
Genetic control  

• Staygreen affected by breeding history 
• QTL in wheat and barley 
• Pathways and genes 
• Breeding examples and relation to other traits 

 
 
 

Good reviews, breeding point of view: Thomas and 
Ougham (2014, JXBot); Jagadish et al. (2015, FIPS) 



Breeding history  
• Rice and maize have reached a limit of what can be achieved by delayed 

senescence.  

• However, QTL and marker-assisted breeding in sorghum show that stay-green 

retains its effectiveness as an improvement trait if it is associated with selection 

for stress tolerance (Vadez et al., 2013).  

 

 

Thomas and Ougham 2014 





Breeding history  
• QTLs for temperature and drought responses coinciding with loci for leaf 

senescence, and in numerous examples of improvements in stress tolerance 

achieved by simultaneous selection for stay-green in barley and wheat (Emebiri, 

2013; Vijayalakshmi et al., 2010). 

• Genetic gain in wheat in Australia over last 50 years, partially due to “greener 

leaves” (Sadras and Lawson, 2011) 

• Uauy et al (2006)…the ancestral wild wheat allele encodes a NAC transcription 

factor (NAM-B1) that accelerates senescence and increases nutrient 

remobilization from leaves to developing grains, whereas modern wheat varieties 

carry a non-functional NAM-B1 allele 

 

 



QTL-WHEAT 
Montezeaud et al 2016. Field Crops Research. There is intraspecific genetic variation (not QTL). 
Three panels of landraces and modern cultivars. 

Verma et al (2004). Euphytica. QTL for flag leaf senescence related to yield under drought in 
wheat biparental population (later senescence = greater yield) 

Vijayalakshmi et al (2010). Molecular Breeding. QTL for leaf senescence related to heat tolerance 
(greener, more tolerant) in a biparental wheat population  

Naruoka et al 2012. Crop Science. Several QTL for grain leaf duration after heading in biparental 
population. Long leaf duration positively related to yield components under stress conditions, 
neutral relation with yield itself, and negatively correlated with yield in wet-cool environments 

Barakat et al 2013. Biologia Plantarum. QTL for flag lead senescence under water stress in wheat 
biparental population. Relation to yield or components not measured. 

Elshafei et al 2013. Australian Journal of Crop Science. QTL for flag leaf senescence in biparental 
population of wheat. Some co-locating with QTL for other physiological traits. 



QTL-WHEAT 
Saleh et al 2014. Biologia Plantarum. QTL for chlorophyll content, flag leaf senescence, membrane 
stability, in biparental population. Effects on yield not measured 

Li et L 2015. Euphytica. QTL for flag leaf senescence in wheat biparental population. Delayed 
senescence positively associated with yield in some environments, some co-locating QTL for both 
traits. 

Shi et al 2017. Euphytica. QTL for staygreen in biparental wheat population, under several water 
regimes. Too many QTL; a few co-locations with grain yield QTL. 

Christopher et al (2018). Field Crops Research. Wheat, biparental population. Ten main QTL for 
traits related to stay-green have been identified in either well-watered, water-limited or both 
types of environments, with positive or neutral effects on yield, depending on environments.  

Stay-green may arise from underlying traits, including better water uptake, which could help to 
explain why five QTL for seminal root angle and three QTL for seedling root number co-located 
with staygreen QTL in multiple environments. However, it is clear from this study that mechanisms 
other than root traits are also likely involved.  

 



QTL-BARLEY 
Hemebiri (2012). TAG. QTL for stay geen in 2 biparental populations of barley. Contrasting results 
between populations:  In VB9524 x ND11231*12 population, rapid loss of green colour was 
positively associated with grain yield and percent plump grains, but in the Vlamingh x Buloke 
population, a slower loss of green colour (low DSRI) was associated with increased grain 
plumpness. Results depend on environment:  a careful study of target populations and 
environments would be required for breeding purposes 

Wehner et al 2016. BMC Plant Biology. GWAS study barley, SPAD 20 days after stress. QTL for leaf 
colour and drought tolerance (biomass), many coincidences 

Gous et al (2016). Euphytica. QTL for staygreen in biparental population of barley, under two 
different stresses, heat and drought. Relation with yield or yield components not measured 

 



SPECIFIC GENES AND PATHWAYS 
Gregersen et al, 2013 : 

- groups of up-regulated transcription factors that are believed to play important roles 

in the ordered progress of senescence, involving especially members of the NAC, 

WRKY, MYB, C2H2 zinc-finger, bZIP and AP2/EREBP families. 

- The signalling pathways leading from the acute stress responses to the promotion of 

senescence are not clear; although they certainly involve hormones such as ABA, JA 

and SA which are also synthesized during stress periods  

- increasing  the  levels  of  cytokinins  by  upregulating  iso-pentenyl transferase can 

retard the senescence process and the  remobilization  of  leaf  proteins 

- Parrot et al., 2007, 2010 …proteases involved in protein degradation and N 

remobilization in barley. Among the genes tested, a family C1A cysteine 

protease is most likely to participate in bulk protein degradation during barley leaf 

senescence. 

- genes that favour increased water uptake (Christopher et al. 2018) 



“Cosmetic staygreen”: all enzymes in the catabolic pathway up to and including RCC 
reductase assemble into a complex with SGR–LHCII. Interference with the assembly of this 
machine results in a cosmetic stay-green phenotype (Thomas and Ougham 2014).  

Useful for breeding? Questionable 
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Jameson and Song, 2015. Fig. 1. 

Effect on seed yield of modifying 

cytokinin content in leaf, shoot 

apical meristem, and seed. IPT: 

isopentenyl transferase is the key 

cytokinin biosynthetic enzyme. 

CKX: cytokinin 

oxidase/dehydrogenase causes 

cytokinin degradation. 

Specific genes and pathways: cytokinins 



…seed yield can be directly or indirectly affected by disturbing the co-ordinate 

regulatory network of cytokinins (Fig. 1), but whether IPT or CKX is the target may 

depend on whether the crop is source or sink limited. Under stress conditions, the 

source may be limiting yield. Under such conditions, disturbance of the regulatory 

network may be manipulated by the judicious selection of promoters linked to an 

IPT gene, to ameliorate the impacts of stress on yield by modestly enhancing the 

endogenous cytokinin levels. Under sink-limiting conditions, a more direct 

approach, focused on CKX, can be used to disturb cytokinin homeostasis either in 

the SAM, with the aim of enhancing seed number, or targeted to the seed itself to 

manipulate nuclear and cell division to increase seed size. 

Specific genes and pathways: cytokinins 
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• Podzimska-Sroka et al (2015): Within the last decade, NAC transcription factors 

have been shown to play essential roles in senescence 

• Ougham and Thomas (2014): Critical roles GPC-related NACs play in regulating 

cereal leaf senescence and determining the partitioning of N and minerals 

between the grain and crop residue, variations in such NAC genes are likely to 

account for a range of agronomically important stay-green phenotypes.  

• NAC transcription factors are networked to ROS and pathogen signalling pathways 

Specific genes and pathways: NAC factors 



• Uauy et al 2006: The cloning of GPC-B1 (NAM-B1), a NAC transcription factor in 

wheat, provides a direct link between the regulation of senescence and nutrient 

remobilization and an entry point to characterize the genes regulating these two 

processes. A major effect of the NAM genes is an increased efflux of nutrients 

from the vegetative tissues and a higher partitioning of nutrients to grain 

(Waters et al 2009). 

• Lacerenza et al (2010), Parrot et al (2012). Ortholog of GPC-B1 found in barley 

Control of barley (Hordeum vulgare L.) development and senescence by the 

interaction between a chromosome six grain protein content locus, day length 

(more earliness effect in LD), and vernalization (no earliness effect after full 

vernalization): alleles associated with high grain protein content (GPC) at a locus 

on barley chromosome six leads to accelerated leaf senescence, and to strong 

(>10-fold) up-regulation of several genes which may be involved in senescence 

control.  

Specific genes and pathways: NAC factors 



• Parrot et al (2012). By contrast, differences in post-anthesis flag leaf and whole-

plant senescence between low- and high-GPC germplasm persisted under all 

tested conditions, indicating that the GPC locus, possibly through HvGR-RBP1, 

impacts on both developmental stages. Detailed molecular characterization of this 

experimental system may allow the dissection of cross-talk between signalling 

pathways controlling early plant and floral development on one side, and 

leaf/whole-plant senescence on the other side. 

 

• NAM gene expression promotes remobilization of N. Delayed senescence by 

NAM silencing leads to less N and other nutrients remobilized to grains.  

Specific genes and pathways: NAC factors 





Jagadish et al., 2015:  
 
… it is possible to breed for functional stay-greenness in cereals by optimizing assimilates, modify 
photorespiration and enhance sink strength to attain yield stability by defining distinct strategies 
during anthesis under post-anthesis abiotic stresses.  
 
Hence, we propose future cereal stress breeding programs to exploit these unique phenomena by 
identifying lines or accessions possessing these features. Such contrasting lines may subsequently be 
used to develop lines with a pre-anthesis stay-green and a post-anthesis remobilization phenotype. 
 
Exploitable through breeding? 

Cytokinin pathway modification by transgenics in wheat: relative success  

Breeding possibilities  
 
• It is possible to modify staygreen either through transgenics (and gene editing), 

mutation, or through conventional breeding and MAS. Many examples 
 

• What effects has selection for staygreen on grain yield? 
 



Thomas and Ougham 2014 
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Sýkorová et al., 2008. Fig. 4. 
Chlorophyll content of the first and 
the second leaves of the main stems 
and tillers of the SAG12::ipt and 
control (WT) wheat plants at 10 DAA. 
Plants were grown in nutrient solution 
containing either low or near 
optimum concentrations of NO3– 
(773 μM and 1158 μM NO3–, 
respectively). Error bars represent the 
SE (n=3). 

Cytokinin pathway modification by transgenics in wheat: relative success  
In conclusion, the senescence-controlled expression of the ipt gene delayed leaf senescence of the SAG12::ipt wheat 
plants grown under LN supply…. In spite of these effects, which favour extension of the period of active 
photosynthesis and nitrate uptake, the grain yield parameters of the transgenics were not improved. This suggests 
that the ipt-induced delay of leaf senescence may interfere with the developmental strategy of the wheat plants, 
which is based on rapid translocation of available metabolites and nutrients from the leaves, and other plant parts, 
to the developing grains immediately after anthesis. 



Breeding possibilities. Mutation 
 
 
 

Hui et al. 2012: EMS wheat mutant, higher cytokinin content, slower or later chlorophyll degradation, 
delayed senescence, little impact on yield (higher but non-significant), higher number of grain per spike but 
lower individual grain weight (impaired remobilization?) 



FUNGICIDES 

Fungicide application may delay leaf senescence (Grossman et al 1999) “It is assumed 
that the regulation of stomatal aperture, mediated by kresoximmethyl- induced ABA, 
results in reduced water loss by transpiration. This effect of kresoxim-methyl could 
improve the water status and stress management of wheat plants under water deficit 
conditions” 

Blandino and Reyneri (2009). Efect of triazoles on leaf senescence. 

 

DISEASE RESISTANCE 

Mason et al (2016). Plant Physiology. Barley, NILs for NAM1. Overall, the proteomic data 
highlight a correlation between early senescence and upregulated defense functions. 

Relation to biotic stress and biotic stress control 
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