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example, TaGS1 and TaGS2) and amino acid transport (for example, 
TaAAP13) display reduced genetic diversity across elite germplasm, 
reflecting targeted selection for grain protein concentration and 
end-use quality. The allelic diversity preserved in wild cereals there-
fore represents not isolated high-protein genes but alternative con-
figurations of nitrogen economy and endosperm buffering that can be 
reassembled using modern breeding and genome-editing approaches 
(Fig. 4b and Supplementary Table 1). Leveraging this diversity through 
modern breeding tools, including precision introgression, multiplex 
genome editing and de novo domestication, provides a path towards 
reinstating high-protein traits and superior amino acid profiles in elite 
cultivars while maintaining yield and adaptability35.

Gene regulatory networks at the crossroads 
of grain protein and starch metabolism alter 
protein-to-starch ratio in cereals
The TF network bZIP–DOF–NAC, acting through cis-regulatory control 
via motifs such as the GCN4-like element, O2-box and prolamin-box, 
establishes the fundamental architecture for endosperm-specific 
expression of storage proteins (glutelins, horedeins and prolamins) 
in cereals, whereas LEC1–ABI3–FUS3–LEC2 TFs regulate SSPs such 
as albumins and globulin in the embryos of dicots36,37. Comparative 
analyses of motif composition and domain architecture across rice, 
maize and wheat further underscore the evolutionary conservation 
of this regulatory framework (Supplementary Fig. 5). Phylogenetic 
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Fig. 4 | Domestication constraints and engineering trajectories for 
cereal grain protein biofortification. a, Conceptual model illustrating 
domestication-driven shifts in grain composition. Strong selection for yield 
and starch accumulation during cereal domestication altered carbon–nitrogen 
partitioning in the endosperm, leading to reduced GPC and enrichment of 
prolamin-rich, EAA-poor storage proteins. By contrast, wild cereal relatives retain 
higher protein levels and more balanced nitrogen allocation. Representative 
domestication-associated regulators influencing grain protein accumulation are 

indicated. b, Multi-layered framework for mitigating protein–starch trade-offs 
in cereals. c, Conceptual scenarios illustrating protein–starch trade-offs and 
their relaxation. Scenario A represents classical strategies that increase protein 
at the expense of starch. Scenario B depicts intermediate states with elevated 
protein and minimal starch penalty. Scenario C illustrates optimized regulatory 
configurations enabling concurrent increases in protein and starch through 
partial decoupling of carbon and nitrogen allocation. The gene examples are 
illustrative and not exhaustive.
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clustering reveals that bZIP, Dof and NAC proteins group primarily by 
TF family rather than by species (Supplementary Fig. 6), indicating 
that the core architecture of the storage-protein regulatory network 
predates cereal diversification. Although DNA-binding domains, 
such as the NAC domain (PF02365), bZIP domain (PF00170) and Dof 
zinc-finger (PF02701), are highly conserved, the carboxy-terminal 
activation regions exhibit substantial divergence. This pattern sug-
gests that whereas promoter recognition and binding are deeply 
conserved, the downstream transcriptional activation potential has 

undergone lineage-specific rewiring. Notably, the conserved motifs 
shared between RPBF/PBF/WPBF or RISBZ1/O2/BLZ2 reinforce the 
existence of an ancient bZIP–Dof regulatory module governing storage 
protein biosynthesis, whereas the broader motif diversity observed 
in NAC proteins reflects their expanded functional roles in nutrient 
remobilization and endosperm development in cereals. This divergence 
probably contributes to species-specific responsiveness to environ-
mental triggers such as heat or nitrogen scarcity. Indeed, NAC TFs show 
the strongest induction under abiotic stress among the major SSP 
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Fig. 5 | Global burden of protein malnutrition, dietary patterns and food-system 
GHG emissions. a, Global prevalence of protein-energy malnutrition (cases 
per 100,000 population, 2021) (ref. 67), highlighting regions with the highest 
nutritional vulnerability, particularly across sub-Saharan Africa, South Asia, 
Southeast Asia and parts of the Caribbean. Insets show regional detail for selected 
hotspots. b, Regional contributions of major food groups to the total dietary 

protein supply, illustrating strong reliance on cereals in nutritionally vulnerable 
regions and higher dependence on animal-source foods in high-income regions. 
c, Country-level agricultural GHG emissions (Gg CO2e), showing the global 
distribution of emissions associated with food production68. d, Regional dietary 
GHG emissions partitioned by food category, revealing the disproportionate 
climate footprint of animal-source foods compared with cereals and legumes69.
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regulators, implying an adaptive rewiring of endosperm proteostasis 
pathways in response to climate pressures.

While TF-based engineering of GPC and quality could be a prom-
ising strategy, these TFs probably reinforce trade-offs among GPC, 
starch content and yield. Because TFs are often embedded in broader 
gene regulatory networks that influence growth, development and 
metabolic allocation, improving protein content through TF manipula-
tion frequently risks unintended pleiotropic effects. For example, the 
endosperm-specific NAC-type TFs ZmNAC128 and ZmNAC130, which 
act as regulators of all zein gene families, also regulate the transcrip-
tion of Bt2, which encodes the small subunit of the endosperm-specific 
ADP-glucose pyrophosphorylase, a key enzyme in starch biosynthesis, 
as well as additional genes involved in this pathway38,39. In wheat, several 
NAC-type TFs have similarly been shown to enhance the promoter 
activities of storage-protein-encoding genes, supporting the notion 
that TFs are entwined in larger regulatory networks that complicate 
TF-based GPC engineering40–43.

To date, negative trade-offs associated with increasing protein 
content have largely been addressed through allele pyramiding—stack-
ing multiple beneficial alleles within a single genetic background 
(Fig. 4c). In wheat, a multi-institutional effort successfully pyramided 
genes for protein accumulation (Gpc-B1), gluten strength (Glu-D1) 
and rust resistance (Yr36, Yr15, Lr24 and Sr24), generating lines with 
higher protein content, increased thousand-grain weight and improved 
overall yield. In rice, appearance-quality genes (GS3 and qSW5) have 
been combined with eating and cooking-quality genes (Wx and ALK) 
in a super-high-yielding background, producing crosses with superior 
nutritional quality and agronomic performance44. See Supplementary 
Note 1 for further discussion.

Regulators controlling EAAs and protein content 
in cereals
Recent evidence points to the importance of TFs of the bZIP (O2 and 
RISBZ1), DOF (RPBF), WRKY (OsWRKY78) and MYB (OsMYB55) fami-
lies in regulating EAA accumulation (including isoleucine, leucine, 
phenylalanine, threonine, tryptophan and valine) in cereal grains. 
OsWRKY78 has been shown to bind to the W-box cis motifs in OsAux5, 
which encodes an amino acid transporter, thereby increasing EAA 
levels in rice grains. Natural variation at this locus has been differen-
tially selected between the indica and japonica subspecies. Reduced 
binding affinity of OsWRKY78 to the W-box motifs in the OsAUX5 pro-
moter results from an 18-bp insertion in Pro::OsAUX5Hap1, destroying 
the structure of W-box2 and decreasing OsAUX5 expression and EAA 
content in rice grains45. The suppression of OsWRKY78 through RNA 
interference further results in reduced grain size and altered starch 
crystalline structure46.

In maize and wheat, recent efforts to improve protein content 
and composition have largely focused on TF-based engineering. The 
quintessential high-lysine quality protein maize (QPM) line was devel-
oped on the basis of genetic modifiers of the o2 mutant. The O2 gene 
encodes a bZIP TF that directly activates zein gene expression47. The 
high-lysine mutants reported in maize (o2 and o16) exhibit several 
pleiotropic effects with reduced starch content and grain weight. 
QPM lines display elevated lysine and tryptophan content as a result of 
reduced α-zein accumulation and proteome rebalancing. The transla-
tion and maturation of these proteins rely on a robust endoplasmic 
reticulum (ER) quality-control system, including protein disulfide 
isomerases, BiP chaperones and components of the unfolded protein 
response, which collectively facilitate proper folding, sorting and 
protein body biogenesis. Disruption of ER proteostasis, as observed 
in the maize opaque and floury mutants, reduces zein deposition while 
increasing free EAAs such as lysine, alters protein body structure and 
results in chalky or opaque kernels, highlighting the contribution of 
post-translational processing to grain quality. Supplementary Table 2 
shows the alteration in EAAs in different strategies.

First-generation QPM kernels are soft and starchy, making them 
vulnerable to physical and insect damage. Scanning electron micros-
copy images of o2 mutant kernels show smaller and fewer protein 
bodies, although earlier work argued that protein bodies and their 
zein compositions are not solely responsible for kernel hardness47. 
Accordingly, substantial effort has been directed towards develop-
ing high-lysine maize with vitreous endosperm deploying alleles of 
‘endosperm hardness modifier genes’ with three hardness quantitative 
trait loci (QTLs)—1.06, 7.02 and 9.03. Notably, the increased accumu-
lation of 27-kDa γ-zein in vitreous kernels was attributed to QTL 1.06 
and a 15.26-kb duplication in QTL 7.02. Vitreous kernels also contain 
higher amylose levels, which are associated with QTL 9.03, located near 
starch biosynthesis genes. Supplementary Note 2 comprehensively 
describes the QTLs conferring enhanced GPC. This genetic system 
transformed soft kernels into hard, vitreous ones by restoring the 
polygonal, compact starch granule architecture, without compromis-
ing protein quality48,49.

Through traditional and marker-assisted selection breeding strate-
gies, the high-lysine trait has been combined with a vitamin-A-rich back-
ground, as well as the introgression of this QPM trait into high-yielding 
backgrounds with early maturity, leading to the release of more than 
39 QPM varieties in Africa, Asia and Latin America49. Recent multiplex 
CRISPR editing of 19-kDa α-zein gene families has further shown that 
selectively attenuating a subset of lysine-poor prolamins can raise 
kernel lysine without altering total protein or compromising grain 
hardness. These genome-edited lines provide a modular blueprint 
for reshaping prolamin repertoires in rice and wheat. Although lysine 
is relatively inexpensive and widely available as an industrial feed 
additive, such genetic strategies remain highly relevant for low-input 
smallholder systems and for human diets where post-harvest fortifica-
tion is not feasible, and they underscore the broader principle that EAA 
profiles can be remodelled in situ. Recently, by deploying the reces-
sive IR36 amylose extender (IR36ae) allele, researchers developed a 
high-lysine, elevated-protein rice variety in a high-yielding background 
with early maturity50.

Further research identified ZmDeSI2, encoding a deSUMOylating 
isopeptidase, as a negative regulator of kernel methionine content 
through its deSUMOylation of sulfite reductase ZmSIR51,52. Natural 
variation in the ZmDeSI2 promoter, particularly a deletion removing 
a ZmWRKY105 binding site in the elite haplotype ZmDeSI2Hap2, reduces 
its expression and increases methionine accumulation. This variation 
has been successfully used in marker-assisted selection to develop 
high-methionine lines without yield penalty. It is important to infer 
the epigenetic, alternative splicing and post-transcriptional control 
mechanisms influencing GPC in cereals (Supplementary Note 3 and 
Supplementary Fig. 7).

Impacts of environmental stress on GPC  
and quality
As global food systems move towards more sustainable and nutri-
tionally balanced diets, improving both the quantity and quality of 
protein in staple crops under a changing climate remains a critical 
objective. Projections suggest that by 2050, global atmospheric CO2 
elevations may reduce cereal protein concentrations by an additional 
~4%, underscoring the urgency of developing climate-resilient protein 
biofortification strategies53,54. Elevated CO2 consistently leads to a 
dilution effect in C3 cereals, where increased photosynthetic carbon 
assimilation stimulates starch deposition more than nitrogen assimila-
tion. Wheat and rice experience 7–15% reductions in GPC under elevated 
CO2 (~500–550 ppm)54. Wheat grains grown under elevated CO2 show 
4.8–9% decreases in the EAAs, with similar patterns reported for rice53,54. 
Thus, rising CO2 does not merely lower total protein; it systematically 
reduces the nutritional and metabolic quality of cereal protein.

By contrast, heat stress during grain filling generally increases the 
percentage of grain protein because of reduced starch synthesis, with 
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wheat and rice showing 6–21% increases in protein concentration depend-
ing on timing and severity55. However, this apparent enrichment masks 
declines in protein functionality. Heat alters storage protein composi-
tion in wheat, reducing the gliadin-to-glutenin ratio by ~5.5%, weakening 
dough properties. In rice, heat reduces prolamin by 12% but raises glutelin 
by 31%, affecting digestibility and cooking quality. Heat also increases 
chalkiness in rice and disrupts endosperm structure in wheat, linking 
temperature stress directly to protein fraction imbalance and grain tex-
tural defects56. Achieving this resilience will require combining alleles and 
pathways that enhance protein accumulation with those that safeguard 
grain filling and starch–protein homeostasis under abiotic stress.

Recent work has shown that thermotolerance of grain quality 
is genetically tractable: for example, processes by which the NF-YA8 
regulator binds to the cis motif of ATTGG in QT12 to drive switch-on 
and switch-off expression of QT12 cause the percentage of grain chalk 
to increase in sensitive genotypes at high temperatures56. Because 
the regulatory complex of NF-YC10, NF-YB9 and NF-YA8 interacts as a 
complex at normal temperatures, NF-YA8 is not released to control the 
expression of QT12. As a result, milled rice is translucent and has a very 
low percentage of chalk. Interestingly, NF-Ys-QT10 trait regulatory hap-
lotypes are differentially chosen between subspecies, where superior 
haplotypes are prevalent in selected indica germplasms exhibiting 
superior yield and grain quality, while the majority of the japonica 
germplasms adapted to temperate conditions are more sensitive to 
rising temperature, which affects yield quantity and quality.

Protein-enhancing strategies and environmental 
sustainability
Global GHG emissions from food systems vary widely across regions 
and are highest where livestock consumption is most intensive (Fig. 5). 
These patterns reflect the very large contribution of beef, lamb and 
dairy to national dietary footprints, underscoring how animal-source 
foods generate substantially higher emissions than plant-based 
protein alternatives57.

The global distribution of protein malnutrition reveals a striking 
geographical clustering of vulnerability, with the highest prevalence 
concentrated across West Africa, Central Africa, parts of South Asia, 
Southeast Asia and the Caribbean (Fig. 5a). These regions consistently 
exceed 2,000–3,000 cases per 100,000, reflecting chronic deficits in 
both protein intake and dietary diversity. When overlaid with regional 
protein-source contributions, the following nutritional reliance pat-
tern emerges (Fig. 5b):

•	 Sub-Saharan Africa and South Asia derive more than 50–70% of 
their dietary protein from cereals, primarily maize, sorghum, 
millet and rice, which tend to cause protein malnutrition.

•	 Legumes contribute meaningfully only in selected regions 
(for example, eastern Africa and parts of South Asia), while 
animal-source proteins remain low due to economic and logisti-
cal constraints.

•	 By contrast, North America, Western Europe and Oceania exhibit 
protein profiles dominated by livestock products (dairy, beef 
and pork) and poultry/eggs, reflecting higher dietary quality but 
heavier environmental footprints.

Countries with high animal-source protein consumption, notably 
North America, Brazil, Europe and parts of China, align with the high-
est agricultural emissions (>100,000 Gg of CO2 equivalent (CO2e) per 
year) (Fig. 5c). Conversely, many regions experiencing severe protein 
malnutrition produce far fewer total agricultural emissions, highlight-
ing a paradox: the world’s most nutritionally vulnerable populations 
contribute the least to climate change yet are most exposed to its 
impacts on crop productivity.

Diet-related emissions by food category underscore the dispro-
portionate climate burden of animal-source foods. In virtually all high 

and middle-income regions, beef, lamb, pork and dairy dominate 
dietary emissions, often exceeding 50–70% of the total food-related 
CO2e emissions (Fig. 5d). By contrast, cereals, legumes, vegetables 
and fruits contribute a small fraction, even in regions where they sup-
ply most of the protein. This contrast reinforces the nutritional and 
environmental efficiency of plant-based proteins: grains and legumes 
provide a high share of dietary protein while generating comparatively 
modest emissions.

Doubling the protein content of major cereals such as rice, wheat 
and maize reduces their GHG intensity per nutritional unit by about 50% 
(Supplementary Fig. 1), demonstrating that protein biofortification 
strengthens both the nutritional and environmental advantages of 
plant-based foods and would probably contribute to what has recently 
become known as ‘One Health efficiency’ by tackling global challenges 
of human health, planetary health and climate resilience. In addition, 
cereal varieties with higher protein density often reach physiological 
maturity with shorter grain-filling durations and require less time in 
the field, which can further reduce total season-long nitrogen losses 
and associated emissions. Increasing protein density per unit of edible 
grain enhances dietary adequacy while reducing the need for costly 
supplements or external fortification programmes.

Conclusion and future perspectives
The EAT–Lancet planetary health diet framework, which promotes 
switching protein intake from red and processed meats to plant-based 
sources, can be strengthened by (a) dietary complementarity—com-
bining cereal and legume-based foods—as the most efficient strategy 
to meet EAA requirements in vulnerable populations as the imme-
diate priority shift in the short-term and (b) increasing the protein 
level of cereals with elevated EAAs in the next decade. Furthermore, 
cereal-based protein enhancement offers a pragmatic solution in farm-
ing systems with constrained crop diversity, delivering more nutrition 
per unit of land while aligning with local dietary habits. A critical ques-
tion is whether cereals can increase protein while maintaining—or even 
enhancing—starch accumulation. The emerging consensus is that this 
dual optimization becomes achievable only when the entire nitrogen 
economy of the plant is redesigned, rather than simply redistributing 
existing carbon and nitrogen pools within the grain.

Insights from high-lysine maize demonstrate that EAA enrichment 
is feasible without catastrophic yield penalties when metabolic bottle-
necks, proteostasis and endosperm structure are simultaneously man-
aged. One critical strategy is marker-assisted selection, combined with 
speed-breeding facilities, to target the key alleles (OsAux5, OsWRKY78, 
O2, O16 and lysine catabolism recessive alleles) being enriched in the 
breeding pools to increase EAAs while maintaining increased protein 
content without compromising yield and grain quality across cereals.

Moreover, the above-mentioned approaches can help ensure 
that protein-enhanced cereals contribute not only to improved nutri-
tion but also to more climate-resilient and environmentally efficient 
food systems. Ensuring that cereal protein biofortification aligns 
with climate-mitigation goals therefore requires pairing nutritional 
improvements with agronomic and breeding interventions that lower 
the environmental footprint of cereal production. Agronomic interven-
tions include intercropping of cereals and legumes to maintain soil 
health, planetary health and human health, as well as adopting alternate 
wetting and drying in rice fields or direct-seeded rice technologies, 
which lowers methane emissions by 30–70%. Beyond increasing total 
protein, future cereal biofortification must explicitly address protein 
bioavailability, which ultimately determines how much dietary protein 
is digested, absorbed and utilized.
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