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Abstract: While nearly one in nine people in the world deals with hunger, one in eight has obesity,
and all face the threat of climate change. The production of rice, an important cereal crop and staple
food for most of the world’s population, faces challenges due to climate change, the increasing
global population, and the simultaneous prevalence of hunger and obesity worldwide. These issues
could be addressed at least in part by genetically modified rice. Genetic engineering has greatly
developed over the century. Genetically modified rice has been approved by the ISAAA’s GM
approval database as safe for human consumption. The aim behind the development of this rice is to
improve the crop yield, nutritional value, and food safety of rice grains. This review article provides
a summary of the research data on genetically modified rice and its potential role in improving
the double burden of malnutrition, primarily through increasing nutritional quality as well as
grain size and yield. It also reviews the potential health benefits of certain bioactive components
generated in genetically modified rice. Furthermore, this article discusses potential solutions to these
challenges, including the use of genetically modified crops and the identification of quantitative
trait loci involved in grain weight and nutritional quality. Specifically, a quantitative trait locus
called grain weight on chromosome 6 has been identified, which was amplified by the Kasa allele,
resulting in a substantial increase in grain weight and brown grain. An overexpressing a specific
gene in rice, Oryza sativa plasma membrane H+-ATPase1, was observed to improve the absorption
and assimilation of ammonium in the roots, as well as enhance stomatal opening and photosynthesis
rate in the leaves under light exposure. Cloning research has also enabled the identification of several
underlying quantitative trait loci involved in grain weight and nutritional quality. Finally, this article
discusses the increasing threats of climate change such as methane–nitrous oxide emissions and
global warming, and how they may be significantly improved by genetically modified rice through
modifying a water-management technique. Taken together, this comprehensive review will be of
particular importance to the field of bioactive components of cereal grains and food industries trying
to produce high-quality functional cereal foods through genetic engineering.

Keywords: genetically modified rice; functional genomics; Oryza sativa L.; CRISPR/Cas9; methane;
nitrous oxide; SUSIBA2

1. Introduction

Oryza sativa, more commonly known as rice, is an important cereal crop and essential
food for most of the world’s population, especially in Asian countries [1,2]. As shown in
Figure 1, rice is the third top grain worldwide in terms of production in 2021/22. The
relationship between humans and rice is incredibly old, and it is believed to have been
cultivated in China as early as 10,000 years ago [3]. Although wild rice is often found in
wetlands, there are two types of rice cultivation: dry-land rice and paddy rice. Compared
to dry-land crops, paddy-cultivated rice has the advantages of less weeding, less soil runoff,
and the ability to be grown in successive crops [3]. In addition, it would have a water
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storage effect as a source of groundwater. Rice, with its historical relationship to people,
has significant potential for addressing numerous forthcoming challenges.

While the world population has been growing continually since 1955 (Figure 2), devel-
oping and developed countries are facing different types of “malnutrition”. In developing
countries, up to 828 million people are experiencing food insecurity and 49 million peo-
ple are enduring a hunger crisis [4]. As a result, malnutrition kills 25,000 people each
day [4,5]. Developed countries also face malnutrition issues, particularly diet-related non-
communicable diseases such as heart disease, cancer, stroke, diabetes, and obesity [5].
Meanwhile, the world’s climate is rapidly changing. Climate change brings unstable
weather, natural disasters, and a disruption to natural resources, all significantly impacting
agricultural production. Extremely high temperatures cause depletion of water resources
and reduce natural resources, such as habitat and food for beneficial insects (e.g., hon-
eybees) [6]. As a result, crop flowering and pollination are inhibited, and weed and pest
infestations increase. Droughts cause poor harvests and loss of agricultural land. Heavy
rains cause flooding, which removes topsoil and damages crops [6]. One study estimates
that climate change will make crop production (corn, rice, wheat, and soybeans) more
precarious, with production declining by 8% by the 2050s in Africa and South Asia [7].

Introduced in 1996, genetically modified (GM) crops have been touted to increase
food production by increasing yield per unit area (unit yield) without the destruction
of nature by clearing or expanding farmland when compared to non-GM crops [8]. Rice
has been genetically modified to produce a larger, more nutrient-dense product while
increasing herbicide and pesticide resistance, accelerating photosynthesis, and producing
essential proteins. The year 2000 marked the approval by the United States of the first
two herbicide-resistant GM rice varieties called LLRice60 and LLRice62 [9]. Subsequently,
GM rice varieties resistant to herbicides, including these and others, received official
approval in Canada, Australia, Mexico, and Colombia. Nevertheless, the granting of
these approvals did not lead to their commercialization [10]. In 2009, it was reported that
China had authorized the biosafety of GM rice engineered to resist pests; however, that
particular strain was not brought into commercial production [11]. Both Canada and the
United States granted approval for the cultivation of genetically modified golden rice in
2018. Health Canada and the US Food and Drug Administration affirmed its safety for
consumption [12]. According to the Qingdao Saline-Alkali Tolerant Rice Research and
Development Center, as of 2021, China had successfully cultivated salt-tolerant “seawater”
rice on approximately 990,000 acres of land with salt levels of up to 4 g per kilogram [13]. As
mentioned previously, while GM rice has been developed and accepted in some countries,
it has not yet been accepted and commercialized in many others. One possible cause is
that GM rice is new, different, and unknown, and people’s uneasiness about side effects
may be an obstacle. Political issues are another concern for the commercialization of GM
rice. Thus, the prospects for GM rice are expected to flourish, unless it is met by some
issues. As GM rice varieties continue to be improved, it is now being grown in the fields of
many countries.

The application of new genome-editing breeding technologies has significantly ex-
panded the possibilities for crop improvement in rice. In recent years, various genome-
editing techniques, including CRISPR-directed evolution, CRISPR-Cas9, and base editors,
have emerged as powerful tools for efficient and precise genome modifications in rice. The
suitability of rice as a model system for functional studies, its small genome size, and close
syntenic relationships with other cereal crops have further accelerated the development
and implementation of novel genome-editing technologies in rice [14]. Researchers con-
tinue to innovate and refine these technologies specifically tailored for rice, allowing for
targeted genetic modifications to improve desired traits [15]. By harnessing the power of
these emerging technologies, researchers can unlock the full potential of rice as a vital crop,
contributing to global food security and sustainable agriculture.
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Sustainable Development Goal 2 (SDG 2) is one of the 17 Sustainable Development
Goals established by the United Nations in 2015 [18]. It is known as “Zero Hunger,” and
seeks to eradicate hunger and malnutrition by ensuring access to safe and nutritious food
for all people [18]. It emphasizes sustainable agricultural practices, investment in rural
development, and improved food production systems [18]. SDG 2 highlights the need
for resilient and equitable food systems that adapt to climate change, protect biodiversity,
and address all forms of malnutrition [18]. Achieving zero hunger is crucial for attaining
broader sustainable development goals [18].
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2.1. Increasing the Grain Size of Rice

A group of researchers at Nagoya University in Japan have been studying a quan-
titative trait locus (QTL) that controls several aspects of rice growth, including weight,
hull size, yield, and plant biomass [19]. Nippon bare (Nipp, japonica rice variety) has a
smaller plant body and a more rounded rice shape than Kasalath (Kasa, indica rice variety).
Conversely, the seeds of Kasalath have an elongated grain shape. This difference in rice
shape suggests the existence of a gene that determines rice shape. They employed a QTL
detection method to examine backcrossed inbred lines derived from crosses between the
Kasalath and Nippon bare to isolate QTLs for grain weight [19]. Their analysis led them to
identify a specific QTL called grain weight on chromosome 6 (GW6) among the 12 chro-
mosomes of rice, which was amplified by the Kasa allele. They then used a chromosome
segment substitution line (CSSL29) that contained an introgression of the Kasa region in the
Nipp genetic background [19]. This resulted in a substantial increase in grain weight and
brown grain (by 20.6% and 11.2%, respectively), with CSSL29 weighing the same as Nipp
(p < 0.001) (Figure 3) [19,20]. The use of GW6a genes in breeding is expected to increase rice
yield. Genes controlling important agronomic traits, such as yield-increasing genes found
in rice, can be efficiently used in rice breeding through crosses and molecular markers
without genetic modification. In fact, we are working on breeding useful rice varieties
using the GW6a gene together with yield-enhancing genes that have been identified so
far, such as the WFP gene, which raises the number of ear branches, and the Gn1a gene,
which increases the number of seeds [20]. Rice has the smallest genome size among these
cereals (rice genome size is 400 Mb (about 400 million base pairs), and maize has 8 times,
barley 12 times, and wheat 40 times the genome of rice). Rice is positioned as a major cereal
grain and a model plant for monocotyledonous plants because transformation technology
has been established and the entire genome sequence has been decoded. Furthermore, rice
belongs to the same ancestral family as other important cereal crops such as maize, wheat,
and barley, and they share a similar genome structure. In other words, these cereal crops
derived from the same ancestor retain the same gene set. This makes it possible to apply
the results of rice research not only to rice but also to the breeding of other cereal crops. For
these reasons, the identification of important genes related to rice productivity is expected
to be a breakthrough toward a stable food supply for humankind [20].
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2.2. Increasing the Yield of Rice

Genetically modified rice was developed to reduce pesticide usage, labor, and costs
in cultivation [22]. This is accomplished by introducing genetic traits that provide biotic
stress management, such as pest resistance or herbicide tolerance, minimizing the need for
extensive pesticide applications. This reduction in pesticide usage offers multiple benefits,
including a greater quantity of quality grains and simplified cultivation processes, leading
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to cost and labor savings [22]. Bacillus thuringiensis rice (BT rice) and Liberty Link rice are
genetically modified varieties that have been developed to address specific pest-related
challenges in rice cultivation [23].

By transferring genes from the soil bacterium Bacillus thuringiensis into the rice genome,
genetically modified BT rice can be resistant against lepidopteran pest (e.g., rice stem borers)
damage and thus decrease the amount of insecticide use [24]. When BT rice is cultivated
without the use of pesticides, it has a potential to increase crop yield up to 60% more when
compared to the conventional rice [18,20].

Liberty Link rice is genetically modified to tolerate the herbicide glufosinate [25].
Weeds compete with rice plants for resources and can significantly reduce yields if left
uncontrolled [25]. By using glufosinate herbicide, farmers can selectively eliminate weeds,
thereby improving rice crop productivity. The modification involves introducing a spe-
cific gene into the rice plant’s genome, which enables it to produce an enzyme called
phosphinothricin acetyltransferase (PAT) [26]. The gene responsible for producing PAT
is derived from the bacterium Streptomyces viridochromogenes. This bacterial gene is in-
serted into the rice plant’s DNA, typically using a method called Agrobacterium-mediated
transformation or gene gun technology [26]. Once the Liberty Link rice plants have been
genetically modified, they are capable of synthesizing the PAT enzyme [26]. The PAT
enzyme plays a crucial role in the tolerance mechanism by acetylating and inactivating
glufosinate herbicide within the rice plant’s tissues. This allows the rice plant to withstand
the herbicide’s effects while effectively controlling weeds in the surrounding field [26]. The
biotic transgenic approaches for stress management in rice are summarized in Table 1.

Table 1. Representative approaches of transgenic rice breeding for biotic stress tolerance.

Biotic Stress Causes of the Stress Transgenic Approach References

Insect pests

Brown Planthopper (BPH)
Focusing on the identification of candidate insect resistance
genes to provide initial materials for the breeding program
of BPH-resistant rice varieties.

[27,28]

Bacterium Bacillus
thuringiensis

By transferring genes from the soil bacterium Bacillus
thuringiensis into the rice genome, genetically modified BT
rice is resistant against lepidopteran pest damage and thus
less required the amount of insecticide use.

[24]

Fungus Rice blast

Several qualitative resistance and quantitative resistance
genes as well as several avirulence genes from the pathogen
have been characterized. However, the population of rice
blast fungus is constantly changing. Therefore, it is a
challenge to control rice blast by developing an efficient
surveillance system to monitor emerging new
virulent strains.

[29,30]

Bacteria Bacterial leaf blight
To improve rice resistance to bacteria, mutation of a key
bacterial protein-binding site in the UPT box of Xa13 to
abolish PXO99-induced Xa13 expression.

[31]

Viruses Rice grassy stunt
virus (RGSV)

Many studies have revealed a correlation between
intracellular potassium levels and the incidence of
virus-caused diseases. The induction of host resistance
against RGSV infection in High-Affinity K+ Transporter
5 transgenic overexpression rice plants may involve the
accumulation of reactive oxygen species (ROS). This is
because RGSV infection, along with OsHAK5
overexpression, leads to an increase in ROS accumulation in
rice leaves.

[32]
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Table 1. Cont.

Biotic Stress Causes of the Stress Transgenic Approach References

Herbicide toxicity Phosphinothricin
or Glufosinate

Phosphinothricin acetyl transferase (PAT) is a protein that
plays a role in controlling resistance by detoxifying the
Liberty herbicide molecule (glufosinate-ammonium). The
production of the PAT enzyme enables the breakdown of
Liberty before it can bind to the enzyme glutamine
synthetase. Glutamine synthetase is responsible for
facilitating the production of specific amino acids and
recycling ammonium in plants. Hence, Liberty resistance in
rice from the presence of a transgene introduces an
additional enzymatic function.

[22,23]

A research group led by the Institute of Transformative Bio-Molecules, Nagoya Uni-
versity (WPI-ITbM), the Graduate School of Science, and the School of Natural Resources
and Environmental Science, Nanjing Agricultural University, has developed a technol-
ogy to simultaneously increase nutrient absorption in rice roots and stomatal opening by
increasing one rice gene cell membrane proton pump and succeeded in increasing rice
yields in open paddy fields by more than 30% [33]. Plants grow by absorbing inorganic
nutrients such as nitrogen, phosphorus, and potassium from their roots while taking in
carbon dioxide through the stomatal opening of their leaves and performing photosynthe-
sis [34,35]. Through photosynthesis, plants not only provide us with agricultural products,
but they also absorb carbon dioxide and help maintain the global environment photosyn-
thesis [34,35]. The only carbon dioxide uptake ports in plants are the stomates on the plant’s
surface photosynthesis [34,35]. It is also known that nutrient absorption by the roots plays
an essential role in growth [33]. Therefore, if the stomates opening can be increased, and at
the same time, nutrient absorption from the roots can be promoted and photosynthesis can
be enhanced, plant growth and yield can be increased, and carbon dioxide, which causes
global warming, and fertilizers, which cause environmental pollution, can be reduced.
However, no technology has been reported to simultaneously increase stomatal opening
and nutrient absorption by roots [33].

Their research revealed that plasma membrane proton pumps play a common and
significant role in inorganic nutrient uptake in roots and stomatal opening in leaves [36].
Therefore, they generated overexpression rice plants with increased expression of one
plasma membrane proton pump gene, OSA1 (Oryza sativa plasma membrane H+-ATPase1),
and analyzed the phenotypes [21,24]. They found that inorganic nutrient absorption, such
as nitrogen, in the roots of rice plants overexpressing the proton pump was increased by
more than 20% and the percentage of light-opened pores was increased by more than 25%
compared to the wild-type plants [33]. The overexpression of a specific gene in rice, OSA1,
was observed to improve the absorption and assimilation of inorganic nutrients such as
ammonium in the roots, as well as enhance stomatal opening and photosynthesis rate
in the leaves under light exposure [33]. Further detailed analysis revealed that carbon
dioxide fixation (photosynthetic activity) was increased by more than 25% in rice plants
overexpressing the proton pump, and the dry weight (biomass) was increased by 18–33% in
hydroponic cultivation in the laboratory [33]. In order to determine whether the technology
is effective in the field environment, they conducted a two-year yield evaluation test in four
different isolated paddy field plots and found that rice yield increased by more than 30%
compared to wild rice plants [33].

In recent years, cloning research has enabled the identification of several underlying
QTLs involved in grain weight. Notable examples include the transmembrane protein
GS [37,38], the GS3 homolog DEP1 [39], the Kelch-like domain Ser/Thr phosphatase GL3.1
(also known as OsPPKL1) [40,41], the RING-type E3 ubiquitin ligase GW2 (grain width and
weight 2) [42], the arginine-rich domain nuclear protein qSW5/GW5 [43,44], the putative
serine carboxypeptidase GS5 [45], the SBP domain transcription factor GW8 (OsSPL16) [46],
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and the recently discovered IAA-glucose hydrolase protein TGW6 [47]. The use of advanced
genomic tools and techniques has significantly transformed agriculture and revolutionized
the development of food crop varieties.

2.3. Enhancing the Nutrient Content of Rice Grains
Enhancing the Nutritive Value of Rice Grains

Golden rice was developed in the 1990s to help improve human health [48]. Rice is a
good source of vitamin B (thiamin and niacin) but is poor in pre-vitamin A [48]. Golden rice
was genetically modified to be a fortified food grown and consumed in developing countries
where vitamin A intake is deficient [48]. During the 1990s, Peter Bramley made a significant
discovery regarding the production of lycopene in genetically modified tomatoes. He found
that instead of introducing multiple carotene desaturases typically found in higher plants,
a single gene encoding phytoene desaturase (bacterial CrtI) could fulfill the role [49]. This
technique was subsequently applied in the development of Golden Rice, which involved
the incorporation of two genes (psy—phytoene synthase, lyc—lycopene β-cyclase) from
Narcissus (daffodils) and one gene (crtl) from Erwinia uredovora (Figure 4) [50]. Lycopene
(Beta-carotene) is assumed to be converted to retinal and subsequently retinol (vitamin A)
in the animal gut [51]. In 2009, the results of a clinical trial of golden rice in adult volunteers
in the United States were published in The American Journal of Clinical Nutrition. The trial
concluded that “beta-carotene from golden rice is efficiently converted to vitamin A in
humans [52]”. The American Society of Nutrition found that the consumption of about one
cup of golden rice daily probably provides 50% of the recommended dietary allowance
(RDA) of the nutritional requirement of vitamin A and that this amount is within the
consumption habits of most young children and their mothers [52].
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Figure 4. The Golden Rice solution. Modified from Saini et al., 2020 [50].

The content of seed storage proteins (SSPs), amino acids, fats, vitamins, and other
micronutrients determines the nutritional quality of rice grains. Cereals are deficient in
several essential amino acids such as lysine, threonine, and tryptophan. Protein digestibility-
corrected amino acid score (PDCAAS) is a method of evaluating the quality of a protein
based on both the amino acid requirements of humans and their ability to digest it. One ex-
periment was conducted to determine the digestibility-corrected amino acid score (DCAAS)
from some cereals. In this experiment, in which rats were fed cooked cereals, DIAAS data
were obtained as 42 for brown rice, 37 for polished rice, 68 for buckwheat, 43 for oats, 20
for whole wheat, 13 for Adlay, and 20 for whole wheat (Table 2) [53,54].
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Table 2. Digestible indispensable amino acid scores (DIAAS) for brown rice, polished rice, buckwheat,
oats, Adlay, and whole wheat [54].

DIAA Reference Ratio Brown Rice Polished Rice Buckwheat Oats Adlay Whole Wheat

Histidine 0.99 0.77 0.89 0.86 0.8 0.97

Threonine 0.89 0.64 0.89 0.79 0.73 079

Valine 1.04 0.93 0.87 1.01 1.05 0.88

Lysine 0.42 0.37 0.7 0.43 0.13 0.2

Isoleucine 0.9 0.82 0.87 1.02 1.05 0.98

Leucine 0.97 0.84 0.82 1.07 2.01 0.96

Tryptophan 2.23 0.84 1.05 1.23 0.91 0.95

Sulfur AA 0.43 0.58 0.68 0.68 0.78 0.64

Aromatic AA 1.39 1.28 1.17 1.52 1.59 1.34

DIAAS (%) 42 (Lys) 37 (Lys) 68 (SAA) 43 (Lys) 13 (Lys) 20 (Lys)
Footnote: Indispensable AA reference patterns are expressed as mg AA/kg protein: His, 16; Ile, 30; Leu, 61; Lys,
48; sulfur AA, 23; aromatic AA, 41; Thr, 25; Trp, 6·6; Val, 40 [55].

Certain essential amino acids such as lysine (Lys) and sulfur AA (SAA) are miss-
ing in rice grains [56]. Therefore, improving the nutritional quality of SSPs is important
worldwide, especially for people in regions where rice is a staple food. Research groups
have attempted different approaches to improve protein and essential amino acid levels
in rice via transgenic engineering, including the expression of AmA1 seed albumin [57],
the overexpression of aspartate aminotransferase genes [58], the transfer of two artificially
synthesized genes [59], and the production of genetically engineered rice [60].

The incorporation of the ferritin gene from common beans into rice has been made
possible by transgenic approaches [61]. Similarly, Khalekuzzaman et al. [62] introduced
the ferritin gene, driven by an endosperm-specific glutelin promoter, and found increased
iron (Fe) concentrations in brown and polished seeds of T1 and T2 populations of the culti-
var, BRRl Dhan 29 (BR29), when compared with controls. In addition, Johnson et al. [63]
recorded a twofold increase in Fe and Zinc (Zn) concentrations in polished rice that overex-
pressed single rice OsNAS genes (Table 3). Researchers have also developed “golden rice”,
which is rich in β-carotene, by the introgression of two genes, namely, phytoene synthase
and phytoene desaturase [64]. These approaches have some limitations in that they are
time-consuming, involve the introduction of foreign DNA, may produce off-target genome
modifications, may associate undesirable traits with target attributes, and are inefficient,
making them a difficult option for researchers. However, improving rice grain nutritional
quality using the CRISPR/Cas9 system may address these issues [53].

Table 3. Baseline and target grain Fe and Zn concentrations in rice [61].

Crop Target Tissue Element Baseline Concentration in
Popular Cultivars (µg/g)

Target Concentration
(µg/g)

Rice Polished grains
Fe 2 15

Zn 16 28

3. Potential Health Benefits
3.1. Bioactive Compounds

Rice is rich in nutrients such as carbohydrates, fiber, protein, vitamins, and miner-
als [65] (Table 4). In addition to nutritional components, rice contains bioactive components
known as phytochemicals, such as phenolic compounds (e.g., campesterol and caffeic acid),
flavonoids (anthocyanin and proanthocyanin), γ-oryzanol, carotenoids (e.g., α-carotene,
β-carotene, lycopene, and lutein), phytosterols (e.g., β-sitosterol, stigmasterol, and campes-
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terol), vitamin E isoforms (α-, γ-, δ-tocopherols and tocotrienols), gamma-aminobutyric
acid (GABA), phytic acid, coumaric acid, and tricin [23,65]. These bioactive components
have a variety of biological activities, the most significant of which are antioxidant, anti-
cancer, anti-diabetic, and anti-inflammatory [23]. The potential health benefits are exhibited
in humans as they consume rice as part of their routine daily diet [65]. One study con-
ducted in China showed that when compared to wheat preference, rice preference was
associated with a lower risk of excessive body fat in men and a lower risk of central obesity
in women [66].

Table 4. Nutritional composition of brown rice and milled rice [67].

Components
Amounts (per 100 g)

Brown Rice Milled Rice

Carbohydrate (g) 73–87 77–87

Protein (g) 7.1–8.3 6.3–7.1

Fiber (g) 2.9–4.4 0.7–2.7

Fat (g) 1.6–2.8 0.3–0.6

Calcium (mg) 10–50 10–30

Phosphorus (mg) 0.17–0.43 0.08–0.15

Iron (mg) 1.4–5.2 0.3–0.8

Zinc (mg) 1.9–2.8 0.8–2.3

α-tocopherol (mg) 0.8–2.5 0.1–0.3

Phytic acid P (mg) 0.13–2.7 0.02–0.07

Thiamin (mg) 0.4–0.6 0.07–0.17

Riboflavin (mg) 0.04–0.14 0.02–0.06

Niacin (mg) 3.5–6.2 1.3–2.5

Pantothenic acid (mg) 1.4–1.6 0.8–1.3

Vitamin B6 (mg) 0.5–0.7 0.1–0.4

Folate (µg) 16–20 4–9

3.2. Antioxidant Activity

Antioxidants protect against oxidative damage and help to reduce the risk of chronic
diseases such as cancer, cardiovascular disease, and type 2 diabetes [58,68,69]. The vitamin
E content found in rice can promote antioxidant activity. Pigmented rice varieties such as
black, purple, red, and brown rice contain anthocyanins, the phytochemical responsible for
the deep purple and red color in plants like berries and grapes that promote antioxidant
activity. Antioxidants like anthocyanins have been associated with a protective factor
against some cancers. A study showed a dose-dependent decrease in the size and number
of aberrant crypt foci formed and β-catenin expression in rats fed a crude extract of
germinated rice [70]. Gamma-aminobutyric acid (GABA) is another bioactive compound
found in rice. The GABA contents of germinated brown rice were shown to have inhibitory
effects on the reproduction of some cancer cells as well as increased stimulation of immune
response [20,65]. GABA is known to improve hypertension, memory impairment, hypo-
motivation, and sleep disturbance by suppressing noradrenaline secretion in the periphery,
inhibiting excitation of the whole brain through afferent neurotransmission, stimulating
cerebral blood flow, increasing oxygen supply, and enhancing the metabolic function of
brain cells [71]. In a mouse model of type 2 diabetes induced by a high-calorie diet, elevated
total and LDL cholesterol levels and decreased adiponectin levels were observed in the
blood. To clarify the active ingredient, GABA, which is abundant in the germ extract, was
orally administered, and a significant increase in blood adiponectin level was observed with
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GABA. As mentioned above, inhibitory nerves are likely involved in the GABA mechanism
of action. Since the blood adiponectin level generally decreases in humans and mice under
stress, the administration of GABA may alleviate stress, resulting in an increase in blood
adiponectin level [71].

3.3. Anti-Diabetic Activity

Metabolic improvements associated with germinated brown rice can be helpful in
the management of type 2 diabetes. These improvements include better glycemic con-
trol, reduced type 1 tissue plasminogen, amelioration of oxidative stress, correction of
dyslipidemia, and increased activity of sodium–potassium adenosine triphosphatase and
homocysteine thioacetone [72]. Using an open-labeled, randomized, cross-over study de-
sign, researchers observed that there was a significant decrease in postprandial plasma
glucose, hemoglobin A1c (HbA1c), and lactalbumin levels in patients who ate brown rice
two times a day when compared with those who ate white rice. (Figure 5) These effects are
due to the rich bioactive content such as dietary fiber found in brown rice [73].
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Furthermore, one study reported that a diet composed of GABA-rich germinated
brown rice and white rice did not produce significant changes in most metabolic indices in
healthy individuals. Using 67 healthy volunteers (71 ± 8 aged), the effects of white rice and
germinated brown rice + white rice (1:1, w/w) were determined following consumption
for 11–13 months. There was only a significant decrease in HbA1c in the germinated
brown rice + white rice group, but no differences were noted in body mass index, blood
pressure, serum lipids, and homeostasis model assessment of insulin resistance between
the two groups [74]. Germination of brown rice is one of the ways to increase the bioactive
concentration in order to enhance the functional effect. Although it is not yet clear which
bioactive substances are responsible for the functional effects of sprouted brown rice, several
bioactive substances may contribute to the observed effects: fiber in the GBR is known
to lower blood glucose levels by regulating glucose absorption in the intestine [74]. The
influence of GABA receptors in pancreatic islets contributes to decreased insulin secretion in
type 2 diabetes, and GABA supplementation has been reported to increase insulin secretion.
This may explain the reduction in blood glucose levels in diabetes caused by GABA [74].

3.4. Anti-Inflammatory Activity

One study concluded that a brown rice diet may be useful to decrease inflammatory
marker levels [75]. In that study, overweight or obese women who followed a diet including
brown rice had lower diastolic blood pressure and levels of the inflammatory marker
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hs-CRP compared to those who followed a diet without brown rice [75]. Additionally,
incorporating brown rice into the diet can be a beneficial strategy for achieving significant
weight loss and reducing visceral obesity.

A significant mechanism of immune pathogenesis is inflammation, which is our body’s
response to tissue infection, injury, or stress. Some reports have shown that lipophilic
phytochemicals, such as γ-oryzanol and vitamin E derivatives contained in pigmented rice
germ and bran, may possess anti-inflammatory activity [61]. Another study reported that
pigmented rice contains large amounts of medium polar or hydrophilic compounds, such
as phenolic compounds, anthocyanins, proanthocyanins, and bioflavonoids, which show
anti-inflammatory activity in both in vitro and in vivo models [76].

4. Addressing Climate Change

Climate change is a pending issue for global food security, and there is a need to
develop climate-resilient rice that can grow even in adverse environments. Breeding climate-
resilient rice is essential to ensure food security in the face of increasingly severe climate
change [77]. Strategies to cope with climate stresses such as drought, heat, cold, salinity,
and flood tolerance are summarized in Table 5.

Table 5. Approaches to abiotic stress tolerance in rice.

Rice Variety Breeding Approach Reference

Heavy metal-tolerant rice

Recent advancements in genome
engineering and editing techniques have
been successfully applied to rice to
enhance metal tolerance and reduce the
accumulation of heavy metals in rice.

[78]

Drought-tolerant rice Marker-assisted selection for
drought QTLs. [79]

Heat- and salt-tolerant rice Transgenic rice plants constitutively
overexpressing OsHSP20. [80]

Cold-tolerant rice

Introduced or enhanced the expression of
CBF/DREB Genes.
Manipulating the expression of ICE1 and
ICE2 Genes.

[81]

Flood-tolerant rice Submergence 1 (SUB1) gene has been
identified and used in GM rice. [82]

The biofortification of rice is intended as a sustainable, cost-effective, and food-based
means of delivering target micronutrients such as iron, zinc, and vitamin A to populations
who do not have access to or cannot afford diverse diets and other existing interventions
such as supplementation. A few updates on previous attempts by researchers/scientific
workers and the outcomes of biofortified rice approaches are depicted in Table 6.

Table 6. Breeding approaches on biofortification in rice.

Biofortification Breeding Approach References

Beta-carotene Phytoene
(precursor of beta-carotene)

Golden rice and its nutritional value;
beta-carotene metabolism; genetic
engineering provitamin

[50,52]

Folate (vitamin B9) Folate fortification and stability;
metabolic engineering [83]

Iron
Nicotianamine aminotransferase genes;
transgenic; multigene introduction;
ferritin gene; endosperm biofortification

[84,85]
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Table 6. Cont.

Biofortification Breeding Approach References

Zinc Over-expression of OsIRT1; involvement
of genes in phytosiderophore synthesis [86]

High amino acid and
protein content

Accumulation of glycinin with the
glutelins; dihydrodipicolinate synthase
gene; tryptophan accumulation;
over-expression of aspartate
aminotransferase genes

[60,87]

Alpha-linolenic acid Microsomal omega-3 fatty acid
desaturase gene [88]

Flavonoids and antioxidants Flavonoids synthesis in the
endosperm; transgenic [89]

Climate change has a significant impact on agriculture, while agriculture itself plays
a crucial role as a contributor to greenhouse gas (GHG) emissions. Total emissions on
agricultural land in 2020 amounted to 10.5 billion tons of carbon dioxide equivalent (Gt
CO2eq) of GHG released into the atmosphere [90]. Greenhouse gas (GHG) emissions consist
of non-CO2 gases, namely, methane (CH4) and nitrous oxide (N2O) produced by crop and
livestock production and management activities, CO2 emissions by sources and sink from
forestland, net forest conversion and drained organic soils, and non-CO2 emissions from
forest fires and fires in organic soils [90].

A main source of GHG comes from the enteric fermentation of livestock (Figure 6),
while methane released from rice cultivation accounts for 12 percent [58,59]. Hence, it
is necessary to develop approaches that local farmers can easily implement in order to
decrease GHG emissions from rice paddy fields.
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The mechanism of methanogenesis in paddy fields is as follows. In a flooded paddy
field, immediately after rice planting, the soil still contains a lot of oxygen; therefore,
methanogenic bacteria, which cannot work in the presence of oxygen, do not generate
CH4. However, as the rice plants begin to take in oxygen for respiration, the amount of
oxygen in the soil gradually decreases. Within a month after rice planting, the soil becomes
depleted of oxygen, and methanogenic bacteria begin to actively emit CH4. By that time,
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the rice stalks increase in number, and these stalks act as chimneys, releasing CH4 into
the atmosphere.

In order to reduce these emissions, alternative water-management strategies have
been tested. Japanese researchers measured the CH4 and N2O emissions and recorded the
effects of different water-management strategies such as midseason drainage (MD) [91].
MD is a technique used by farmers to temporarily remove water from rice paddies to
adjust the growth of the rice plants and keep the roots healthy. This allows the soil to
dry out to the point that the surface cracks and the air is allowed to permeate the soil.
This drying-out process leaves the soil rich in oxygen and suppresses the activity of
methanogenic bacteria. MD is also beneficial for rice because the roots of rice prefer
to have a lot of oxygen. If water is kept deep in the paddy field all the time, the rice
plants may also become unhealthy due to a lack of oxygen to the roots. When compared
with conventional water-management strategies, selected alternative water-management
strategies show that the seasonal CH4 emissions and the net 100-year global warming
potential (GWP) (CH4 + N2O) can be suppressed to 69.5 ± 3.4% (SE) and 72.0 ± 3.1%,
respectively, while maintaining grain yields as high as 96.2 ± 2.0%, by prolonging MD
for a total of two weeks on average (Figure 7) [91]. Another experiment showed that the
addition of a single transcription factor gene, barley SUSIBA2 (Sugar Signaling in Barley
2), favored the allocation of photosynthates to aboveground biomass over-allocation to
the roots [92]. The altered allocation resulted in increased biomass and starch content in
the seeds and stems and suppressed methanogenesis, possibly through a reduction in root
exudates [92]. Three-year field trials in China demonstrated that the cultivation of SUSIBA2
rice was associated with a significant reduction in methane emissions and a decrease in
rhizosphere methanogen levels. SUSIBA2 rice, therefore, offers a sustainable solution,
providing increased starch content for food production while reducing greenhouse gas
emissions from rice cultivation. In a future climate with rising temperatures, efforts to
increase SUSIBA2 rice productivity and reduce methane emissions may be particularly
beneficial [92].
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5. Implications, Limitations, and Future Research

GM rice has the potential to revolutionize agriculture and food security by offering in-
creased nutritional content, resistance to pests and diseases, and tolerance to environmental
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stresses. GM rice can improve human health and well-being, particularly in impoverished
regions with prevalent malnutrition. It can also mitigate challenges posed by pests, diseases,
and environmental factors, enhancing crop resilience and yield stability, particularly in the
face of climate change.

However, to fully harness the potential of GM rice, further research is necessary. This
includes studying the long-term effects of bioengineered varieties on human health, the en-
vironment, and biodiversity. Collaboration among researchers, regulatory bodies, farmers,
and other stakeholders is crucial to ensure safety, effectiveness, and proper implementation.
Responsible implementation of GM rice also entails addressing ethical, social, and economic
considerations. Assessing potential risks, ensuring transparency, and engaging in open
dialogue with the public are essential elements. Equitable access to GM rice technologies
should be promoted, particularly for smallholder farmers in developing countries who can
benefit from improved crop productivity and resilience.

In conclusion, the future implications of GM rice hold immense promise. However-er,
further research, collaboration, and responsible implementation are vital to fully realize
its potential. By addressing global challenges in agriculture, nutrition, and sustainability,
GM rice can contribute to a more secure and resilient food system, benefitting both human
well-being and the environment.

6. Conclusions

To meet the evolving living standards of the expanding world population, it is crucial
to consistently enhance the quality of rice. GM rice holds the potential to address this need
by increasing crop yield, improving nutritional value, and ensuring food safety. Moreover,
genetic modifications in rice offer a promising solution to global hunger and malnutrition
issues, while also safeguarding the environment. By implementing GM rice, we can mitigate
the impact of climate change through water-management techniques, reduced methane
and nitrous oxide emissions, and a slowdown of global warming. Although solving hunger
and climate change is challenging, the advancements in the genetic engineering of rice
demonstrate promise and potential.
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6. Skendžić, S.; Zovko, M.; Živković, I.P.; Lešić, V.; Lemić, D. The Impact of Climate Change on Agricultural Insect Pests. Insects

2021, 12, 440. [CrossRef] [PubMed]
7. Tong, S.; Berry, H.L.; Ebi, K.; Bambrick, H.; Hu, W.; Green, D.; Hanna, E.; Wang, Z.; Butler, C.D. Climate Change, Food, Water and

Population Health in China. Bull. World Health Organ. 2016, 94, 759–765. [CrossRef] [PubMed]
8. Klümper, W.; Qaim, M. A Meta-Analysis of the Impacts of Genetically Modified Crops. PLoS ONE 2014, 9, e111629. [CrossRef]

[PubMed]
9. GM Approval Database|ISAAA.Org. Available online: https://www.isaaa.org/gmapprovaldatabase/ (accessed on 21 June 2023).

https://doi.org/10.7831/ras.8.0_89
https://www.ncbi.nlm.nih.gov/pubmed/37460968
https://doi.org/10.3390/agriculture12101554
https://doi.org/10.1017/S0029665114000135
https://doi.org/10.3390/insects12050440
https://www.ncbi.nlm.nih.gov/pubmed/34066138
https://doi.org/10.2471/BLT.15.167031
https://www.ncbi.nlm.nih.gov/pubmed/27843166
https://doi.org/10.1371/journal.pone.0111629
https://www.ncbi.nlm.nih.gov/pubmed/25365303
https://www.isaaa.org/gmapprovaldatabase/


Foods 2023, 12, 2776 15 of 18

10. Fraiture, M.-A.; Roosens, N.H.C.; Taverniers, I.; de Loose, M.; Deforce, D.; Herman, P. Biotech Rice: Current Developments and
Future Detection Challenges in Food and Feed Chain. Trends Food Sci. Technol. 2016, 52, 66–79. [CrossRef]

11. Chen, M.; Shelton, A.; Ye, G. Insect-Resistant Genetically Modified Rice in China: From Research to Commercialization. Annu.
Rev. Entomol. 2011, 56, 81–101. [CrossRef]

12. Kumar, K.; Gambhir, G.; Dass, A.; Tripathi, A.K.; Singh, A.; Jha, A.K.; Yadava, P.; Choudhary, M.; Rakshit, S. Genetically Modified
Crops: Current Status and Future Prospects. Planta 2020, 251, 91. [CrossRef]

13. Liu, C.; Mao, B.; Yuan, D.; Chu, C.; Duan, M. Salt Tolerance in Rice: Physiological Responses and Molecular Mechanisms. Crop. J.
2022, 10, 13–25. [CrossRef]

14. Endo, M.; Toki, S. Genome Editing in Rice. Rice 2020, 13, 27. [CrossRef] [PubMed]
15. Zafar, K.; Sedeek, K.E.M.; Rao, G.S.; Khan, M.Z.; Amin, I.; Kamel, R.; Mukhtar, Z.; Zafar, M.; Mansoor, S.; Mahfouz, M.M. Genome

Editing Technologies for Rice Improvement: Progress, Prospects, and Safety Concerns. Front. Genome Ed. 2020, 2, 5. [CrossRef]
16. Gmr. Available online: http://igc.int/en/gmr_summary.aspx (accessed on 5 July 2023).
17. World Population Dashboard. Available online: https://www.unfpa.org/data/world-population-dashboard (accessed on

9 April 2023).
18. Atukunda, P.; Eide, W.B.; Kardel, K.R.; Iversen, P.O.; Westerberg, A.C. Unlocking the Potential for Achievement of the UN

Sustainable Development Goal 2—‘Zero Hunger’—In Africa: Targets, Strategies, Synergies and Challenges. Food Nutr. Res. 2021,
65, 7686. [CrossRef]

19. Song, X.J.; Kuroha, T.; Ayano, M.; Furuta, T.; Nagai, K.; Komeda, N.; Segami, S.; Miura, K.; Ogawa, D.; Kamura, T.; et al. Rare
Allele of a Previously Unidentified Histone H4 Acetyltransferase Enhances Grain Weight, Yield, and Plant Biomass in Rice. Proc.
Natl. Acad. Sci. USA 2015, 112, 76–81. [CrossRef] [PubMed]

20. Shi, C.; Ren, Y.; Liu, L.; Wang, F.; Zhang, H.; Tian, P.; Pan, T.; Wang, Y.; Jing, R.; Liu, T.; et al. Ubiquitin Specific Protease 15 Has an
Important Role in Regulating Grain Width and Size in Rice. Plant Physiol. 2019, 180, 381–391. [CrossRef]

21. Shi, C.L.; Dong, N.Q.; Guo, T.; Ye, W.W.; Shan, J.X.; Lin, H.X. A quantitative trait locus GW6 controls rice grain size and yield
through the gibberellin pathway. Plant J. 2020, 103, 1174–1188. [CrossRef] [PubMed]

22. Oliver, M.J. Why We Need GMO Crops in Agriculture. Mo Med. 2014, 111, 492–507. [PubMed]
23. Chaudhari, P.R.; Tamrakar, N.; Singh, L.; Tandon, A.; Sharma, D. Rice Nutritional and Medicinal Properties: A Review Article.

J. Pharmacogn. Phytochem. 2018, 7, 150–156.
24. Jin, Y.; Drabik, D.; Heerink, N.; Wesseler, J. The Cost of Postponement of Bt Rice Commercialization in China. Front. Plant Sci.

2019, 10, 1226. [CrossRef] [PubMed]
25. Cromwell, G.L.; Henry, B.J.; Scott, A.L.; Gerngross, M.F.; Dusek, D.L.; Fletcher, D.W. Glufosinate Herbicide-Tolerant (LibertyLink)

Rice vs. Conventional Rice in Diets for Growing-Finishing Swine. J. Anim. Sci. 2005, 83, 1068–1074. [CrossRef]
26. Jin, M.; Chen, L.; Deng, X.W.; Tang, X. Development of Herbicide Resistance Genes and Their Application in Rice. Crop. J. 2022,

10, 26–35. [CrossRef]
27. Muduli, L.; Pradhan, S.K.; Mishra, A.; Bastia, D.N.; Samal, K.C.; Agrawal, P.K.; Dash, M. Understanding Brown Planthopper

Resistance in Rice: Genetics, Biochemical and Molecular Breeding Approaches. Rice Sci. 2021, 28, 532–546. [CrossRef]
28. Wang, H.; Liao, Z.; Gao, Y.; Zhang, L.; Lei, W.; Huang, H.; Lei, S.; Jiang, M.; Chen, S.; Shi, L. Transposon Polymorphism and Its

Potential Impacts on Brown Planthopper (Nilaparvata lugens Stål) Resistance in Rice (Oryza sativa L.). Agronomy 2023, 13, 1699.
[CrossRef]

29. Younas, M.U.; Wang, G.; Du, H.; Zhang, Y.; Ahmad, I.; Rajput, N.; Li, M.; Feng, Z.; Hu, K.; Khan, N.U.; et al. Approaches to
Reduce Rice Blast Disease Using Knowledge from Host Resistance and Pathogen Pathogenicity. Int. J. Mol. Sci. 2023, 24, 4985.
[CrossRef] [PubMed]

30. Devanna, B.N.; Jain, P.; Solanke, A.U.; Das, A.; Thakur, S.; Singh, P.K.; Kumari, M.; Dubey, H.; Jaswal, R.; Pawar, D.; et al.
Understanding the Dynamics of Blast Resistance in Rice-Magnaporthe Oryzae Interactions. J. Fungi 2022, 8, 584. [CrossRef]

31. Yu, K.; Liu, Z.; Gui, H.; Geng, L.; Wei, J.; Liang, D.; Lv, J.; Xu, J.; Chen, X. Highly Efficient Generation of Bacterial Leaf Blight-
Resistant and Transgene-Free Rice Using a Genome Editing and Multiplexed Selection System. BMC Plant Biol. 2021, 21, 197.
[CrossRef]

32. Jing, X.; Song, X.; Cai, S.; Wang, P.; Lu, G.; Yu, L.; Zhang, C.; Wu, Z. Overexpression of OsHAK5 Potassium Transporter Enhances
Virus Resistance in Rice (Oryza sativa). Mol. Plant Pathol. 2022, 23, 1107–1121. [CrossRef]

33. Toda, Y.; Hayashi, Y.; Suzuki, T.; Zeng, H.; Xiao, L.; Xiao, X.; Xu, J.; Guo, S.; Yan, F. Plasma Membrane H+-ATPase Overexpression
Increases Rice Yield via Simultaneous Enhancement of Nutrient Uptake and Photosynthesis. Nat. Commun. 2021, 12, 735.
[CrossRef]

34. Kumari, V.V.; Banerjee, P.; Verma, V.C.; Sukumaran, S.; Chandran, M.A.S.; Gopinath, K.A.; Venkatesh, G.; Yadav, S.K.; Singh, V.K.;
Awasthi, N.K. Plant Nutrition: An Effective Way to Alleviate Abiotic Stress in Agricultural Crops. Int. J. Mol. Sci. 2022, 23, 8519.
[CrossRef]

35. Koza, N.A.; Adedayo, A.A.; Babalola, O.O.; Kappo, A.P. Microorganisms in Plant Growth and Development: Roles in Abiotic
Stress Tolerance and Secondary Metabolites Secretion. Microorganisms 2022, 10, 1528. [CrossRef]

36. Michalak, A.; Wdowikowska, A.; Janicka, M. Plant Plasma Membrane Proton Pump: One Protein with Multiple Functions. Cells
2022, 11, 4052. [CrossRef] [PubMed]

https://doi.org/10.1016/j.tifs.2016.03.011
https://doi.org/10.1146/annurev-ento-120709-144810
https://doi.org/10.1007/s00425-020-03372-8
https://doi.org/10.1016/j.cj.2021.02.010
https://doi.org/10.1186/s12284-020-00384-6
https://www.ncbi.nlm.nih.gov/pubmed/32405895
https://doi.org/10.3389/fgeed.2020.00005
http://igc.int/en/gmr_summary.aspx
https://www.unfpa.org/data/world-population-dashboard
https://doi.org/10.29219/fnr.v65.7686
https://doi.org/10.1073/pnas.1421127112
https://www.ncbi.nlm.nih.gov/pubmed/25535376
https://doi.org/10.1104/pp.19.00065
https://doi.org/10.1111/tpj.14793
https://www.ncbi.nlm.nih.gov/pubmed/32365409
https://www.ncbi.nlm.nih.gov/pubmed/25665234
https://doi.org/10.3389/fpls.2019.01226
https://www.ncbi.nlm.nih.gov/pubmed/31649697
https://doi.org/10.2527/2005.8351068x
https://doi.org/10.1016/j.cj.2021.05.007
https://doi.org/10.1016/j.rsci.2021.05.013
https://doi.org/10.3390/agronomy13071699
https://doi.org/10.3390/ijms24054985
https://www.ncbi.nlm.nih.gov/pubmed/36902415
https://doi.org/10.3390/jof8060584
https://doi.org/10.1186/s12870-021-02979-7
https://doi.org/10.1111/mpp.13211
https://doi.org/10.1038/s41467-021-20964-4
https://doi.org/10.3390/ijms23158519
https://doi.org/10.3390/microorganisms10081528
https://doi.org/10.3390/cells11244052
https://www.ncbi.nlm.nih.gov/pubmed/36552816


Foods 2023, 12, 2776 16 of 18

37. Yuyu, C.; Aike, Z.; Pao, X.; Xiaoxia, W.; Yongrun, C.; Beifang, W.; Yue, Z.; Liaqat, S.; Shihua, C.; Liyong, C. Effects of GS3 and
GL3.1 for Grain Size Editing by CRISPR/Cas9 in Rice. Rice Sci. 2020, 27, 405–413. [CrossRef]

38. Li, Q.; Lu, L.; Liu, H.; Bai, X.; Zhou, X.; Wu, B.; Yuan, M.; Yang, L.; Xing, Y. A Minor QTL, SG3, Encoding an R2R3-MYB Protein,
Negatively Controls Grain Length in Rice. Theor. Appl. Genet. 2020, 133, 2387–2399. [CrossRef] [PubMed]

39. Wang, S.; Wu, K.; Qian, Q.; Liu, Q.; Li, Q.; Pan, Y.; Ye, Y.; Liu, X.; Wang, J.; Zhang, J.; et al. Non-Canonical Regulation of SPL
Transcription Factors by a Human OTUB1-like Deubiquitinase Defines a New Plant Type Rice Associated with Higher Grain
Yield. Cell Res. 2017, 27, 1142–1156. [CrossRef]

40. Ma, X.; Feng, F.; Zhang, Y.; Elesawi, I.E.; Xu, K.; Li, T.; Mei, H.; Liu, H.; Gao, N.; Chen, C.; et al. A Novel Rice Grain Size Gene
OsSNB Was Identified by Genome-Wide Association Study in Natural Population. PLoS Genet. 2019, 15, e1008191. [CrossRef]

41. Feng, Y.; Yuan, X.; Wang, Y.; Yang, Y.; Zhang, M.; Yu, H.; Xu, Q.; Wang, S.; Niu, X.; Wei, X. Validation of a QTL for Grain Size and
Weight Using an Introgression Line from a Cross between Oryza Sativa and Oryza Minuta. Rice 2021, 14, 43. [CrossRef]

42. Shim, K.-C.; Kim, S.H.; Jeon, Y.-A.; Lee, H.-S.; Adeva, C.; Kang, J.-W.; Kim, H.-J.; Tai, T.H.; Ahn, S.-N. A RING-Type E3 Ubiquitin
Ligase, OsGW2, Controls Chlorophyll Content and Dark-Induced Senescence in Rice. Int. J. Mol. Sci. 2020, 21, 1704. [CrossRef]

43. Zheng, J.; Zhang, Y.; Wang, C. Molecular Functions of Genes Related to Grain Shape in Rice. Breed. Sci. 2015, 65, 120–126.
[CrossRef]

44. Li, X.; Wei, Y.; Li, J.; Yang, F.; Chen, Y.; Chen, Y.; Guo, S.; Sha, A. Identification of QTL TGW12 Responsible for Grain Weight in
Rice Based on Recombinant Inbred Line Population Crossed by Wild Rice (Oryza minuta) Introgression Line K1561 and Indica
Rice G1025. BMC Genet. 2020, 21, 10. [CrossRef]

45. Ma, L.; Li, T.; Hao, C.; Wang, Y.; Chen, X.; Zhang, X. TaGS5-3A, a Grain Size Gene Selected during Wheat Improvement for Larger
Kernel and Yield. Plant Biotechnol. J. 2016, 14, 1269–1280. [CrossRef]

46. Li, S.; Gao, F.; Xie, K.; Zeng, X.; Cao, Y.; Zeng, J.; He, Z.; Ren, Y.; Li, W.; Deng, Q.; et al. The OsmiR396c-OsGRF4-OsGIF1
Regulatory Module Determines Grain Size and Yield in Rice. Plant Biotechnol. J. 2016, 14, 2134–2146. [CrossRef] [PubMed]

47. Hu, M.-J.; Zhang, H.-P.; Cao, J.-J.; Zhu, X.-F.; Wang, S.-X.; Jiang, H.; Wu, Z.Y.; Lu, J.; Chang, C.; Sun, G.-L.; et al. Characterization
of an IAA-Glucose Hydrolase Gene TaTGW6 Associated with Grain Weight in Common Wheat (Triticum aestivum L.). Mol. Breed.
2016, 36, 25. [CrossRef]

48. Ye, X.; Al-Babili, S.; Kloti, A.; Zhang, J.; Lucca, P.; Beyer, P.; Potrykus, I. Engineering the Provitamin A (β-Carotene) Biosynthetic
Pathway into (Carotenoid-Free) Rice Endosperm. Science 2000, 287, 303. [CrossRef]

49. Römer, S.; Fraser, P.D.; Kiano, J.W.; Shipton, C.A.; Misawa, N.; Schuch, W.; Bramley, P.M. Elevation of the Provitamin A Content
of Transgenic Tomato Plants. Nat. Biotechnol. 2000, 18, 666–669. [CrossRef]

50. Saini, P.; Singh, C.; Kumar, P.; Bishnoi, S.; Francies, R. Breeding for Nutritional Quality Improvement in Field Crops; MD Publishers
New Delhi: New Delhi, Indina, 2020; pp. 200–264, ISBN 978-93-89235-25-8.

51. Grune, T.; Lietz, G.; Palou, A.; Ross, A.C.; Stahl, W.; Tang, G.; Thurnham, D.; Yin, S.; Biesalski, H.K. β-Carotene Is an Important
Vitamin A Source for Humans123. J. Nutr. 2010, 140, 2268S–2285S. [CrossRef] [PubMed]

52. Tang, G.; Qin, J.; Dolnikowski, G.G.; Russell, R.M.; Grusak, M.A. Golden Rice Is an Effective Source of Vitamin A23. Am. J. Clin.
Nutr. 2009, 89, 1776–1783. [CrossRef]

53. Fiaz, S.; Ahmad, S.; Noor, M.A.; Wang, X.; Younas, A.; Riaz, A.; Riaz, A.; Ali, F. Applications of the CRISPR/Cas9 System for Rice
Grain Quality Improvement: Perspectives and Opportunities. Int. J. Mol. Sci. 2019, 20, 888. [CrossRef]

54. Han, F.; Han, F.; Wang, Y.; Fan, L.; Song, G.; Chen, X.; Jiang, P.; Miao, H.; Han, Y. Digestible Indispensable Amino Acid Scores of
Nine Cooked Cereal Grains. Br. J. Nutr. 2019, 121, 30–41. [CrossRef]

55. FAO. Dietary Protein Quality Evaluation in Human Nutrition: Report of an FAO Expert Consultation, 31 March-2 April, 2011, Auckland,
New Zealand; Food and Agriculture Organization of the United Nations, Ed.; FAO Food and Nutrition Paper; Food and Agriculture
Organization of the United Nations: Rome, Italy, 2013; ISBN 978-92-5-107417-6.

56. Liu, X.; Zhang, C.; Wang, X.; Liu, Q.; Yuan, D.; Pan, G.; Sun, S.S.M.; Tu, J. Development of High-Lysine Rice via Endosperm-Specific
Expression of a Foreign LYSINE RICH PROTEIN Gene. BMC Plant Biol. 2016, 16, 147. [CrossRef]

57. Xu, M.; Zhao, S.; Zhang, Y.; Yin, H.; Peng, X.; Cheng, Z.; Yang, Z.; Zheng, J. Production of Marker-Free Transgenic Rice (Oryza
sativa L.) with Improved Nutritive Quality Expressing AmA1. Iran. J. Biotechnol. 2017, 15, 102–110. [CrossRef]

58. Zhou, Y.; Cai, H.; Xiao, J.; Li, X.; Zhang, Q.; Lian, X. Over-Expression of Aspartate Aminotransferase Genes in Rice Resulted in
Altered Nitrogen Metabolism and Increased Amino Acid Content in Seeds. Theor. Appl. Genet. 2009, 118, 1381–1390. [CrossRef]
[PubMed]

59. Jiang, S.-Y.; Ma, A.; Xie, L.; Ramachandran, S. Improving Protein Content and Quality by Over-Expressing Artificially Synthetic
Fusion Proteins with High Lysine and Threonine Constituent in Rice Plants. Sci. Rep. 2016, 6, 34427. [CrossRef] [PubMed]

60. Yang, Q.; Zhang, C.; Chan, M.; Zhao, D.; Chen, J.; Wang, Q.; Li, Q.; Yu, H.; Gu, M.; Sun, S.S.; et al. Biofortification of Rice with
the Essential Amino Acid Lysine: Molecular Characterization, Nutritional Evaluation, and Field Performance. J. Exp. Bot. 2016,
67, 4285–4296. [CrossRef]

61. Kawakami, Y.; Bhullar, N.K. Molecular processes in iron and zinc homeostasis and their modulation for biofortification in rice.
J. Integr. Plant Biol. 2018, 60, 1181–1198. [CrossRef]

62. Ludwig, Y.; Slamet-Loedin, I.H. Genetic Biofortification to Enrich Rice and Wheat Grain Iron: From Genes to Product. Front. Plant
Sci. 2019, 10, 833. [CrossRef] [PubMed]

https://doi.org/10.1016/j.rsci.2019.12.010
https://doi.org/10.1007/s00122-020-03606-z
https://www.ncbi.nlm.nih.gov/pubmed/32472264
https://doi.org/10.1038/cr.2017.98
https://doi.org/10.1371/journal.pgen.1008191
https://doi.org/10.1186/s12284-021-00472-1
https://doi.org/10.3390/ijms21051704
https://doi.org/10.1270/jsbbs.65.120
https://doi.org/10.1186/s12863-020-0817-x
https://doi.org/10.1111/pbi.12492
https://doi.org/10.1111/pbi.12569
https://www.ncbi.nlm.nih.gov/pubmed/27107174
https://doi.org/10.1007/s11032-016-0449-z
https://doi.org/10.1126/science.287.5451.303
https://doi.org/10.1038/76523
https://doi.org/10.3945/jn.109.119024
https://www.ncbi.nlm.nih.gov/pubmed/20980645
https://doi.org/10.3945/ajcn.2008.27119
https://doi.org/10.3390/ijms20040888
https://doi.org/10.1017/S0007114518003033
https://doi.org/10.1186/s12870-016-0837-x
https://doi.org/10.15171/ijb.1527
https://doi.org/10.1007/s00122-009-0988-3
https://www.ncbi.nlm.nih.gov/pubmed/19259642
https://doi.org/10.1038/srep34427
https://www.ncbi.nlm.nih.gov/pubmed/27677708
https://doi.org/10.1093/jxb/erw209
https://doi.org/10.1111/jipb.12751
https://doi.org/10.3389/fpls.2019.00833
https://www.ncbi.nlm.nih.gov/pubmed/31379889


Foods 2023, 12, 2776 17 of 18

63. Johnson, A.A.T.; Kyriacou, B.; Callahan, D.L.; Carruthers, L.; Stangoulis, J.; Lombi, E.; Tester, M. Constitutive Overexpression of
the OsNAS Gene Family Reveals Single-Gene Strategies for Effective Iron- and Zinc-Biofortification of Rice Endosperm. PLoS
ONE 2011, 6, e24476. [CrossRef]

64. Shahbaz, U.; Yu, X.-B.; Akhtar, W.; Ndagijimana, R.; Rauf, H. Golden Rice to Eradicate the Vitamin A Deficiency in the Developing
Countries. Eur. J. Nutr. Food Saf. 2020, 12, 53–63. [CrossRef]

65. Verma, D.K.; Srivastav, P.P. Bioactive Compounds of Rice (Oryza sativa L.): Review on Paradigm and Its Potential Benefit in
Human Health. Trends Food Sci. Technol. 2020, 97, 355–365. [CrossRef]

66. Xu, K.; Zhang, B.; Liu, Y.; Mi, B.; Wang, Y.; Shen, Y.; Shi, G.; Dang, S.; Liu, X.; Yan, H. Staple Food Preference and Obesity
Phenotypes: The Regional Ethnic Cohort Study in Northwest China. Nutrients 2022, 14, 5243. [CrossRef]

67. Juliano, B.O. Rice: Role in diet. In Encyclopedia of Food and Health; Caballero, B., Finglas, P.M., Toldrá, F., Eds.; Academic Press:
Oxford, UK, 2016; pp. 641–645, ISBN 978-0-12-384953-3.

68. Su, X.; Xu, J.; Rhodes, D.; Shen, Y.; Song, W.; Katz, B.; Tomich, J.; Wang, W. Identification and Quantification of Anthocyanins in
Transgenic Purple Tomato. Food Chem. 2016, 202, 184–188. [CrossRef]

69. Ayella, A.K.; Trick, H.N.; Wang, W. Enhancing Lignan Biosynthesis by Over-Expressing Pinoresinol Lariciresinol Reductase in
Transgenic Wheat. Mol. Nutr. Food Res. 2007, 51, 1518–1526. [CrossRef] [PubMed]

70. Ravichanthiran, K.; Ma, Z.F.; Zhang, H.; Cao, Y.; Wang, C.W.; Muhammad, S.; Aglago, E.K.; Zhang, Y.; Jin, Y.; Pan, B. Phytochemical
Profile of Brown Rice and Its Nutrigenomic Implications. Antioxidants 2018, 7, 71. [CrossRef]

71. Hosseini Dastgerdi, A.; Sharifi, M.; Soltani, N. GABA Administration Improves Liver Function and Insulin Resistance in Offspring
of Type 2 Diabetic Rats. Sci. Rep. 2021, 11, 23155. [CrossRef] [PubMed]

72. Imam, M.U.; Azmi, N.H.; Bhanger, M.I.; Ismail, N.; Ismail, M. Antidiabetic Properties of Germinated Brown Rice: A Systematic
Review. Evid.-Based Complement. Altern. Med. 2012, 2012, 816501. [CrossRef]

73. Kumar, A.; Agarwal, D.K.; Kumar, S.; Reddy, Y.M.; Chintagunta, A.D.; Saritha, K.V.; Pal, G.; Kumar, S.P.J. Nutraceuticals Derived
from Seed Storage Proteins: Implications for Health Wellness. Biocatal. Agric. Biotechnol. 2019, 17, 710–719. [CrossRef]

74. Morita, H.; Uno, Y.; Umemoto, T.; Sugiyama, C.; Matsumoto, M.; Wada, Y.; Ishizuka, T. Effect of gamma-aminobutyric acid-rich
germinated brown rice on indexes of life-style related diseases. Nihon Ronen Igakkai Zasshi Jpn. J. Geriatr. 2004, 41, 211–216.
[CrossRef] [PubMed]

75. Kazemzadeh, M.; Safavi, S.M.; Nematollahi, S.; Nourieh, Z. Effect of Brown Rice Consumption on Inflammatory Marker and
Cardiovascular Risk Factors among Overweight and Obese Non-Menopausal Female Adults. Int. J. Prev. Med. 2014, 5, 478–488.

76. Ronchetti, D.; Borghi, V.; Gaitan, G.; Herrero, J.F.; Impagnatiello, F. NCX 2057, a Novel NO-Releasing Derivative of Ferulic
Acid, Suppresses Inflammatory and Nociceptive Responses in in Vitro and in Vivo Models. Br. J. Pharmacol. 2009, 158, 569–579.
[CrossRef]

77. Hafeez, U.; Ali, M.; Hassan, S.M.; Akram, M.A.; Zafar, A. Advances in Breeding and Engineering Climate-Resilient Crops: A
Comprehensive Review. Int. J. Res. Adv. Agric. Sci. 2023, 2, 85–99.

78. Haider, Z.; Ahmad, I.; Zia, S.; Gan, Y. Recent Developments in Rice Molecular Breeding for Tolerance to Heavy Metal Toxicity.
Agriculture 2023, 13, 944. [CrossRef]

79. Giri, J.; Parida, S.K.; Raghuvanshi, S.; Tyagi, A.K. Emerging Molecular Strategies for Improving Rice Drought Tolerance. Curr.
Genom. 2021, 22, 16–25. [CrossRef]

80. Guo, L.-M.; Li, J.; He, J.; Liu, H.; Zhang, H.-M. A Class I Cytosolic HSP20 of Rice Enhances Heat and Salt Tolerance in Different
Organisms. Sci. Rep. 2020, 10, 1383. [CrossRef] [PubMed]

81. Deng, C.; Ye, H.; Fan, M.; Pu, T.; Yan, J. The Rice Transcription Factors OsICE Confer Enhanced Cold Tolerance in Transgenic
Arabidopsis. Plant Signal. Behav. 2017, 12, e1316442. [CrossRef] [PubMed]

82. Perata, P. The Rice SUB1A Gene: Making Adaptation to Submergence and Post-Submergence Possible. Plant Cell Environ. 2018,
41, 717–720. [CrossRef]

83. Blancquaert, D.; Daele, J.V.; Strobbe, S.; Kiekens, F.; Storozhenko, S.; Steur, H.D.; Gellynck, X.; Lambert, W.; Stove, C.;
Straeten, D.V.D. Improving Folate (Vitamin B9) Stability in Biofortified Rice through Metabolic Engineering. Nat. Biotech-
nol. 2015, 33, 1076–1081. [CrossRef]

84. Connorton, J.M.; Balk, J. Iron Biofortification of Staple Crops: Lessons and Challenges in Plant Genetics. Plant Cell Physiol. 2019,
60, 1447–1456. [CrossRef] [PubMed]

85. Reddy, M.; Turaidar, V.; Anantapur, K.K.N.R.; Bharani, S.S.; Dalawai, N. Enhancement of iron and zinc in rice grain through
biofortification approach. Int. J. Curr. Microbiol. App. Sci. 2018, 7, 628–637.

86. Lee, S.; An, G. Over-Expression of OsIRT1 Leads to Increased Iron and Zinc Accumulations in Rice. Plant Cell Environ. 2009,
32, 408–416. [CrossRef]

87. Tozawa, Y.; Hasegawa, H.; Terakawa, T.; Wakasa, K. Characterization of Rice Anthranilate Synthase α-Subunit Genes OASA1 and
OASA2. Tryptophan Accumulation in Transgenic Rice Expressing a Feedback-Insensitive Mutant of OASA1. Plant Physiol. 2001,
126, 1493–1506. [CrossRef]

88. Zhang, L.; Xia, Y.; Dong, Y.; Xie, T.; Sun, W.; Yu, S. Natural Variation of Fatty Acid Desaturase Gene Affects Linolenic Acid Content
and Starch Pasting Viscosity in Rice Grains. Int. J. Mol. Sci. 2022, 23, 12055. [CrossRef]

89. Ogo, Y.; Mori, T.; Nakabayashi, R.; Saito, K.; Takaiwa, F. Transgenic Rice Seed Expressing Flavonoid Biosynthetic Genes
Accumulate Glycosylated and/or Acylated Flavonoids in Protein Bodies. J. Exp. Bot. 2016, 67, 95–106. [CrossRef] [PubMed]

https://doi.org/10.1371/journal.pone.0024476
https://doi.org/10.9734/ejnfs/2020/v12i130184
https://doi.org/10.1016/j.tifs.2020.01.007
https://doi.org/10.3390/nu14245243
https://doi.org/10.1016/j.foodchem.2016.01.128
https://doi.org/10.1002/mnfr.200700233
https://www.ncbi.nlm.nih.gov/pubmed/18030664
https://doi.org/10.3390/antiox7060071
https://doi.org/10.1038/s41598-021-02324-w
https://www.ncbi.nlm.nih.gov/pubmed/34848753
https://doi.org/10.1155/2012/816501
https://doi.org/10.1016/j.bcab.2019.01.044
https://doi.org/10.3143/geriatrics.41.211
https://www.ncbi.nlm.nih.gov/pubmed/15148760
https://doi.org/10.1111/j.1476-5381.2009.00324.x
https://doi.org/10.3390/agriculture13050944
https://doi.org/10.2174/1389202921999201231205024
https://doi.org/10.1038/s41598-020-58395-8
https://www.ncbi.nlm.nih.gov/pubmed/31992813
https://doi.org/10.1080/15592324.2017.1316442
https://www.ncbi.nlm.nih.gov/pubmed/28414264
https://doi.org/10.1111/pce.13122
https://doi.org/10.1038/nbt.3358
https://doi.org/10.1093/pcp/pcz079
https://www.ncbi.nlm.nih.gov/pubmed/31058958
https://doi.org/10.1111/j.1365-3040.2009.01935.x
https://doi.org/10.1104/pp.126.4.1493
https://doi.org/10.3390/ijms231912055
https://doi.org/10.1093/jxb/erv429
https://www.ncbi.nlm.nih.gov/pubmed/26438413


Foods 2023, 12, 2776 18 of 18

90. FAO. World Food and Agriculture—Statistical Yearbook 2022; FAO Statistical Yearbook—World Food and Agriculture; FAO: Rome,
Italy, 2022; ISBN 978-92-5-136930-2.

91. Itoh, M.; Sudo, S.; Mori, S.; Saito, H.; Yoshida, T.; Shiratori, Y.; Suga, S.; Yoshikawa, N.; Suzue, Y.; Mizukami, H.; et al. Mitigation of
Methane Emissions from Paddy Fields by Prolonging Midseason Drainage. Agric. Ecosyst. Environ. 2011, 141, 359–372. [CrossRef]

92. Su, J.; Hu, C.; Yan, X.; Jin, Y.; Chen, Z.; Guan, Q.; Wang, Y.; Zhong, D.; Jansson, C.; Wang, F.; et al. Expression of Barley SUSIBA2
Transcription Factor Yields High-Starch Low-Methane Rice. Nature 2015, 523, 602–606. [CrossRef] [PubMed]

93. Linquist, B.; van Groenigen, K.J.; Adviento-Borbe, M.A.; Pittelkow, C.; van Kessel, C. An Agronomic Assessment of Greenhouse
Gas Emissions from Major Cereal Crops. Glob. Chang. Biol. 2012, 18, 194–209. [CrossRef]

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

https://doi.org/10.1016/j.agee.2011.03.019
https://doi.org/10.1038/nature14673
https://www.ncbi.nlm.nih.gov/pubmed/26200336
https://doi.org/10.1111/j.1365-2486.2011.02502.x

	Introduction 
	A Potential Solution to Hunger 
	Increasing the Grain Size of Rice 
	Increasing the Yield of Rice 
	Enhancing the Nutrient Content of Rice Grains 

	Potential Health Benefits 
	Bioactive Compounds 
	Antioxidant Activity 
	Anti-Diabetic Activity 
	Anti-Inflammatory Activity 

	Addressing Climate Change 
	Implications, Limitations, and Future Research 
	Conclusions 
	References

