelic variations have been utilized by breeders for
ECQ improvements through marker-assisted selection (MAS) (Table 1).

Most consumers prefer medium-grain rice with a relatively soft texture; therefore,
improving the cooking and eating quality of rice usually focuses on reducing amylose
content (AC). MAS of the Wx alleles has been widely used to improve grain quality for a
long time. Decades ago, a DNA marker for Wx™ was applicated to varietal identification
in Japan [79]. Later, several novel Wx alleles were utilized to breed rice varieties with better
eating quality in Japan [108-110]. For example, the Japonica rice variety Yumepirika, which
has a low amylose content of 16.1% due to the presence of the WxI-1 allele (a 37 bp deletion
in intron 10), is an example of a rice variety which known for its sticky texture. It has been
developed and assessed as a superior quality rice variety for the Japanese market [109,110].
In China, the Wx? allele is the most widely used gene in the ECQ improvement process,
especially in hybrid rice. The poor quality of the widely used female parent of hybrids,
Zhenshan 97, was improved by updating the Wx locus, which led to reduced AC and
increased GC and GT [51]. Using MAS, the Wx" allele was introgressed into the maintainer
lines of Longtefu B and Zhenshan 97B, resulting in the development of low-amylose
content maintainers and restorers with improved cooking and eating quality. The allelic
combination significantly reduced the AC and improved cooking and eating quality [52].
Similarly, the hybrid variety Xieyou 57 was also improved by the incorporation of the
Wax? allele, leading to better characteristics in terms of ECQ parameters [53]. Recently, the
Wx genotyping for thirty-six main parents of hybrid rice in China revealed that only Wx*,
Wx'?, and Wa? alleles existed in these main parents, and the allelic combination gradually
changed to Wx?/Wx? as the quality improved [111]. In addition to Wx?, the Wx™7 allele
that controls low AC has been successfully used for superior quality rice breeding in China
over the past decade. The low-AC rice is also called semi-glutinous rice or soft rice [50].
Consumers prefer this type of rice due to its favorable eating quality, which combines
the softness of glutinous rice and the elasticity of non-glutinous rice. When cooked, this
rice has a soft texture and excellent ability to puff up. A series of Japonica varieties, such
as Nangeng 46, Nangeng 5055, and Nangeng 9108, with low AC (10-15%), have been
produced through the combination of high-yield Japonica varieties with the good quality
japonica rice “Kantou 194,” which harbors the Wx™7 allele [50,112]. It should be noted that
the low AC in soft rice does not necessarily mean better quality, as grains with excessively
low AC often exhibit dark or dull endosperm appearances and reduced transparency,
leading to a decline in overall appearance quality. However, the recently discovered Wx™%
allele shows promise as a solution to this issue, as it not only contributes to a relatively
low AC of approximately 14% but also improves endosperm transparency, potentially
enhancing the appearance quality of soft rice [54].

For aroma improvement, badh2 currently stands as the only target gene in rice breeding
programs. To this end, several gene-specific molecular markers, highly correlated with 2-AP
levels, have been developed for aroma enrichment by MAS [113,114]. The utilization of
CRISPR/Cas9 gene editing has led to the generation of a succession of badh2 null alleles,
resulting in the successful cultivation of numerous high-aroma rice cultivars [115-118]. Nev-
ertheless, it should be noted that the badh2 gene cannot fully account for all the phenotypic
variations observed in aromatic rice cultivars. Some of these cultivars, despite not having
any functional badh2 gene variant, possess relatively elevated levels 2-AP levels and exhibit
distinct aromatic characteristics [10,119]. Furthermore, the 2-AP content varies significantly
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among different aromatic rice types and cultivars, with some cultivars containing low 2-AP
levels [119]. Hence, it is reasonable to speculate that there may exist other genes or chemical
constituents that could influence or regulate the aromatic properties of rice and that further
analysis of its genetic mechanisms is required for the effective utilization of this trait.

Typically, enhancements in ECQ traits have been achieved through the manipulation
of a single gene. However, ECQ is a complex trait, and pyramiding multiple beneficial
alleles is necessary for ECQ improvements. Additionally, ALK has also been proven to be a
good target for rice ECQ improvement by altering rice amylopectin [96]. In a previous study,
Wx“, ALK?, and badh2-E7 were introgressed into a key maintainer line II-32B with poor
quality using MAS. As a result, it exhibited low AC and GT with aroma as expected [55].
Similarly, it has been proposed that the coordinated expression of ALK and Wx is a feasible
approach for rice ECQ improvement [120]. Through rational design, new rice varieties
have been developed by introducing favorable alleles from Nipponbare (Wx and ALK)
that control good ECQ and alleles from 9311 (GS3 and GW5) that control good appearance
traits into the Indica rice variety Teqing. As a result, the appearance, ECQ, and yield were
promoted simultaneously [121].

5. Genetics of Nutritional Quality

In addition to starch, brown rice contains other nutrients such as proteins, storage
lipids, as well as trace amounts of amino acids, minerals, vitamins, and phytochemi-
cals [122]. Milled rice leaves only endosperm with the removal of embryo and bran layers
through polish processing. Therefore, the nutritional quality of rice grain is determined by
the major components of the polished grain, which are proteins and lipids [10] (Figure 1).

5.1. Protein

Rice grains have protein as their second main component. Protein content (PC) varies
across different rice varieties and is typically found to be between 5% and 16%, with Indica
rice generally having a slightly higher content (from 2% to 3%) compared to Japonica
rice [123-125]. Grain protein in rice is mainly composed of glutelins, prolamins, globulins,
and albumins. Among them, glutelin, as the most abundant storage protein, has the
highest nutritional value because of its high digestibility and lysine content [126]. Any
significant changes in glutelin content will certainly affect rice quality. Protein content is a
key factor not only for evaluating the nutritional quality of rice but also for its eating and
cooking quality [127]. Previous research indicates that higher protein content generally
leads to reduced ECQ, while rice grain with lower protein content generally exhibits better
ECQ [128-130].

There have been significant efforts aimed at understanding the genetic basis of rice PC.
Many QTLs for this trait have been detected [56,131-139]. However, PC is very susceptible
to environmental conditions, and almost all studies have used phenotyping data from
only a single environment. Thus, the detected QTLs for rice PC are frequently inconsistent
because of the different environments or populations researchers used. To date, only two
major QTLs, gPC1 and qGPC-10, which underlay natural variation and control PC in rice,
were map-based cloned and functionally characterized [125,140]. The gPC1, encoding a
putative amino acid transporter OsAAP6, controls PC by regulating the synthesis and
accumulation of storage proteins and starch [140]. It functions as a positive regulator of
PC in rice. By increasing the expression of this gene in rice varieties with low PC, the
total amount of amino acids and PC can be increased, which can ultimately improve the
nutritional quality of the grain. A genetic variation analysis revealed that two nucleotide
changes in the OsAAP6 5'-UTR seem to be associated with PC diversity mainly in Indica
cultivars [140]. The gGPC-10/OsGluA2 is another positive PC regulator which encodes a
glutelin type-A2 precursor [125]. OsGluA2 enhances PC by increasing the total amount
of glutelin content. Similar to gPC1, no variation has been found in the coding regions of
this gene, but one SNP was beendetected upstream of the coding regions. This functional
SNP could account for the expression level differences between the OsGIuA2 alleles and
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it clarifies two haplotypes, OsGIuA2'ET and OsGIuA2HET. OsGIluA2MET is the low PC type
which mainly residues in Japonica cultivars, while the high PC type OsGIuA2HET is in
Indica cultivars [125].

Generally, a high grain protein content is thought to be favorable for nutritional
value, while high PC usually leads to densely structured rice grains, and thus, poor
palatability [141,142]. Hence, balancing nutrition quality and eating and cooking quality
in rice grain is a feasible strategy in breeding practice. Developing rice varieties with
desirable ECQ has led to a focus on reducing the protein content in rice grains. For
example, many famous commercial varieties with good ECQ usually contain PC less than
7%, such as Koshihikari in Japan and Kongyu131 in northern China [125]. Little progress
has been achieved in the breeding improvement of rice PC due to limited gene resources.
The identified QTL gPC-1 has been applied to rice quality improvement [56]. When the
Habataki allele of gPC-1 was introduced into a Japonica background, it resulted in decreased
protein content but improved eating and cooking quality (Table 1). The same allele was
also utilized in the genetic improvement of Nangeng 46 to increase its palatability [57].
OsAPP6 and OsGluA2 are the potential candidates known so far for the manipulation of
rice PC known. The low expression alleles, OsAPP6 and the OsGIuA2'FT, are promising
target genes for low PC rice breeding through MAS. Still, more valuable gene resources are
needed for rice nutritional quality and eating and cooking quality improvement.

5.2. Lipids

Lipids are mainly stored in rice embryo and aleurone, which are the bran layers.
The lipid content in rice endosperm is very low. Rice lipids contain a high proportion of
triacylglycerols (TAGs) along with a smaller amount of phospholipids (PLs) and free fatty
acids [143]. The main fatty acids include palmitic acid, oleic acid (OA), and linoleic acid
(LA). Among them, the unsaturated fatty acids, OA and LA, are good for human health
because they are essential nutrients that cannot be synthesized by the human body [8,17].
Lipids not only affect rice nutritional quality but also influence the ECQ. Phospholipids and
glycolipids can form complexes with amylose and amylopectin, reducing the expansibility
of starch and increasing the GT, thereby affecting the texture of cooked rice [144,145]. In
addition, the unsaturated fatty acids of milled grain have been reported to contribute
to the rice aroma [146]. Fragrant rice varieties generally have a higher concentration of
unsaturated fatty acids in their grains. Therefore, increasing the content of unsaturated
fatty acids can be a potential target for improving both the rice ECQ and the NQ. Recently,
new progress has been achieved in deciphering the genetic basis of oil biosynthesis in
rice grains. A GWAS research on oil composition and oil concentration identified natural
variants in four genes (PAL6, LIN6, MYR2, and ARA6) involved in oil metabolism and they
showed variation among rice subspecies [147]. A rice grain nutrition QTL, NET (Nutrition,
Eating, Taste), regulates lipid content and accumulation of nutrient metabolites, such as
vitamins, amino acids, and polyphenols, thus, influencing the taste of rice grain [148].
Another GWAS study identified a key glycerolipid-related gene, OsLP1 (diacylglycerol
choline phosphotransferase) that contributes to variations in saturated TAG [149]. The
allelic variation in the OsLP1 sequence between Indica and Japonica results in different
saturated TAG levels. Although there is no evidence for their use in MAS, these genes/QTLs
described above showed clear diversities among Indica and Japonica subpopulations and
could be used as biomarkers to facilitate breeding for enhanced oil and grain quality
in the future.

6. External Factors That Affect Rice Grain Quality

In addition to the main genetic factors related to the variety, the improvement of rice
quality is largely influenced by the environment and cultivation practices. For instance,
the northeast region of China is a famous production area for superior quality Japonica
rice, characterized by both excellent appearance and taste quality. This is largely due to
the long growth period, low occurrence of high-temperature weather, and high organic
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matter content in the soil. Conversely, various factors in the southern region of China, such
as short growth periods, extreme weather, and heavy use of fertilizers, are not conducive
to improving the quality of rice. Conversely, various factors in the southern region of
China, such as short growth periods, the occurrence of extreme weather, and heavy use of
fertilizers, are not conducive to improving the quality of rice. As a result, the rice produced
in this region often has poor appearance quality and high protein content. Additionally,
the expression of fragrance genes is easily influenced by environmental factors such as soil,
water, temperature, and light [102,119]. Therefore, many fragrant rice varieties lose their
fragrance when grown outside their original production area. Most of the quality traits of
rice are quantitative traits that are highly susceptible to environmental influences, which
makes it challenging to improve rice quality through conventional methods. Adverse
environmental factors, such as drought, low temperature, high temperature, and salinity
stress, not only affect rice yield, but also have a significant impact on its appearance
quality, eating and cooking quality, milling quality, and nutritional quality [150]. For
instance, drought stress at the flowering stage has been shown to induce no significant
effect on the appearance and nutritional quality except for increased grain chalkiness [151].
Low temperatures during the flowering period have been reported to improve milling
and nutritional qualities but reduce the cooking and eating quality of late-season rice in
southern China [152]. Salinity adversely affects the grain quality by decreasing the head
rice recovery, amylose content and by increasing the chalky rice rate [153].

6.1. High Temperature Predominantly Affects Rice Quality

Traditionally, drought, salinity, and related stresses could be managed manually
through appropriate field management, but temperature cannot be controlled artificially.
Temperature stress, especially high temperature (HT), is the primary ecological factor that
affects rice quality. During the entire growth period of rice, the grain filling stage has the
greatest impact on rice quality, and this stage often coincides with high temperatures. In
years with an extreme climate, high temperature can result in poor grain filling, decreased
milling quality, and increased chalkiness. Therefore, in recent years, exploring the genetic
mechanisms underlying the decline in rice quality caused by high temperatures has been a
hot research topic.

During grain filling, HT stress can alter the chemical composition of rice grains,
including starch and storage proteins, which, in turn, affects the quality of the rice [154]
(Figure 2). Since starch is the main component of the rice grain, most of the research has
focused on the effects of HT on starch. HT can reduce the content and change the structure
of grain starch, leading to a reduction in amylose content and short-chain amylopectin, an
increase in long-chain amylopectin, and an increase in gelatinization temperature [155-157].
Genetically, HT-induced impairment of starch accumulation is primarily due to decreased
expression of genes involved in starch biosynthesis, particularly GBSSI and BEIIb [158],
and a subsequent decline in their corresponding enzyme activities [159]. The decrease in
amylose content in rice endosperm caused by HT has been observed for a long time [160].
The main reason for this symptom is the decrease in Wx/GBSSI activity [158,161,162]. The
transcription of the Wx gene is inhibited under HT, but the splicing efficiency of the first
intron of the Wx gene is higher in the HT-tolerant variety. This leads to an increase in the
percentage of the large isoform of Wx pre-mRNA, which shows higher enzyme activity,
and likely stabilizes amylose content at high temperatures [162]. In addition, suppression
of the HT-induced OsMADS7 gene in endosperm increases Wx expression and stabilizes
amylose content under HT conditions [163] (Figure 2). Apart from GBSSI, the expressions
and activities of amylopectin-related enzymes are also influenced by HT, resulting in an
altered chain length distribution in amylopectin [158,164,165] (Figure 2).
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Figure 2. High temperature (HT) negatively affects rice grain quality. During grain filling, HT can
alter the chemical composition of starch and storage proteins in rice grains through various aspects.
Moreover, HT-induced chalkiness is the most common and severe symptom during the reproductive
stage. Additionally, several transcription factors regulate HT-induced chalkiness. AC, amylose
content; AL, amylopectin length; ROS, reactive oxygen species. The up arrow in red and the down
arrow in blue represent increase and decrease of protein contents, respectively.

HT may also change the composition of seed storage proteins (Figure 2). At the early
filling stage, HT stress can increase the accumulation of all classes of storage proteins, but
decrease the accumulation of prolamins during maturation [154]. However, during the later
grain-filling stage, the expression of grain protein-related genes decreases under HT stress,
which disrupts the normal folding process of storage proteins. This leads to a decrease in
the accumulation of 13 kD prolamin and globulin, and an increase in glutenin content in
mature rice, which negatively affects the eating quality of rice [126,154,158].

Chalkiness is the most severe symptom caused by HT stress during the grain-filling
stage, and HT is considered to be the major climatic factor conferring the chalky trait of
rice [166,167]. HT at the milky stage of grain filling has the greatest influence on rice grain
chalkiness [166]. The formation of chalkiness under HT is mainly related to changes in grain
components, which have been discussed above. Additionally, some other components have
been reported to affect the formation of chalkiness in recent years (Figure 2). HT upregulates
the expression of x-amylase genes and its enzyme activity during seed maturation [158,168].
Suppressing x-amylase genes expression has been shown to result in a reduction in chalky
grain formation under HT [168]. By contrast, the overexpressing of x-amylase genes, such
as AmylA/3C/3D, has been found to result in varying degrees of grain chalkiness [169]. In
addition, ROS (reactive oxygen species) is also involved in inducing chalkiness under HT.
An increased content of ROS and the expression of NADPH oxidase genes are associated with
chalkiness occurrence in grains exposed to HT, accompanied by the increased activity of
x-amylase [170]. Furthermore, the F-box protein WCR1 was recently found to reduce grain
chalkiness through the MT2b-dependent ROS scavenging pathways in rice endosperm [49]
(Figure 2). Additionally, several transcription factors have been reported to regulate HT-
induced chalkiness, including OsbZIP58, ONAC127, and ONAC129 [171,172] (Figure 2).

Although there have been some advances in understanding the genetic and molecular
mechanisms underlying the decrease in rice quality caused by HT, few natural gene
resources have been reported for the genetic improvement of rice quality under HT stress.
To date, a few QTLs associated with HT tolerance during the reproductive and grain-filling
stages have been identified in rice [162,173-176], which could be potential genetic resources
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to facilitate the development of high-temperature-tolerant rice varieties through molecular
breeding. Strengthening the breeding of HT-tolerant rice varieties by screening for varietal
differences in grain quality when ripened under high temperature is of crucial importance
for coping with climate change.

6.2. Field Management Effects on Grain Quality

Field management has relatively minor effects on rice yield and quality compared
to genetic and environmental factors. The application of nitrogen fertilizers increases
grain yield dramatically but causes a series of problems, including declined rice quality.
Numerous studies have examined the impact of nitrogen application on rice quality, and
the consensus is that nitrogen application is generally positively correlated with rice milling
quality and nutritional quality [177,178], but has negative effects on rice appearance qual-
ity [179] and eating and cooking quality [178,180]. However, the appropriate application of
nitrogen can maintain and improve rice quality [179,181]. For example, the application of
a moderate nitrogen rate (210-260 kg/ha) remarkably increased the milling quality and
nutritional quality and resulted in moderate rice eating and cooking quality in a Japonica
cultivar [181]. Nitrogen application has the greatest impact on eating and cooking quality,
mainly through its influence on protein content and starch properties. High nitrogen levels
can increase amylose content, reduce amylopectin branching, and increase protein content,
leading to a hard texture of cooked rice and reduced palatability [182-185]. Therefore, to
balance rice yield and quality, the use of chemical fertilizers should be controlled within
a reasonable range, and biochar application may provide an alternative solution. The
application of biochar has been widely recognized as a beneficial practice for improving
rice yield while reducing nitrogen fertilizer usage [184]. More recently, several studies have
investigated the potential impact of biochar application on rice grain quality. It has been
suggested that biochar application can positively influence various grain quality traits,
including milled rice rate, starch viscosity attributes, eating quality, and grain appearance,
with the specific effects varying depending on the dosage of biochar used [184,186,187].
Furthermore, the combined application of biochar and a low nitrogen rate (135 kg/ha)
has emerged as a promising approach for enhancing both yield and grain quality in a
sustainable manner [184].

Environmental conditions and cultural managements belong to the preharvest factors
which have significant effects on rice grain quality, while postharvest operations, such as
seed drying, storage conditions, and milling processes, have been used to maintain desirable
rice grain quality [188]. These postharvest factors play a critical role in determining the
commercial quality and value of rice and should receive more attention.

7. Perspectives
7.1. Deepening Basic Research on Rice Quality Traits

In the past decade, significant progress has been made in the functional genomics
research of rice quality, including the cloning and molecular regulation of important genes
related to rice grain quality traits. However, rice grain quality is composed of multiple traits,
and there are universal interactions among different quality traits and between quality
and environmental factors. Our understanding of these scientific issues is still insufficient,
which greatly limits the genetic improvement of rice quality. In the future, there are still
many key scientific questions to be answered in the basic research of rice grain quality.

The fundamental research on rice grain quality aims to address the trade-off between
rice yield and quality. Grain shape is a crucial trait that is deeply studied in rice quality
research, as it is a key factor in achieving high yields and superior quality simultaneously.
Numerous essential genes that control the shape and quality of rice grains, as well as
significant biosynthetic and regulatory pathways, have been discovered in the past few
decades. Moreover, some varieties have been successfully bred with excellent rice quality
and high yield, but most of the favorable genes come from common varieties used in
production. Rare genes such as GL3.1, GL7/GW7, and GS2 have been cloned and provide
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favorable resources for rice quality improvement, but they often come with adverse effects
such as increased chalkiness and reduced grain weight. Grain shape is the result of
the interaction of multiple genes, but the mechanisms underlying their interactions are
still poorly understood. There is still a major challenge in understanding the regulatory
mechanisms that control these traits. Specifically, identifying the upstream and downstream
components of these pathways and constructing a comprehensive genetic and molecular
regulatory network for rice is necessary for a more thorough understanding of grain
development and improvement.

Appearance quality is an important trait of rice grain quality. Any rice grain with a
transparent endosperm and low chalkiness is considered to be of high quality and will
be highly favored by consumers, regardless of its grain shape. Therefore, chalkiness is a
major trait and important research direction in rice grain quality improvement and basic
research. Chalkiness is related to the genetic factors of the variety itself and is also highly
susceptible to high temperature stress. Because Chalk5 and the major-effect gene GS5
of grain width are closely linked in the Indica varieties, appropriately increasing grain
length and reducing grain width to maintain grain weight is an effective way to break
the unfavorable linkage and reduce chalkiness. Moreover, the exploration of the genetic
basis of rice grain quality under high temperature stress is relatively limited, as it is more
challenging to measure grain quality than grain yield. It is necessary to screen abundant
natural variation germplasm or artificially induced mutants and to explore materials and
their excellent genes that are tolerant to high temperature, and thus, solve the problem of
HT-induced chalkiness formation.

Aroma is a symbol of premium rice, but there are issues with unclear genetic mech-
anisms and unstable fragrance in the breeding process of fragrant rice. Some fragrant
rice varieties without functional loss of badh2 alleles also have high 2-AP content, in-
dicating that rice may have new functional genes and aromatic substances that control
fragrance [119,189]. In the future, it will be important to focus on the collection and identi-
fication of fragrant rice resources. These resources can be used to discover new varieties
that are not controlled by the badh2 gene. Additionally, it is important to identify fragrant
rice that exhibits stable or significant changes in aroma under different environmental
conditions. By exploring these resources, it may be possible to discover new aromatic
substances and genes, as well as their regulatory mechanisms.

The milling quality of rice, which is mainly measured by brown rice recovery, milled
rice recovery, and head rice recovery, is closely related to grain shape and chalkiness.
Generally, the milling quality of short and round grains with low chalkiness is higher than
that of long and slender grains with high chalkiness [186]. Rice milling quality directly
affects the yield of polished rice, but it is easily influenced by factors such as milling
methods and storage conditions. Related studies on functional genomic research of milling
quality have not received sufficient attention, and most studies are only limited to the initial
mapping of related QTLs, with no critical genes being cloned yet. However, a recent GWAS
study presented a possible molecular basis of milling quality [190]. Specifically, the study
highlighted the pivotal role of the Wx gene in regulating head rice recovery by modulating
the amorphous and semi-crystalline layered structure of starch granules. This finding
suggested that the amylose content, which is controlled by the Wx gene, is closely linked to
milling quality, along with the traditional determinants of grain shape and chalkiness. In
the future, more attention should be paid to the identification and functional analysis of
key genes related to rice milling quality. By doing so, we can improve efficiency and ensure
the stable production of superior quality rice.

7.2. Application of New Technology to Grain Quality Improvement

Map-based gene cloning is a classic and effective method for analyzing the genetic
basis of rice quality, but it is time-consuming and cumbersome, and it may be difficult to
mine natural gene resources that control quality traits. Valuable variation is present in
natural accessions, which is why GWAS approaches have been employed in basic research
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and breeding practices for superior quality rice [191,192]. Furthermore, the resequencing of
3010 rice accessions has made it possible to use GWAS approaches to identify minor alleles
for grain quality from diverse rice collections [193].

Although transgenic technology has played a pivotal role in crop improvement,
such as the successful creation of vitamin A-enriched “Golden Rice” and iron-enriched
rice [194,195], policy limitations have restricted the application of this technology in rice
breeding. However, recent innovations in CRISPR/Cas technology, such as prime editing
and base editing, provide important technical support for crop improvement. Improving
rice grain quality through gene-editing technology is a fast and efficient method that
can accelerate the process of rice quality improvement. Gene-editing technology is now
widely applied to directly generate new rice varieties with improved grain quality by
manipulating elite genes, including GS3, GW2, GW5, TGW6, GS9, Wx, OsAAP, badh2, and
FAD?2-1, indicating that genome editing has significant potential to improve the quality of
rice grains [7,112,196].

7.3. Directions of Breeding Rice Variety with Superior Grain Quality

As a staple food, the eating and cooking quality, which determines whether it is
delicious or not, is the core of rice quality, while the appearance quality is directly linked to
the commercial valueof rice. Thus, breeding rice varieties with both superior appearance
and eating quality represents the primary focus of superior quality rice breeding. Long-
grain rice, characterized by lower chalkiness, low amylose content, and low protein content,
usually presents excellent appearance quality and good taste. As such, recently, breeders in
China have devoted considerable attention to long-grain Japonica and super-long-grain
Indica rice. The varying preferences for rice taste exist in different populations among
various regions and countries, which can be achieved by fine tuning the amylose content
through introducing new Wx alleles, starch synthesis-related genes such as SSIla, SSIlla,
or gene loci that moderately increase AC. The influence of Jasmine rice from Thailand has
led to aroma becoming a premium quality trait, with significant economic bonuses for
rice farmers. Hence, developing fragrant rice varieties has become an essential aspect that
cannot be disregarded.

The quality of the rice grain in conventional Japonica rice is often superior to that of
Indica rice. Although hybrid rice has yield advantages, its quality is often inferior to that of
conventional rice. Therefore, strengthening the breeding of superior quality conventional
and hybrid Indica rice varieties is an important direction for future rice breeding. It is
worth noting that hybrid Japonica rice, which has received little attention, has potential
advantages in yield and disease resistance over conventional Japonica rice, despite its small
planting area. Currently, compared with conventional Japonica rice, hybrid Japonica rice
has higher chalkiness and lower head rice rate, and the research and promotion of superior
quality hybrid Japonica rice is an important breakthrough for increasing grain production
in Japonica rice areas.

Furthermore, with the improvement of living standards and the pursuit of nutrition
and health by consumers, the development of functional rice with special nutritional value
or special needs for specific populations, such as rice with low glutelin content, high
resistant starch, and high y-aminobutyric acid (GABA), should be promoted [197-199].

In the pursuit of improving rice quality, the objectives may vary depending on the
demands of different regional markets and consumers, but the fundamental strategy for
achieving this goal is relatively uniform (Figure 3), that is, in summary, fully utilizing cloned
rice quality-related QTLs/genes and employing various breeding methods, pyramiding
multiple elite alleles to enhance head rice recovery and ECQ while maintaining high yield.
On this foundation, enhancing the appearance quality and aroma of rice grains becomes
feasible, resulting in an output characterized by uniform shape, high translucency, and an
appealing fragrance.
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High head rice recovery

High translucency
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Figure 3. Breeding rice variety with superior grain quality.
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