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GRF4ngr2 
 

Enhanced Crop Nitrogen Use with High Yield 
 

Homoeostatic co-regulation of C/N balance in crops 
 is controlled by GRF4-DELLA interaction 

 

Enhanced N-use/uptake and C-assimilation in high-yielding semi-dwarf varieties 
 

It has become widely recognized that the high grain yield associated with so-called 

“Green Revolution” varieties of cereals and other crops is heavily dependent on 

chemical nitrogen fertilizers, whose intensive use is hugely expensive and 

environmentally unsustainable, indeed increasingly regulated against.  Many of 

these varieties display semi-dwarfism (beneficial for stronger stems, high harvest 

index etc) due to the accumulation of growth-repressing DELLA proteins, either 

due to GA-insensitivity (eg Rht in wheat) or reduced GA levels (eg sd1 in rice).  

However, these traits are also associated with reduced nitrogen uptake and inferior nitrogen use efficiency. 

 

Xiangdong Fu and colleagues at the Institute of Genetics and Developmental Biology, Chinese Academy of Sciences, Beijing 

have now found that a growth-regulating factor (GRF4) interacts directly with the DELLA growth inhibitor and this interaction 

confers homoeostatic co-regulation of carbon/nitrogen balance.  While GRF4 promotes and integrates C-fixation, N-

assimilation and cell proliferation, DELLA inhibits them.  Increased GRF4 abundance favours increased C and N assimilation 

without loss of yield-enhancing dwarfism.  This opens the way to increase the N-use/efficiency of high yielding crops, 

resulting in major economic and environmental advantages. A range of approaches are possible, including genome editing, 

and in a range of crop species. 

 

The IGDB team explored N-uptake in a panel of successful high-yielding semi-dwarf indica rice varieties.  They selected one 

of these, NM73, for QTL analysis in a cross with variety NJ6 (not a semi-dwarf variety).  This led to two LOD-score peaks, 

one of which coincided with the map position of sd1, with a relatively low 15NH4
+ uptake rate, while the other – an allele 

termed NM73qngr2, associated with a high N-uptake rate, was unknown.  Positional mapping located qngr2 to OsGRF4.  

This is the first indication that a GRF may have a function in N-uptake-use or, indeed, the coordination of C and N 

metabolism.  The allele is semi-dominant, heterozygosity of GRF4ngr2 from NM73 exhibiting a higher 15NH4
+uptake rate than 

homozygosity of the NJ6 GRF4NGR2 allele.  Isogenic line analysis, of NJ6-OsGRF4ngr2, confirmed the higher N-uptake rate 

conferred by the GRF4ngr2 allele.  Transgenic RNAi downregulation of GRF4 reduced this high N-uptake, again confirming the 

identity of the qngr2 locus as being OsGRF4.  Conversely, transgenic (over)expression of OsGRF4 either from the native 

OsGRF4ngr2 promoter or from pActin1 conferred increased N-uptake on NJ6. 

 

Detailed sequence analysis of the GRF4 alleles indicated that the increased GRF4 abundance afforded by the GRF4ngr2 allele 

can result from two different scenarios.  GRF4 mRNA is normally cleaved by miRNA396, so mutations or sequence 

alternations that interfere with the known miRNA cleavage sites can render GFR4 resistant to miRNA396, resulting in 

increased GRF4 abundance – and promoting N-uptake, as shown by the IDGB group.  Alternatively, certain promoter 

haplotypes confer higher GRF4 abundance, indicating that GRF4 can be increased also by modifications to the endogenous 

promoter, such as by mutation or genome editing approaches.  In fact, NM73 combines both the miR396 resistant form and 

the high-expression promoter haplotype. 

 

The IGDB researchers also found that whilst GRF4 regulates N-uptake, it is in turn itself regulated by N-supply, increasing 

GRF4 expression in conditions of low N-supply, enabling feedback regulation of N homeostasis.  

 

NJ6-sd1-GRF4ngr2 isogenic lines retain dwarfism and grain number per panicle conferred by sd1, while N-uptake is de-

repressed, uptake of both15NH4
+ and 15NO3

- is increased and grain yield is increased.  Activities of key N-assimilation 

enzymes are all consistently greater in lines containing the GRF4ngr2 allele, than lines lacking it.  Indeed a transcriptome-wide 

analysis indicates that GRF4 is an overall transcriptional activator of N uptake/metabolism, in many cases binding directly to 

transcriptional activator sites (GCGG motifs) in the relevant promoters.  The IGBD team have gone on to elucidate the 

mechanism by which GRF4, together with GIFs, acts antagonistically to counteract the effects of the DELLA protein SLR1 

(sd1). 
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Whilst it has long been known that N uptake rates are coupled with the rate of photosynthetic carbon fixation, the balancing 

molecular mechanism that connects C and N metabolism remains unknown.  Excitingly, the IGDB group have found that 

GRF4 upregulates (while DELLA proteins like SLR1 downregulate) multiple genes encoding photosynthetic mechanism 

components, sugar signalling and sucrose transport / phloem loading, and binds directly to GCGG-containing promoter 

fragments in many such genes.  Thus GRF4, acting antagonistically with DELLA proteins, provides a regulatory coordinating 

link between both N and C assimilation. 

 

The principle of increasing GRF4 abundance to elevate both grain yield and N use efficiency has been explored by the IGDB 

group in both rice and wheat.  In rice, both in isogenic lines containing GRF4ngr2 and in transgenic lines (over)expressing 

GRF4, sd1-conferred semi-dwarfism was not affected (where present) but grain yield and N-use efficiency was significantly 

enhanced even at relatively low-N-supply levels.  In wheat, similar effects were seen in transgenic lines expressing the rice 

GRF4 gene, in a semi-dwarf genetic background. 

 

 

 

Top panel: Paddy field data at various N-inputs - 

Isogenic semi-dwarf rice variety 9311 with/without 

GRF4ngr2.  Mean of six plots of 220 plants each. 

 

 

 

 

Lower panel: WT KN199 wheat (L) vs Transgenic 

wheat (R) expressing OsGRF4ngr2 

 
 

GRFs are very highly conserved and the functional orthologues of OsGRF4 are known for many important crop species.  This 

is underlined by the evidence that the rice GRF4 functions in wheat.  Even the promoters of GRF4 orthologues in different 

crop species share characteristic motifs with the endogenous promoter of rice GRF4 suggesting transferrable approaches for 

promoter modification by mutation or genome editing. 

 

In summary, physical DELLA-GRF4(+GIF) interactions enable DELLA to inhibit GRF4 activation of target gene promoters, 

and the balanced OsGRF4-DELLA antagonistic interaction thus integrates coordinated regulation of plant growth and 

metabolism. Increasing the abundance of OsGRF4 in ‘green revolution varieties’ alters the OsGRF4-DELLA balance, thus 

partially disconnecting the negative effects of DELLAs on growth and metabolism. 

 

In summary: 

• Genome editing and transgenic approaches to increase GRF4 expression and N-use/yield in various crop species 

are provided 

• Methods for screening germplasm for enhanced NUE are provided 

 

The GRF4 technology is patented by PBL on behalf of IGDB.  For more information or licensing interest, please contact 

PBL. 
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