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Highlights 
To lower the glycemic index of rice 
and increase resistant starch without 
compromising yield and sensory attri-
butes, it is essential to understand the 
role of starch biosynthetic genes and 
other regulatory networks. 

Most gene-edited lines with high am-
ylose content and resistant starch 
have not been tested for their glyce-
mic index properties, leading to their 
The prevalence of type 2 diabetes is rising worldwide, particularly in Asia, where 
rice is a dietary staple. Hence, it is essential to consume low glycemic index (GI) 
food. Here, we review the potential of low GI and high resistant starch (RS) of rice 
to mitigate diabetes risk. Progress has been made in lowering the GI of rice with-
out compromising yield and grain quality through marker-assisted breeding 
techniques. To enhance RS content, mutation breeding and genome editing 
were used. Deployment of these new varieties in global food systems remains 
critical through policy initiatives such as ‘Seeds without Borders’ and the wide-
spread deregulation of genome editing plants that can expedite the wider adop-
tion of low-GI and high-RS rice. 
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underutilization. 

Developing low-glycemic index rice is 
crucial, and deploying it in the global 
food systems through initiatives like the 
‘Seeds without Borders’ policy can help 
mitigate the growing prevalence of dia-
betes in Asia.
Importance of breeding low-GI rice as a healthier dietary choice 
The substantial burden of diabetes on healthcare systems worldwide is underscored by esti-
mates from the International Diabetes Federation (IDF) suggesting that in 2021, 537 million indi-
viduals were affected by diabetes, resulting in global health expenditures of US$966 billion, a 
figure projected to exceed US$1054 billion by 2045 [1]. The escalating prevalence of diabetes 
mellitus worldwide is particularly pronounced in low- and middle-income countries (LMICs), 
where 80% of cases occur, underscoring the challenge of limited resources for prevention and 
management [2]. This global increase in diabetes has been accelerated by the nutritional shift to-
ward a more calorie-dense diet, coupled with increased consumption of sugary drinks, 
ultraprocessed foods, and refined carbohydrates [e.g., white rice (Oryza sativa) and polished 
wheat (Triticum aestivum)][2]. In many LMICs, due to undergoing rapid economic development 
and nutritional transition, white rice serves as a staple food. However, an elevated consumption 
of white rice has been linked to a heightened risk of diabetes, especially notable in Asian countries 
(Table S1 in the supplemental information online) [3]. The Global Burden of Disease (GBD) study 
of 2017 linked the development of diabetes to poor diet and 12 other risk factors [4]. In mitigating 
the risk of diabetes, a diet characterized by the regular consumption of all five food groups, 
with an emphasis on introducing whole grains and enhancing the quality of starch to lower the 
GI (see Glossary) in starchy staples while promoting the diverse range of dairy, fruits, and 
vegetables, is crucial [5,6]. 

Whole grain rice varieties present a viable alternative owing to their generally lower GI than white 
rice, which can be attributed to their elevated fiber content and reduced absorption rate. How-
ever, challenges pertaining to shelf-life and palatability have hampered their adoption in regions 
where milled rice constitutes a major dietary staple. Several efforts have focused on modifying 
starch-related genes to increase RS content [7,8], as higher RS levels result in a more controlled 
release of glucose and gradual rise in blood sugar levels [7]. However, increasing RS content 
often comes with a trade-off in texture, which has posed challenges to integrating these traits 
into breeding programs. In a molecular sense, high RS content and elevated amylose levels
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Glossary 
Amylose content: refers to the 
proportion of amylose, a linear polymer 
of glucose, in starch. It affects the texture 
and digestibility of starchy foods. 
Disability-adjusted life year (DALYs): 
a measure used to assess the overall 
burden of disease. It combines years of 
life lost due to premature mortality and 
years lived with disability, providing a 
comprehensive view of the impact of 
health conditions on a population. 
Genome-wide association study: a 
research method used to identify genetic 
variations associated with specific  traits  
by scanning the genomes of many 
individual s.
Glycemic index (GI): a  measure  of  
how quickly a carbohydrate-containing 
food raises blood glucose levels after 
being consum ed.
Resistant starch (RS): a  type  of  starch  
that resists digestion in the small 
intestine and ferments in the large 
intestine, acting like dietary fibe r.
Starch branching enzymes (SBE): 
enzymes that catalyze the formation of 
branch points in starch molecules by 
breaking and reattaching the glucose 
chains. This branching is essential for 
creating the highly branched structure of 
amylopectin, a major component of 
starch. 
Transcriptome-wide association 
study: a research approach that links 
gene expression data with genetic 
variations to identify genes associated 
with traits or diseases.
can form strong hydrogen bonds, which can lead to a firmer and more gel-like consistency 
when cooked. Since texture is a key factor in consumer preference for rice worldwide [9], a 
more focused breeding approach is essential, using advanced breeding strategies to lower 
the GI of white rice without impairing palatability. Currently, only a few cultivars with low GI 
properties are available in the market (Table S2 in the supplemental information online), high-
lighting the need for breeding strategies aimed at developing mapping populations capable 
of producing rice with low GI properties without compromising grain quality and yield. Such a 
strategy holds great promise in mitigating the risk of type 2 diabetes, particularly in countries 
heavily reliant on white rice as their staple food. It can also contribute to poverty reduction by 
enabling smallholder farmers to capture high-value market opportunities for nutritionally 
enhanced rice.

Here, we review the genetic traits that produce low-GI and high-RS rice varieties. These traits can 
help convert popular rice varieties to optimize slow caloric release, addressing the health benefits 
for Asian and African populations that rely heavily on milled rice as a dietary staple amid the rapid 
rise in diabetes rates. 

Facing the prevalence of diabetes in Asia and preventing a possible future 
epidemic in Africa 
The Green Revolution launched in the 1960s through the introduction of high-yielding semidwarf 
varieties transformed food production, reduced poverty, and sustained the caloric needs of 
millions by achieving food security of Asian populations [10,11]. In the post-Green Revolution pe-
riod, Asia lost the wider cultivation of indigenous crops, like some legumes, millets, and sorghum, 
between 1961 and 2017i . A massive population in Asia shifted from a diet prominently featuring 
millet, a grain rich in fiber and micronutrients, to a cereal-based diet with very high capita rice con-
sumption of milled rice. The GBD study of 2021 projects that developing countries will witness a 
more than twofold increase in diabetes prevalence rates by 2050 (Figure 1A). Several meta-
analyses have shown that the consumption of polished rice is associated with the prevalence 
of type 2 diabetes (Table S1 in the supplemental information online) [12,13]. We quantified poten-
tial impacts following standard methods based on disability-adjusted life-years (DALYs) as a 
metric [14,15]. We modeled apparent relative nutrient intake levels by inversing the normalized re-
lationship between undernourishment and relative calorie intake [16] and applying the functional 
form to DALYs lost due to diabetes to calculate high-GI intake. The three largest consumers of 
rice suffer significantly from the burden of diabetes: India suffers the most with 11.2 million 
DALYs, followed by China with 10.0 million DALYs and then Indonesia with 4.4 million DALYs 
[13]. Since per capita consumption of white rice as a staple food in many countries of Asia is 
very high, it is likely the predominant contributor to dietary glycemic load. In fact, high dietary gly-
cemic load is associated with elevated risk of diabetes [17]. A Lancet study reported India as a 
hotspot for increasing prevalence of diabetes, projecting a surge of more than 101 million 
cases by 2023 [18]. In some regions of China, white rice accounts for 73.9% of the dietary glyce-
mic load, with incidences of diabetes of more than 141 million cases, with over 50% of cases un-
diagnosed [17,19]. Regrettably, the associated mortality in China stands at nearly 1.4 million, and 
diabetes-related health expenditures have soared to US$165.3 billion, reflecting a substantial 
economic burden [19]. The cumulative cases of diabetes in India and China collectively represent 
60% of the total population living with diabetes in Asia. In addition, there is a high prevalence of 
diabetes cases in other rice-consuming countries in Southeast Asia and this is projected to rise 
by 68%, reaching 152 million individuals by 2045 [12]. Generally, Asian diabetic patients face 
an elevated risk of developing long-term complications associated with diabetes due to the earlier 
onset of the disease [20]. Food as medicine sits at the cross roads of healthcare and nutrition, 
where high-quality carbohydrate low-GI rice varieties will likely bring healthier diet options in Asia.
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Figure 1. Trends in diabetes prevalence and rice consumption. (A) Projected relative change (%) in diabetes prevalence from 2021 to 2050 indicates a rising 
incidence of type 2 diabetes across Asia, with Africa also expected to experience a significant increase in diabetes prevalence by 2050. (B) Scatter plot illustrating the re-
lationship between diabetes prevalence rate and gross domestic product (GDP) shows that low- to middle-income countries bear a higher burden of type 2 diabetes than 
both very low- and high-income countries. (C) Proportion of total caloric intake derived from rice (%) reveals that Asia has the highest rice consumption, followed by 
South America and Africa. (D) Estimated percent reduction in diabetes burden (disability-adjusted life-years) resulting from the adoption of low-glycemic index rice high-
lights potential health benefits for rice-consuming countries.
African diets historically centered on staple crops like coarse grains (e.g., maize and sorghum) 
and tubers such as cassava. However, there has been a gradual shift toward increased rice con-
sumption attributed to economic growth and the corresponding preference of consumers for fine 
grains such as rice [21]. The demand for rice quadrupled from approximately 10 million metric 
tons to 40 million metric tons between 1990 and 2018, driven by rapid population growth 
(+113%) and changing diets. By 2050, demand for rice in Africa will reach approximately 150 million 
metric tons due to continued population growth and an increase in rice consumption per capita 
[22]. Historically, countries with higher reductions in the per capita burden of chronic hunger 
also experienced higher rises in the per capita burden of diabetes (Figure 2). If these past trends 
persist, future reductions in undernutrition will be more than offset by increases in calorie-rich-
associated noncommunicable diseases (NCDs) [23]. Diabetes prevalence rates are expected 
to more than double in the Middle East (Oman, Syria, United Arab Emirates, and Iran) and 
Africa (Kenya, Tanzania, Libya, Sudan, Zimbabwe, and Botswana; Figures 1A  an  d 2). The 
IDF estimates that 24 million people are living with diabetes in Africa, a number predicted to in-
crease by 129% to 55 millionii . Furthermore, 59.7% of diabetes cases in Africa remain undiag-
nosed, representing the highest percentage of undiagnosed cases in the world. Higher 
proportions of undiagnosed cases are found in low-income countries than in middle-income 
countriesii . Despite various initiatives, including national strategies aimed at improving the avail-
ability of medicines for diabetes, up to 75% of diabetic patients face challenges in accessing 
the necessary medications (e.g., insulin) [24].
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Figure 2. Scatter plot illustrating the annualized growth (1990–2019) in the per capita burden of diabetes versus the annualized growth in the per capita 
burden of chronic hunger reveals that future reductions in undernutrition are expected to be outweighed by increases in noncommunicable diseases 
associated with calorie-rich diets. Note, African countries are labeled using their ISO3 country code. Abbreviation: DALYs, disability-adjusted life-years. 
Diabetes prevalence rates tend to follow an inverted U-shaped ‘Kuznets’ curve, where rates ini-
tially increase as countries become wealthier but later decline as governments implement public 
health policies (Figure 1B). Recent studies highlight the role of public policy in fostering healthy 
habits, particularly in children, by promoting physical activity and nutritious diets to counteract 
the harmful effects of processed food consumption and sugary drinks as well as reduced physical 
movement [23,25]. In response, nutritional interventions should focus on two key strategies: 
(i) converting starchy staples into healthier carbohydrates that are rich in RS and dietary fiber 
and possess low-GI properties and (ii) diversifying diets by introducing nutritious crops through 
crop rotations to ensure access to high-quality food products that provide more than just calo-
ries, thus addressing the double burden of malnutrition. One promising approach is to deploy 
rice varieties with a low GI that are enriched with fiber and antioxidants and maintain superior 
grain quality without sacrificing yield. These varieties could help combat the growing diabetes ep-
idemic, particularly in low- and middle-income populations in Asia and Africa. 

Widespread adoption of the intermediate- to low-GI trait in breeding rice with 
acceptable texture 
To breed low-GI varieties, two different breeding strategies must be deployed. The first approach 
includes deploying important landrace with a low-GI phenotype with good texture to create re-
combinant inbred and near-isogenic lines. The second approach is deploying the mutation 
breeding strategies to develop low-GI varieties with high RS content (Figures 3 and 4). Developing 
low-GI rice lines while simultaneously considering good texture with low chalk and higher head 
rice yield via conventional breeding is critical to meet the consumer demand. The ratio of amylose
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(A) (B)

Figure 3. Development of low glycemic index (GI) and high resistant starch (RS) rice. (A) The impact of increasing amylose content (AC) and RS on reducing the 
GI of rice is primarily driven by key starch biosynthetic genes. These genes, along with those involved in amino acid metabolism, lipid synthesis, and nonstarch 
polysaccharide formation, contribute to lowering the overall digestibility of rice. The schematic representation was adapted from Butardo and Sreenivasulu [53]. 
(B) Timeline of high-RS and low-GI rice development through mutation breeding strategies and genome editing and RNA interference (RNAi) technology, illustrating the 
key targeted genes and the associated penalties on yield and sensory attributes over recent decades. Abbreviations: BE, branching enzyme; Chr, chromosome; EM, 
ethyl methanesulfonate; GBSS, granule-bound starch synthase; Indel, insertion/deletion; NIL, near-isogenic line; pGI, predictive glycemic index; QTL, quantitative trait 
loci; RIL, recombinant inbred lines; SBE, starch branching enzyme; SS, starch synthase; OsTPR, nuclear pore anchor similarity to translocated promote region.
to amylopectin is an important factor of starch quality that plays a pivotal role in determining the 
glycemic response and the textural attributes [7,26]. Amylose is characterized by elongated 
chains of glucans connected by α-1,4-glycosidic bonds, forming a linear structure. By contrast, 
amylopectin consists of highly branched glucans of β-1,6-glycosidic bonds linked to linear chains 
of α-1,4-glycosidic bonds. Enzymatic degradation by amylases can act at a single endpoint in 
amylose, resulting in slower digestion. Besides main starch components [8], oligosaccharides 
can contribute to low-GI properties of rice by resisting digestion in the small intestine, leading 
to slower glucose release into the bloodstream [27]. 

Historically, the amylose/amylopectin ratio was considered the sole factor influencing the GI. 
However, a nonsignificant correlation between the GI and amylose content unraveled within 
an indica diversity panel of 305 indica rice landraces with only three germplasms found to pos-
sess characteristic low-GI features [28]. Besides starch components, dietary fiber (primarily com-
posed of pectin, arabinogalactan, and xylan) is crucial in lowering the GI of rice [29]. Within 
temperate japonica, screening 25 Italian rice varieties for their in vivo GI measurements in humans 
by measuring blood glucose levels determined that only five varieties were low GI [30]. Although 
in vivo GI measurements accurately measure the GI of rice, this process is laborious and expen-
sive, a fact that greatly restricts its use in breeding programs. A recently established in vitro GI 
measurement approach with a high correlation to in vivo methods (r2 =  0.96–0.97) provides a 
considerably more rapid and more economical alternative, enabling breeding programs to
Trends in Plant Science, June 2025, Vol. 30, No. 6 607
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Figure 4. Breeding strategies in developing low glycemic index (GI)-rice. (A) Strategy 1 involves conventional breeding by developing mapping populations in 
different background and maturity. (B) Strategy 2 involves mutation breeding or gene editing that focuses on the main starch biosynthetic genes to increase amylose 
content and resistant starch, thereby lowering rice digestibility, and deploy machine learning tools to overcome the barrier of grain quality.
effectively identify low-GI germplasms during prebreeding [31]. Once validated through in vitro GI 
measurements, continuous glucose monitoring for in vivo GI measurements can be deployed to 
determine the human GI response of the food matrix [32]. 

The GI of high-yielding varieties of rice are in the range of intermediate to high in glycemic response 
ranging from 65 to 94, with very few varieties possessing characteristic features of low-GI germ-
plasm (Table S2 in the supplemental information online) [33]. During the postdomestication pro-
cess, there has been a global shift from high- to low-amylose rice selection, which matches the 
preference for a smooth texture, leading to preferential selection of the mutated Wxb allele of gran-
ule-bound starch synthase (GBSS1) in japonica varieties at the 5’ splice site of the exon/intron 
boundary while retaining the Wxa allele in indica from weedy rice [28,34]. This has inadvertently 
led to the rapid digestibility of rice with high-GI values [35]. A transcriptome-wide association 
study coupled with a genome-wide association study identified the genomic region GI6.1 on 
chromosome 6 responsible for lowering the GI in rice [28]. This region includes 26 genes, 
among which GBSS1, substandard starch grain 6, and glucan endo-1,3-β-glucosidase 7 were 
related to the starch and dietary fiber pathways. To breed intermediate GI with soft texture, a 
novel 2-SNP haplotype of the GBSS1 gene that is critical for consumer preference due to a balance 
between starch digestibility and textural attributes was identified [28]. The alternative splicing allele 
(the G allele of Wxa ) primarily influences GI variation, while exon 10 (C allele) is related to low final 
viscosity with higher initial starchy coating texture. The GC haplotype of GBSS is associated with 
intermediate GI and soft texture among indica populations, suitable for consumption in East and 
Southeast Asian countries, while the GT haplotype is linked to intermediate GI with a hard and co-
hesive texture preferentially enriched in South Asian countries [36]. Indeed, an expanding body of
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evidence has brought to light the complexity of GI as a trait, indicating that it is not only influenced 
by starch but is also impacted by various factors such as fiber, protein, lipids, and secondary me-
tabolites [26,37]. These advances in rice starch genetics are pivotal in transforming popular rice va-
rieties into low-GI options. Furthermore, the progress made in reducing the GI of rice can provide 
valuable insights for developing methods to lower the GI of other starchy staples and tubers. 

Strategies for enhancing the RS content of milled rice using mutation breeding 
and genome editing techniques 
For over two decades, concerted efforts have been directed toward comprehending and eluci-
dating the intricate factors that govern the RS, which most likely contributes to the lower complex 
glycemic trait (Figure 4), primarily centering on starch manipulation by altering the flux from amy-
lopectin to amylose [7,38]. 

Mutation breeding methods 
The double-mutant population created by crossing EM557 (be1)  of  Taichung  65  and  EM10  (be2b)  of  
the Kinmaze mutant lines of branching enzyme (designated be1 + be2b) revealed a decrease in inter-
mediate-length amylopectin chains [degree of polymerization (DP) 10–20] and an increase in long am-
ylopectin chains (DP > 21), with a maximal amylose content of 51.7% [39]. Additionally, severely 
tampering with starch structure usually leads to reduced starch content and grain weight, subse-
quently affecting the overall grain yield (Figure 4). To address the yield barrier, Pasion et al. developed 
recombinant inbred line pyramiding of the ultralow GI trait in a high-yielding background with the su-
perior haplotype combination of OsTPR (responsible for higher upper secondary rachis branching) 
and the recessive allele of the sbeIIb gene (for the ultralow GI phenotype) [40]. Badoni et al. identified 
candidate genes located on chromosome 2 (qGI2.1, spanning the region from 18.62 Mb to 19.95 
Mb) that exert influence on the ultralow GI and a remarkable increase in protein content of 14–16% 
(more than twofold compared with its recipient line) [41]. These ultralow GI lines (GI ≤ 44) have com-
parable sensorial attributes as the recipient line [41]. Metabolomic analysis revealed that in ultralow (GI 
≤ 45) and low-GI rice (GI ≤ 55), the flow of metabolites shifts from carbohydrate metabolism toward 
flavonoid and amino acid metabolism, potentially contributing to reduced digestibility. Mechanistically, 
the metabolic reflux observed could be attributed to the activation of certain genes involved in flavo-
noid and amino acid biosynthesis. For example, the downregulation of OsbZIP58, a key regulator of 
starch and protein synthesis, has been shown to directly activate the expression of several storage 
protein genes, including GluA1, GluA2, GluA3, GluB1,  and  GluD1, and 10-, 13-, and 16-kDa prol a-
mins [42]. 

Genome editing methods 
Further, the utilization of advanced precision breeding tools such as CRISPR/Cas9 genome 
editing expedites the development of low-GI rice with high RS by targeting the starch branching 
enzyme (SBE) and starch synthase (SS) genes involved in amylopectin biosynthesis (Table 1 and 
Box 1). CRISPR/Cas9 knockout of ssIIIa and ssIIIb genes resulted in an increase in RS content 
from 0.5% to 5% in ssIIIa mutants; however, there was no significant difference in RS content ob-
served in the ssIIIb mutant. With that said, the ssIIIa/ssIIIb double mutant showed increased RS 
content of up to 9.73% in japonica cultivars due to the synergistic effect of ssIIIb knockout on the 
ssIIIa mutant in increasing RS content [43,44]. The ssII-2 and ssII-3 CRISPR/Cas9-mediated 
knockout studies along with RNA interference unraveled the importance of ssII-2 in the regulation 
of both amylose and amylopectin synthesis, thus finding it to be essential to maintain the balance 
for eating and cooking quality [45]. Suppressing the sbeIIb gene at exon 12 resulted in an increase 
in RS of 17.2% [46]. Using a similar approach, Wang et al. targeted the third exon and intron, 
which lead to a decreased GI to 55.5 and increased RS of up to 7.5% in heterozygous lines 
[47]. Badoni et al. targeted the 15th exon of sbeIIb to lower the GI to 54 in the high-yielding
Trends in Plant Science, June 2025, Vol. 30, No. 6 609
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Table 1. Gene-edited lines targeted in increasing amylose and resistant starch thereby lowering digestibilitya 

Target gene (site) Background Changes observed Pleiotropic effect observed Refs 

sbeIIb (exon 12) – Endosperm amylose 27.4% (1.4 times higher); 
RS: 17.2% 

Decreased grain size, weight; increased 
interstitial space and round starch granules; 
opaqueness 

[46] 

sbeI (exon 1) and 
sbeIIb (exon 3) 

Kitaake (japonica) 22–26% AC compared with 15% WT in the 
sbeIIb mutant; no change in sbeI; RS: 9.8% for 
sbeIIb 

No change in weight, width, and thickness of 
sbeI while it decreased for sbeIIb with higher 
gelatinization temperature and increased longer 
chains (DP > 14) and decreased SCAP (DP –12) 
and opaque 

[54] 

Exon 1 sbeI, exon 1 of 
sbeIII, exon 1 of sbeIIb 
and exon 3 for sbeIIa 

Presidio rice 22–42% higher endosperm AC; 2.4 times 
higher; 10–15% higher RS 

Decreased total starch content, length, 
thickness, and weight; spherical starch granules; 
heterozygous; opaque 

[49] 

sbeIIb (exon 2)/Lgc1 
(low glutelin content 1) 
japonica rice 

1.8-fold change increase in AC; 32.4–34.2%; 
RS: 5.6–6%; increased lipid content and 
amylose–lipid complexes 

sbeIIb (third exon and 
third intron) 

TNG82 (japonica) GI lowered from 77 to 55.5 in homozygous and 
68.5 in heterozygous; 15.8% to 31–35% AC; RS 
for homozygous is 6.7–7.5% and for 
heterozygous is 11.6–12% 

Opaque in homozygous and chalky in 
heterozygous 

[48] 

SSII-2 (ssIIb) sixth 
exon, SSII-3 (ssIIa) 
second exon 

Nipponbare SSII-2 mutant affected the levels of the Wx gene 
along with SSII-2 and SSII-3, while SSII-3 and 
double mutants had no effect on the Wx gene; 
AC decreased for s2, with no significant change 
in s3 and s23 mutants; SSII-2 mutant increased 
DP 10–12 and >34 while decreasing short 
chains DP 5–9 and 13–33 

Not reported [45] 

ss3a, ss3b Nipponbare RS of ss3a raised to 4.76–5.01% from 0.58% 
(WT); TDS content and digestion rate decreased; 
RS for the ss3a/ss3b double mutant increased 
to 9.54–9.73%; AM1 increased; amylopectin B2 
chains (DP 22–37) increased in ss3a; A chains 
DP 6–9 and B1 chains DP 12–21 decreased in 
ss3a and ss3a – ss3b 

Increased chalky grain percentage in all single 
and double mutants; decreased 1000-grain 
weight and grain thickness; abnormal starch 
granule morphology in ss3a and ss3a – ss3b 
mutants while the ss3b mutant not much change 
compared with WT 

[43] 

ssIIIa, ssIIIb ZH11; Jia58 
japonica varieties 

ssIIIa G-to-A point mutation leading to alternative 
splicing; ssIIIb with 2-bp del have premature 
stop codon; ssIIIa increased RS from 1.7 to 
5.8% and ssIIIb no effect; double mutant (rs4) 
increased RS of 10.8%; rs4 mutant AAC, lipids, 
amylose–lipid complexes increased 

Irregular starch granules with rounded shape; 
irregular surfaces leading to poor eating and 
cooking quality; white core floury endosperm; 
reduced grain yield 

[44] 

GBSS1 – GBSS activity was not completely abolished; 
increase in GBSS2 transcripts; amylose content 
declined to 8–12% in heterozygous seeds while 
<5% in homozygous seeds 

Abnormal cellular organization in aleurone layer; 
amorphous starch grain structure 

[55] 

First intron of the Wxb 

allele of GBSS1 
– 10% increase in KY131 and X32 mutant lines 

harboring Wxb 
X32 intron-deleted mutants more transparent 
that X32; KY131 intron-deleted mutant poor 
quality in appearance 

[56] 

a Abbreviations: AC, amylose content; AM1, amylose1; bp, base pair; del, deletion; DP, degree of polymerization; SCAP, short-chain amylopectin; TDS, total digestible 
starch; WT, wild type.
IRRI 154 background [41]. Targeting the second exon of sbeIIb along with low glutelin content-1 
(Lgc1) increased the lipid content and increased amylose up to 42% with an RS of 15% [48]. This 
strategy of enhancing the amylose content and simultaneously increasing lipid content is a valu-
able way to increase the grain RS content due to amylose–lipid interaction. Interestingly, no sig-
nificant change in RS content was noted for the sbeI mutant, while sbeIIb increased the amylose 
content up to 26% and RS up to 9.8%. CRISPR multiplexing to target all four SBE genes (sbeI, 
sbeIII, sbeIIb,  and  sbeIIa) led to a very high increase in amylose content of 42% and increased 
the RS content to 15% [49]. 
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Box 1. Genetic engineering to lower the GI in rice 

Through RNA technology, suppressing amylopectin biosynthesis genes, such as the various isoforms of SBE or SS en-
zymes, shifted the starch composition toward higher amylose or longer amylopectin chains, thus lowering the GI. Using 
artificial microRNA (ami-RNA)- and hairpin RNA (hp-RNA)-mediated RNA silencing targeting the sbeIIb gene achieved a 
reduced predicted GI value of 44 for ami-BEIIb and 79 for hp-BEIIb compared with 85 of wild type [57]. RNA antisense 
technology can suppress sbeI and sbeIIb, resulting in increased amylose content as high as 64.8% compared with 
27.2% in wild type, thus increasing the RS from 0 to 14% [58]. Targeting all SBEs in the sbeI/sbeIIa/sbeIIb triple mutant 
dramatically reduced the seed weight and increased short-chain amylopectin, while sbeI and sbeIIa single mutations 
did not result in extreme phenotypes. These results clearly suggest that among the SBEs, sbeIIb is the governing factor 
for lowering the GI by diverting the amylopectin flux to amylose. More than 40% of amylose content was achieved in the 
endosperm of transgenic seeds that introduced the Wxa gene into the ss2a/ss3a double mutant line harboring Wxb (leaky 
mutant of GBSS1) and reduced levels of sbeIIb expression [59]. Although many of these mutants exhibited substantial in-
creases in RS content, they were low yielding and possessed opaque and cracked endosperms after polishing (see 
Figure 3B in main text). Hence, their flour is targeted to developing cookies and other extruded food products tailored 
for the health-conscious market [39]. To overcome these limitations, it is imperative to develop a comprehensive under-
standing of these enzymes and use a combinatorial approach to target the genes, facilitating the attainment of low-GI 
characteristics while maintaining satisfactory eating and cooking qualities. 

Outstanding questions 
How can rice with high RS and amy-
lose content be developed to maintain 
a low GI without compromising yield 
and sensory attributes? 

What are the specific genes and 
regulatory networks involved in 
determining the GI properties of rice? 

What conventional breeding techniques 
and gene-editing strategies can be 
used to develop rice varieties with low 
GI, high RS, and high amylose content? 

How can low-GI rice be effectively inte-
grated into global food systems, and 
what strategies can ensure consumer 
acceptance?
Concluding remarks and future perspectives 
The emerging initiative of promoting ‘food as medicine’ underscores the potential of dietary-
based interventions in treating a diverse range of chronic conditions, including diabetes [50]. Cur-
rently, the introduction of low-GI rice holds the greatest potential impact in Southern, Eastern, and 
Southeastern Asia, given the high diabetes rates and substantial consumption of (white) rice 
(Figure 1C) in these parts of the world. Currently, three low-GI rice varieties, namely BR-16, 
BRRI-46, and BRRI-69, were deployed in Bangladesh, and among the released varieties in the 
Philippines, IRRI-147 and IRRI-125 were shown to possess characteristic features of low-GI 
lines, exhibiting salt tolerance and resilience to extreme weather conditions. Furthermore, IRRI ini-
tiated the Seeds Without Borders projectiii , a regional seed policy agreement designed to expe-
dite the distribution of modern rice varieties across countries in Southern Asia and Southeast 
Asia. This initiative is expected to be instrumental in deploying low-GI rice varietiesiv and already 
released biofortified micronutrient zinc rice varieties in other parts of Asia [14,15], specifically 
targeting diabetes and other NCDs. This policy will facilitate the integration of the climate-
resilient low-GI rice varieties in countries such as Bangladesh, Bhutan, Cambodia, Fiji, India, 
Nepal, the Philippines, Sri Lanka, and Vietnam (Figure 5). This will not only contribute to food se-
curity and nutrition [16] but also promote poverty reduction and improve livelihoods by providing 
smallholder farmers with access to high-value markets for nutritious rice. Additionally, Asian 
countries with high rates of protein deficiency and higher rates of diabetes prevalence can directly 
benefit from ultralow GI and high-protein rice, as the inclusion of high-protein foods in the diet is 
strongly associated with improved insulin response and reduced diabetes risk.

In the future, the same policy intervention will be pivotal in Africa to adopt nutritious rice varieties 
within a high-yielding background. Impact estimates for low-GI rice, assuming a 25% national 
adoption rate by farmers and a 25% reduction in the ‘rapid sugar spike’ content, indicate that di-
abetes prevalence in Asia could decrease substantially depending on factors such as the existing 
diabetes rates, rice consumption, and production levels (Figure 1D). By 2050, economic growth 
will likely shift the burden of hunger from undernutrition to higher NCDs, particularly diabetes, es-
pecially in Africa. Therefore, deploying low-GI measures early on could play a crucial role in miti-
gating future risks of diabetes and combating malnutrition overall. In other words, it can prevent 
countries from having to go through the Kuznets curve as they become wealthier (Figure 1B). 

Although various mutants with high amylose and low GI have been developed [38,51], a common 
challenge associated with these mutants is their hardness, which renders them less suitable for
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Figure 5. Global regulation of genome editing and genetically modified organisms (GMOs) and deployment of healthier rice varieties. This map illustrates 
the varying regulations surrounding genome editing and GMOs across different regions, alongside the deployment locations for newly developed rice varieties. It also 
highlights countries participating in the ‘Seeds Without Borders’ policy, which may facilitate easier access to low glycemic index (GI) and high zinc rice varieties 
developed through non-GMO. The policy expedites the spread of already released variety in one country to be notified among signatory countries in Asia, especially in 
South and Southeast Asia.
direct consumption [51]. In the past, these lines have been transformed into food products that 
can fetch a premium in the market, such as coingredients in nongluten products [7]. Additionally, 
the high amylose rice starches have been explored for various nonfood applications, including 
functional packaging, drug delivery systems, and catalytic templates [52]. These advances 
should catalyze the establishment of a collaborative ecosystem that nurtures the entire value 
chain, encompassing research and cultivation alongside processing and marketing. Currently, 
low-GI rice varieties with favorable textural properties have been released in some Asian 
countriesiv . Forging partnerships across the entire value chain is imperative to seamlessly inte-
grate low-GI rice and rice-based products into the global food system. This involves empowering 
the production of low-GI rice, reinforcing processing and distribution channels, and prioritizing 
consumer health awareness. Governments should actively facilitate market connections for 
farmers producing high-RS and low-GI rice, thereby contributing to rural poverty reduction. 
Moreover, private companies will delve into developing value-added products using high-RS 
rice, with a specific focus on nongluten products. At present, low-GI is a niche premium 
market. For instance, Doongara, an Australian low-GI rice variety, fetched a higher value for 
farmers of US$1700 per metric ton compared with milled nonbroken white high-GI rice being 
sold at US$350 per metric ton [38]. Collectively, the collaborative efforts across the entire value 
chain will contribute to the broader adoption and commercial success of these low-GI rice varie-
ties, thereby simultaneously contributing to consumers’ nutrition and farmers’ incomes when this 
technology is brought to scale.

The emergence of genome editing technology will accelerate the process of tailoring low-GI vari-
eties in other starch staples and tubers. Deploying gene-edited rice with high RS and low GI
612 Trends in Plant Science, June 2025, Vol. 30, No. 6
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(Table 1), along with other crop varieties, can best be tested and disseminated in regions with less 
strict genetically modified organism (GMO) regulations, such as Asia, North America, and Latin 
America as well as selected African countries (e.g., Kenya, Nigeria, and Ghana). For instance, 
products of SDN1 and SDN2 genome editing methods that are similar to naturally occurring 
events and do not carry exogenous DNA should be exempt from the Indian GMO laws. This ap-
proach is expected to create a series of low GI varieties across staples through genome editing to 
bring healthier dietary choices and counter the rising prevalence of diabetes. However, for other 
African countries, revisiting GMO laws will be necessary to facilitate the adoption of gene-edited 
low-GI rice varieties. In its broadest sense, research and investment in improving rice varieties will 
not only drive agricultural innovation but also address growing public health concerns. This can 
be achieved through proactive collaboration among research institutions within the Consortium 
of International Agricultural Research Centers, regulatory bodies supported by the government, 
and health policymakers (see Outstanding questions). 
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