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Abstract 

Exposure to abiotic stresses accelerates leaf senescence in most crop plant species, thereby reducing photosyn-
thesis and other assimilatory processes. In some cases, genotypes with delayed leaf senescence (i.e. ‘stay-green’) 
show stress resistance, particularly in cases of water deficit, and this has led to the proposal that senescence delay 
improves crop performance under some abiotic stresses. In this review, we summarize the evidence for increased 
resistance to abiotic stress, mostly water deficit, in genotypes with delayed senescence, and specifically focus on 
the physiological mechanisms and agronomic conditions under which the stay-green trait may ameliorate grain yield 
under stress.
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Introduction

Environmental conditions are defined as stressful if they 
cause a decrease in growth or fitness in a plant species. Biotic 
(e.g. pathogens, herbivores, competing plants) or abiotic (e.g. 
shortage or excess of water or minerals, high temperature) fac-
tors can impact negatively on plants and constitute important 
stress factors that limit yields of agricultural crops. Worldwide, 
it has been estimated that cereal production of different coun-
tries decreased by 10% and 9% due to drought and heat 
stress, respectively, during the 1964–2007 period (Lesk et al., 
2016); for soybeans, grain yields decreased by about 11% in 
dry years during the period 1961–2014 (Matiu et al., 2017). 
This provides a rough estimate of the impact of stress factors 
reducing global agricultural productivity. In the present sce-
nario of climate change, most models predict more frequent 
episodes of drought or heat waves (Lopez et al., 2018), and 

overall greater intensity of stress (Strzepek et al., 2010). The 
forecasted increased incidence of several types of stress in ag-
ricultural ecosystems will pose an additional threat to food 
security in large parts of the world. The mechanisms whereby 
stress factors impair growth or agricultural performance are 
varied, depending on the type and intensity of stress and the 
species subjected to stress. For example, the primary delete-
rious effect of waterlogging may be to reduce levels of oxygen 
in the soil, thus limiting root respiration. This will affect en-
ergy generation for root functioning, with further impacts on 
above-ground physiology via decreased nutrient acquisition 
(Board, 2008). Similar cascades of deleterious effects might 
apply to almost all types of stressful conditions, and this high-
lights the complexity faced by studies of plant responses to 
stress factors.
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A common phenomenon under different types of stress is 
physiological and morphological remodeling of the shoot via 
accelerated senescence and leaf abscission (Munné-Bosch and 
Alegre, 2004). Accelerated senescence of leaves releases min-
eral elements previously allocated to chloroplasts that can be 
redistributed to other organs (e.g. younger leaves, fruits), while, 
at the same time, reducing the potential demand for scarce re-
sources (e.g. water under drought). These adjustments come at 
the cost of a decrease in the photosynthetic potential of the 
shoot. Therefore, senescence acceleration may promote survival 
of plants under drought by reducing the overall plant demand 
for water, thereby limiting the chances of severe dehydration 
and cell death (Munné-Bosch and Alegre, 2004; Wolfe et al., 
2016). However, in agricultural settings and for herbaceous an-
nual plants, crop breeding may not seek enhanced survival but 
increased production under stress conditions (Blum, 2009). In 
this review, we will emphasize the relationship between leaf 
senescence and stress resistance in an agronomic sense, that is, 
as maintenance of crop production under stressful conditions, 
and not merely survival. Since most studies at the genetic and 
metabolic levels have been made under controlled conditions, 
these may not be easily extrapolated to field conditions, but 
still they can throw light on the possible mechanisms behind 
the stay-green phenotype. Our focus will be mostly on water 
deficit, since this is one of the stress factors most frequently 
faced by crops, and on grain crops given that physiological 
processes related to delayed senescence (mainly nutrient and 
carbon remobilization) could have very different implications 
in other types of crops where seeds are not the harvestable 
organ.

Plant responses to environmental stress

Environmental stresses promote responses that range from 
physiological adjustments to changes in growth and develop-
ment. The array of responses elicited under stress depends on 
the species involved, the period in the life cycle, and the type 
and severity (i.e. intensity, duration) of the stress. Water and 
nitrogen (N) deficit are major limitations to crop production, 
although plants under field conditions are usually exposed to 
a combination of other factors, such as extreme temperatures, 
high irradiance, etc., which tend to exacerbate the effects of 
each single stress (Albrizio et al., 2010; Ergo et al., 2021). Here 
we analyse the interrelation between senescence progression 
and stress responses in the context of gradually imposed limita-
tions of main resources (e.g. water). Extremely severe environ-
mental episodes and artificially imposed stresses that provoke 
irreversible damage or death before any possibility of acclima-
tion are not considered here, as these may not be of common 
occurrence under most agricultural conditions.

Plants develop three main adaptive mechanisms to re-
sist stress: escape, avoidance, and tolerance (Kooyers, 2015; 
Shavrukov et al., 2017). Regarding water stress, escape refers 

to the synchronization of the plant life cycle to prevent sen-
sitive phases of development from experiencing severe water 
deficit. Avoidance strategies allow the plant to minimize the 
chances of experiencing tissue water depletion: examples of 
avoidance mechanisms are increased root growth and hydraulic 
conductivity to improve water absorption; osmotic adjustment 
to maintain tissue water potentials; and stomatal closure, leaf 
rolling, and decreased canopy area (through leaf area reduction, 
senescence, and abscission) to prevent water loss. Tolerance 
refers to the ability to display resilience under low water avail-
ability, maintaining physiological activities or tissue viability 
through metabolic adjustment and repair mechanisms. An ex-
treme example of water deficit tolerance is seen in resurrection 
plants, where leaf water content can decrease to very low levels 
without compromising plant survival (Scott, 2000; Leprince 
and Buitink, 2015). In this review, we will use the term re-
sistance to refer to both avoidance and tolerance mechanisms 
related to delayed senescence, whereas escape mechanisms will 
not be included since these would change also the length of 
the plant cycle, making it difficult to compare different senes-
cence phenotypes.

A major deleterious effect of water deficit is the decline in 
the photosynthetic capacity of the canopy as a consequence of 
reduced development of photosynthetic area, decreased pho-
tosynthetic activity per unit leaf area, and/or the shortening 
of the lifespan of photosynthetic organs (Munné-Bosch and 
Alegre, 2004). Drought also imposes limitations to mineral ab-
sorption, and nutrient deficit usually becomes an intrinsic fea-
ture of water deficit (Weber et al., 2012). Either under drought 
or under well-irrigated conditions, N deficiency induces 
proteolysis to supply the demand for N from other organs. 
Leaf photosynthetic proteins, mainly Rubisco, which repre-
sents around one-third of remobilized N in C3 plants, are de-
graded to N-containing compounds, predominantly amino 
acids, which are mobilized out of the leaf to growing organs 
(Sakuraba, 2022). As a consequence, the amounts of Rubisco 
and of other proteins decrease drastically under N-deficient 
conditions, reducing the photosynthetic capacity and acceler-
ating leaf senescence.

Thermal stress, particularly heat, affects membrane stability, 
protein conformation and enzymatic activity, thereby trigger-
ing ROS production and oxidative stress (Ergo et al., 2021). 
Chloroplasts are the main target of these metabolic impair-
ments, i.e. ATP production and ribulose bisphosphate regen-
eration decrease with the concomitant drop in CO2 fixation. 
Water deficit and/or high irradiance exacerbate the detri-
mental effects of heat. High temperature episodes also reduce 
assimilate transport to the grains (Harding et al., 1990). Overall, 
photosynthetic decline and accelerated canopy senescence 
represent a common symptom observed under these stresses. 
Senescence plays a pivotal role in crop yield as its occurrence 
limits the C available to feed growing organs (e.g. immature 
seeds), but senescence also provides sink tissues with remobi-
lized N to sustain their growth.
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Photosynthesis decrease and chloroplast 
dismantling are accelerated under stress

The negative impact of water deficit on photosynthesis occurs 
through stomatal limitations, reducing CO2 diffusion into 
the leaf, or non-stomatal limitations that affect metabolic and 
photochemical reactions (Ouyang et al., 2017). Metabolic im-
pairment includes decreased carboxylation and regeneration 
of ribulose-1,5-bisphosphate, and decreased chlorophyll con-
tent and photosystem II quantum efficiency (Guan et al., 2015; 
Chen et al., 2016). Severe damage caused by drought, usually in 
combination with high temperatures and/or high irradiance, 
leads to the over-reduction of the electron transport chain 
components, alterations in energy dissipation mechanisms, 
photoinhibition, and disassembly of the photosynthetic ap-
paratus (i.e. dissociation of light-harvesting complexes (LHC) 
from photosynthetic reaction centers, degradation of photo-
system II, etc.) (Ergo et al., 2021).

Water deficit and/or high N-demand conditions accelerate 
the natural (age-related) decline of photosynthetic rate and 
chloroplast dismantling in mature leaves, promoting leaf senes-
cence (Bielczynski et al., 2017). Younger leaves are not com-
petent to senesce, tend to be more resistant to drought than 
older leaves, and represent high-N-demand organs. Some evi-
dence shows that the natural disassembly of photosystems leads 
to an abscisic acid (ABA)-mediated retrograde signaling from 
the chloroplast to the nucleus, suggesting that the decrease in 
photosynthesis might trigger the expression of the genetic pro-
gram involved in chloroplast dismantling and N remobilization 
(Krieger-Liszkay et al., 2019). In addition, LHCII degradation 
might provide substrates for synthesis of ABA, the main hor-
mone involved in abiotic stress responses. Xanthophylls bound 
to LHCs dissociate from the antennas under increased tem-
peratures or drought and might serve as substrates for ABA 
synthesis (Hobe et al., 2006).

Furthermore, downregulation of any LHC chlorophyll a/b 
binding protein (LHCb) provokes reduced stomatal response to 
ABA leading to increased sensitivity to drought in Arabidopsis, 
whereas the overexpression of one LHCb results in enhanced 
ABA-mediated stomatal response (Xu et al., 2012). From the 
above-mentioned, drought resistance traits could allow the 
maintenance of photosynthesis under water deficit leading 
to a delay in senescence (thus, this is a consequence rather 
than the primary cause of resistance). This possibility does not 
exclude opposite scenarios, where delayed senescence per se 
could confer drought resistance. Experiments performed in 
rice with Ethyl methane sulfonate-induced mutants show that 
senescence-delayed phenotypes first characterized under dark-
induced senescence conditions (i.e. not an output of drought 
tolerance) display drought resistance (Ramkumar et al., 2019).

Even though leaves are the main source of C for crop yield, 
crop productivity depends also on photoassimilates produced 
in other organs of the plant. When leaf senescence is accelerated 
in response to terminal stress (mainly during the reproductive 

period) other photosynthetic organs play critical roles in main-
taining yields (Sanchez-Bragado et al., 2020). These organs in-
clude wheat ears (lemma, palea, awns) (Martinez et al., 2003; 
Maydup et al., 2010), rice panicles (Zhang et al., 2023), sterile 
spikelets of sorghum (AuBuchon-Elder, 2020), and pods and 
seeds of alfalfa and soybean (Zhang et al., 2017; Cho et al, 2023). 
Compared with leaves, non-foliar organs often show higher 
rates of photosynthesis, slower post-anthesis senescence, higher 
tolerance to environmental stresses, and also higher capacity 
to re-fix CO2 respired by the heterotrophic tissues of fruits. 
The photosynthetic contribution of non-foliar organs to grain 
yield ranges from 10% to 55% (Lawson and Milliken, 2023). In 
wheat, when measured for the whole organ, photosynthesis in 
the ear is higher than that of the flag leaf, under drought and 
well-watered conditions, revealing a potential central role of 
this organ in grain filling and yield (Abbad et al., 2004; Maydup 
et al., 2014).

Crosstalk between genetic regulation of 
senescence and stress

As the leaf ages, the integration of internal (i.e. hormone bal-
ance, plant growth) and external (environmental conditions, 
biotic interactions) signals leads to the execution of a distinct 
gene expression program. A decline in expression of photo-
synthetic genes and particularly an up-regulation of hundreds 
to thousands of senescence associated genes (SAGs) define 
the developmental transition from maturity to senescence 
(Buchanan-Wollaston et al., 2003; Ahmad and Guo, 2019). 
The leaf senescence syndrome, observed macroscopically as 
leaf yellowing, is characterized by a metabolic shift from nu-
trient assimilation to nutrient remobilization. This shift takes 
place through the coordinated execution of physiological and 
molecular changes. For example, prior to cell death there is a 
decline in photosynthesis; chloroplast dismantling; and massive 
degradation of proteins, lipids, nucleic acids and other macro-
molecules; and concomitant release of catabolites (nutrients), 
i.e. N and P, and their export. Therefore, far from being just 
an age-related degenerative process, leaf senescence governs 
nutrients, particularly dynamics of N-rich compounds, af-
fecting plant fitness and productivity profoundly (Havé et al., 
2017; Fan et al., 2023). Excess or limiting availability of water, 
nutrients, and light and/or extreme temperatures exerts a 
strong influence on the onset and the progression of leaf senes-
cence. Indeed, most transcriptome studies reveal an overlap be-
tween natural (developmental, age-related) and stress-induced 
leaf senescence (Buchanan‐Wollaston et al., 2003; Ahmad and 
Guo, 2019; Tan et al., 2023). A meta-analysis comprising 28 
microarrays of gene expression profiles associated to develop-
mental and induced senescence (provoked by a variety of bi-
otic and abiotic stresses, such as pathogen, wounding, salt or 
sugar excess, and others) revealed distinctive signaling pathways 
triggering senescence, which coalesce in common execution 
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programs. Interestingly, the main differences in gene expression 
under different scenarios were found among those genes that 
are down-regulated during senescence (Guo and Gan, 2012).

Many SAGs that conjoin natural senescence and stress re-
lated regulatory networks are modulated by hormonal signaling. 
Reverse genetics reveals the central role of transcription factors 
(TF) in the association between leaf longevity and plant fitness 
under abiotic stresses. NAC and WRKY are two of the most 
representative TF families, with members having dual positive 
and negative regulatory roles in senescence (Kim et al., 2016; Liu 
et al., 2016). For instance, the NAC TF ORESARA 1 (ORE1), 
also called ANAC092/NAC2, acts as a positive regulator of 
natural leaf senescence and a negative regulator of stress resist-
ance (Balazadeh et al., 2010). Direct targets of ORE1 include 
chlorophyll catabolic genes (Gao et al., 2016; Swida-Barteczka 
and Szweykowska-Kulinska, 2019), and ORE1 antagonizes the 
function of GOLDEN2-LIKE TFs, which are associated with 
photosynthesis and chloroplast maintenance (Rauf et al., 2013). 
Studies in rice show that NAC2 is induced by ABA and, in 
turn, regulates ABA-mediated stress responses. OsNAC2 RNAi 
plants display enhanced resistance to drought and high salinity 
throughout vegetative and reproductive development, maintain-
ing yield after the drought episode, whereas OsNAC2 overex-
pressors show lower resistance to these conditions (Shen et al., 
2017). NtNAC028 represents another example of cross regula-
tion between senescence and stress resistance, in that NtNAC028 
is up-regulated during leaf senescence and under high salinity 
and leaf dehydration. NtNAC028 loss of function tobacco plants 
show delayed senescence and increased hypersensitivity to these 
stresses, whereas the constitutive expression of NtNAC028 in 
Arabidopsis leads to plants with early senescence and enhanced 
resistance to abiotic stresses (Wen et al., 2022).

Many other regulatory pathways seem to modulate leaf 
and plant longevity in a crosstalk with ABA-mediated 
responses. For example, the expression of the NAC TF VND- 
INTERACTING2 (VNI2) increases with leaf longevity, and it 
is also induced by ABA and salt stress. VNI2 integrates responses 
to these factors, directly activating COLD-REGULATED 
(COR) and RESPONSE TO DEHYDRATION (RD) genes, 
which confers stress resistance and also delays leaf senes-
cence (Yang et al., 2011). Furthermore, the overexpression of 
VNI2, COR, or RD leads to delayed leaf senescence. VNI2 
might serve as an integrator of developmental and environ-
mental signals, extending leaf longevity through the promo-
tion of stress-responsive genes. More recently it was shown 
that VNI2 delays senescence through inhibition of another 
NAC TF, ACTIVATION FACTOR2 (ATAF2), a positive reg-
ulator of ORE1 (Nagahage et al., 2023). Differential pheno-
types obtained as an outcome of manipulating NAC TFs and/
or target genes might be extrapolated to field conditions. For 
instance, NAC7 was identified within a stay-green (SG) QTL 
derived from mapping High Protein 1 (IHP1) and Low Protein 
1 (ILP1) Illinois maize lines with different senescence rates 
(Zhang et al., 2019). Under field conditions nac7 RNAi plants 

displayed a noticeable functional SG phenotype, i.e. delayed 
senescence, increased biomass, and N accumulation with re-
spect to null plants. In a wide phylogenetic analysis performed 
in the same study, the authors identified the closest ortholog 
to ZmNAC7 to be OsNAC60, a negative regulator of drought 
resistance (Zhang et al., 2019).

WRKY53 is another central player in senescence and stress-
related programs. This TF is a positive regulator of senescence, 
and promotes the expression of genes involved in transport and 
remobilization (Zentgraf and Doll, 2019). Overexpression and 
down-regulation of WRKY53 leads to accelerated and delayed 
senescence phenotypes, respectively (Miao et al., 2004). Among 
other targets, the direct interaction between WRKY53 and the 
receptor kinase CR5, a negative regulator of senescence and 
osmotic stress resistance, leads to an antagonistic WRK53–
CR5 regulation of chlorophyll content and stomatal conduct-
ance (Burdiak et al., 2022).

Many downstream SAGs code for hydrolytic enzymes and 
for components of autophagy, cellular machinery involved in 
bulk and targeted degradation pathways (Marshall and Vierstra, 
2018; Janse van Rensburg et al., 2019). Natural and stress-related 
senescence converge on the up-regulation of autophagy re-
lated (ATG) genes. Autophagy serves diverse functions related 
to enhanced water and N use efficiency, i.e. post-translational 
down-regulation of aquaporins, and of ABA suppressors, which 
confers resistance to water deficit, and chloroplast protein degra-
dation (for a detailed review of autophagy and drought, see Tang 
and Bassham, 2022). Most ATG loss of function phenotypes 
characterized in different species, such as Arabidopsis, maize, and 
rice, display accelerated senescence and high sensitivity to abi-
otic stresses (Thompson et al., 2005; Li et al., 2015; Fan et al., 
2020). Furthermore, 15N pulse–chase analysis in rice ATG8 
overexpression and RNAi lines show that increasing autophagic 
activity leads to higher recycling efficiency to grains, pointing to 
the relevance of this ubiquitous mechanism in N mobilization 
(Zhen et al., 2019), even under field conditions (Fan et al., 2020).

Chloroplast dismantling also relies on  autophagy-independent, 
extraplastidial vesicular pathways, such as senescence associ-
ated vacuoles (SAVs) and chloroplast vesiculation containing 
vesicles (CCVs) (Otegui et al., 2005; Wang and Blumwald, 
2014). SAVs are lytic compartments themselves that harbor 
the cysteine protease SAG12 (the most used senescence spe-
cific marker gene), among other proteases (Otegui et al., 2005; 
Carrión et al., 2013). They develop specifically during natural 
and ethylene/dark-induced senescence of Arabidopsis, soy-
bean, and tobacco. Rubisco and glutamine synthetase 2, spe-
cific thylakoid proteins (LHCa, PSA, but not LHCb or D1), 
and chlorophyll have been detected in SAVs (Martínez et al., 
2008; Gomez et al., 2019). Senescence is not notably affected 
in Arabidopsis sag12-KO plants, but these knockouts produce 
seeds with lower N content and decreased yield when grown 
under N deficit (James et al., 2018). CCVs carry chloroplast 
proteins to the central vacuole for degradation. CCVs involve 
a chloroplast-targeted protein named CV, and they participate 
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in both natural and stress-induced senescence (Sade et al., 
2018; Ahouvi et al., 2022). Soybean CCVs contain two highly 
similar CV proteins, encoded by paralogous genes, CV1 and 
CV2. Interestingly, CV1 expression is differentially regulated 
in soybean genotypes with contrasting slow- (tolerant) or fast- 
(sensitive) wilting phenotypes under drought, whereas CV2 
expression is promoted during natural senescence and by the 
senescence-accelerating hormones ABA, salicylic acid, and jas-
monic acid. Arabidopsis plants with overexpression of soybean 
CV2 contain reduced amounts of thylakoid proteins PsaB, 
D1, and PsbO (Fleitas et al., 2023). CCVs and SAVs might 
coalesce with the central vacuole, the main proteolytic com-
partment in the cell, which harbors most of the senescence 
and stress-induced proteases (Martínez et al., 2007; Esteban-
García et al., 2010). Hydrolytic and other execution pathways 
can clearly modulate senescence. Stay-Green (SGR) codes for 
a protein involved in dismantling of the chlorophyll–protein 
complexes (Fang et al., 2014). Natural polymorphisms in the 
promoter region of OsSGR lead to different senescence rates 
in rice cultivars. Earlier and higher induction of OsSGR relates 
to accelerated senescence in Indica cultivars. The introgression 
of Japonica alleles of OsSGR into Indica type cultivars led to 
delayed senescence, enhanced photosynthesis, and increased 
grain yield under field conditions (Shin et al., 2020).

Senescence delay, stay-greens, and 
tolerance to abiotic stresses?

Since very often abiotic stress factors accelerate senescence, as 
reviewed above, stress resistant genotypes might display delayed 

senescence under stress conditions merely as a consequence of 
their stress resistance. Therefore, the impact of senescence delay 
on stress resistance must be tested with genotypes where senes-
cence symptoms are mitigated under both stressful and non-
stressful conditions, i.e. where the primary phenotype is the 
delay of senescence. Spontaneous or induced mutations (trans-
genic or not) can delay canopy senescence in several crop spe-
cies (Thomas and Howarth, 2000). These variants with delayed 
senescence are commonly referred to as ‘stay-green’ (SG). 
While some of these genetic variants may be merely cosmetic 
(i.e. they retain chlorophyll without interfering with the loss of 
assimilatory capacities), others are functional, and these plants 
maintain photosynthesis and other assimilatory processes for 
longer periods of time (e.g. Acciaresi et al., 2014), even though 
phenological development (i.e. date of seed maturity) is not 
noticeably affected.

Stay-green phenotypes related to changes 
in cytokinin levels

Cytokinins (CKs) are very powerful inhibitors of leaf senes-
cence (Noodén, 2004). There are a number of SG mutants and 
genotypes where the delay of senescence is associated with 
greater leaf CK levels (Fig. 1). Hybrids of sunflower with con-
trasting dynamics of green leaf area (i.e. SG versus non-SG) 
differed in the persistence of live roots during grain filling, 
with the SG hybrids showing longer-lived roots than the nor-
mally senescing hybrids (Lisanti et al., 2013; Mangieri et al., 
2017), which translated into higher CK content in the xylem 
sap (Mangieri et al., 2020) and leaves (Mangieri et al., 2017). 

Fig. 1. A schematic representation of possible molecular and physiological mechanisms underlying the stay-green trait in crops. The image represents 
an idealized plant, not any specific crop species, growing under non-limiting environmental conditions. Two basic hypothetical mechanisms resulting 
in a stay-green phenotype are presented: in one (left side) increased expression of cytokinin (CK) biosynthetic genes results in higher amounts of CKs 
leading to delayed senescence. Alternatively, this might be due to decreased expression of genes involved in CK degradation. On the right side, reduced 
expression of ethylene biosynthetic genes or of senescence-associated genes results in a stay-green phenotype. ACC, aminocyclopropane-1-carboxylic 
acid; CKox, cytokinin oxidase; ET, ethylene; IPT, isopentenyl transferase; SGR, stay-green.
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Likewise, the concentrations of zeatin and zeatin riboside, two 
important CKs, are higher in the xylem sap of non-senescent 
than in normally senescing hybrids of sorghum (Ambler et al., 
1992). In maize, compared with earlier senescing counterparts, 
SG genotypes show higher concentrations of CKs in leaves 
(He et al., 2005; Zhou et al., 2016) whereas in roots, zeatin 
riboside concentrations also remain higher but reduced levels 
of isopentenyladenosine have led to the proposal of a faster 
rate of CK transport from roots to shoots in SG genotypes (He 
et al., 2005).

Leaf CK levels can be increased through expression of the 
gene for isopentenyl transferase (IPT), which catalyses the 
first step in the biosynthesis of CKs (Kamada-Nobusada and 
Sakakibara, 2009) (Fig. 1). Expression of the ipt gene under 
control of the promoter of senescence-associated gene 12 (SAG12), 
which codes for a cysteine type protease (Lohman et al., 1994), 
increases CK production in leaves starting to senesce (Gan 
and Amasino, 1995), thus retarding leaf senescence of many 
plant species in an autoregulated fashion (e.g. Jordi et al., 2000; 
Clark et al., 2004; Robson et al., 2004 ; Merewitz et al., 2011; 
Xiao et al., 2017). Cytokinin levels increased quite significantly 
in PSAG12-IPT plants of Petunia × hybrida subjected to water 
shortage (e.g. Clark et al., 2004). Both in Petunia × hybrida and 
Solanum melongea, PSAG12-IPT lines retained green leaves for 
longer after the start of a water deficit treatment (Clark et al., 
2004; Xiao et al., 2017). Although SAG12 was first described 
as a senescence-associated gene expressed in leaves, there is ev-
idence that it is also transcribed in roots, where it can have an 
important role in remobilization of root N to the shoot (James 
et al., 2018). In line with these observations, CK contents also 
increased in roots of Agrostis stolonifera PSAG12-IPT lines sub-
jected to drought, apparently counteracting the water-deficit 
induced loss of root viability (Merewitz et al., 2011).

Autoregulated CK production can be achieved also by 
expressing the ipt gene under control of the senescence- 
associated receptor kinase (SARK) promoter (Hajouj et al., 2000). 
Basal (older) leaves of PSARK-IPT lines of tobacco contain 
higher levels of free CK, CK-nucleotides, CK-nucleosides, 
and CK-glucosides than their corresponding wild type coun-
terparts, particularly under water deficit treatments (Rivero 
et al., 2007). PSARK-IPT plants remained viable after 2 weeks of 
drought treatment, and fully recovered when watered after de-
hydration whereas wild type plants were completely and irre-
versibly dehydrated. Compared to wild type, PSARK-IPT plants 
substantially reduced the degradation of chloroplast compo-
nents, maintained photosynthetic electron transport during 
drought (Rivero et al., 2010), and accumulated more biomass 
(Rivero et al., 2007). Similarly, the expression of PSARK-IPT in 
maize increased CK levels under drought, and this translated 
into preservation of leaf area and gas exchange parameters, e.g. 
photosynthesis and stomatal conductance (Oneto et al., 2016). 
However, the impact of PSARK-IPT on maize grain yield was 
not quite clearcut. Drought resistance of the above-mentioned 
senescence-delayed transgenics was revealed in experiments 

where drought was imposed in different ways, but stomatal con-
ductance and transpiration were maintained higher than in the 
wild type in all cases where this was measured. In some experi-
ments, soil water content was maintained at a constant, albeit 
low, level through controlled irrigation for the duration of the 
experiment (Oneto et al., 2016), whereas in other experiments 
drought was imposed by withholding irrigation until the end 
of the measurement period (e.g. Rivero et al., 2007). Detailed 
analysis of leaf water dynamics in such conditions seems war-
ranted. Both PSARK-IPT and PSAG12-IPT plants have higher CK 
contents and delayed senescence, which raises the possibility 
that enhanced drought resistance is not directly related to se-
nescence delay but to higher levels of CKs per se. For example, 
CKs may modulate stomatal aperture in some species (Dodd, 
2003), which might alleviate stress-related stomatal limitations 
to photosynthesis. Autoregulated increase of CK levels can also 
ameliorate the negative effects of salt stress (Shan et al., 2019), 
but there are cases where PSAG12-IPT lines may be more sus-
ceptible to stress. For example, in tobacco, a PSAG12-IPT line 
shows reduced growth in dense plant canopies, i.e. under light 
deprivation (Boonman et al., 2006), highlighting the adaptive 
importance of shade-induced senescence.

Other genetic variants resulting in stay-
green phenotypes

Overexpression of the Arabidopsis 14-3-3 protein GF14λ 
in cotton caused a dramatic preservation of chlorophyll and 
gas exchange in plants subjected to water deficit (Yan et al., 
2004). As in the case of senescence delay through autoregu-
lated expression of the ipt gene, the GF14λ cotton plants also 
maintained higher stomatal conductance, and therefore photo-
synthesis, under drought (Yan et al., 2004).

In soybeans, a number of spontaneous mutations impair 
chlorophyll degradation and several other processes involved 
in chloroplast breakdown during senescence (Guiamet et al., 
1990). A genotype harboring two recessive alleles at different 
genetic loci (i.e. d1d1d2d2) completely inhibits chlorophyll, 
thylakoid protein, and Rubisco degradation during senescence 
(Guiamet et al., 1990; Guiamét and Gianibelli, 1994, 1996; 
Fang et al., 2014; Nakano et al., 2014). These genes are the 
duplicated orthologs of SGR of Arabidopsis (Fang et al., 2014) 
(Fig. 1). In combination with the dominant gene G, which by 
itself causes chlorophyll retention only in the seed coat (i.e. the 
GGd1d1d2d2 genotype), these alleles can delay the senescence- 
related decline in photosynthesis, at least under growth chamber 
conditions (Guiamet et al., 1990). However, when grown out-
doors under natural temperature, irradiance, and vapor pressure 
deficit conditions, GGd1d1d2d2 does not outperform its wild 
type counterpart nor display higher photosynthesis or stom-
atal conductance (Luquez and Guiamet, 2001). Moreover, in 
spite of its SG phenotype, GGd1d1d2d2 displays a quite se-
vere drought sensitive phenotype under water deficit (Luquez 
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and Guiamet, 2002). When subjected to a moderate water 
stress treatment (soil water potential of −0.7 MPa), leaves of 
GGd1d1d2d2 reached lower leaf water potentials and lower 
relative water contents, and showed severe visible symptoms of 
dehydration, but no noticeable degradation of chlorophyll. The 
stomatal behavior of these plants was normal (i.e. stomatal con-
ductance decreased to a similar extent in water-stressed plants 
of both genotypes) and both were equally sensitive to exoge-
nous applications of ABA for stomatal closure. The study of this 
mutant genotype underscores an antagonistic pleiotropic link 
between degradation of chloroplast components and drought 
resistance, which might be taken as evidence that in some cases 
accelerated senescence, not senescence delay, might play a pro-
tective role under stress conditions.

Stay-greens have also been obtained by manipulative 
approaches that reduce ethylene production (e.g. in maize, 
Young et al., 2004; in rice, Fukao et al., 2012), in line with 
reports about lower ethylene production in naturally occur-
ring SGs (in wheat, Kumar et al., 2021) or lower sensitivity to 
exogenous applications of etephon (Zhang et al., 2012) (Fig. 1).  
In maize, aminocyclopropane-1-carboxylic acid synthase 
mutants showed delayed senescence, lower ethylene produc-
tion, and higher stomatal conductance and photosynthesis 
under drought but also a reduced responsiveness to dark-
induced senescence (Young et al., 2004). Nonetheless, to our 
knowledge, ethylene-related SGs have not been tested for stress 
resistance under field conditions.

Sorghum lines or hybrids with the SG trait are among the 
most studied lines with delayed senescence, particularly because 
they confer resistance to water deficit in relatively dry cropping 
areas of Australia (Borrell et al., 2014a). Two sources of SG, B35 
(which displays delayed onset of canopy senescence) and K19 
(with delayed onset and reduced rates of canopy senescence) 
showed greater green leaf area at maturity under terminal 
water deficit (Borrell et al., 2000a). Grain yield of SG versus 
non-SG hybrids correlated positively with green leaf area at 
maturity, and negatively with rate of leaf senescence (Borrell 
et al., 2000b). In most of the hybrids tested (i.e. combinations 
of B35 and K19 with other sorghum lines) that included SG 
and non-SG genotypes, senescence of the canopy was not af-
fected by genotype under well-watered conditions, i.e. delayed 
senescence manifested only under water deficit. Analysis of 
mapping populations of sorghum revealed several quantitative 
trait loci (QTL) associated with the SG character. Four QTLs 
(Stg1, Stg2, Stg3, and Stg4) accounting for 53.5% of the varia-
bility in senescence behavior, and lines harboring QTLs for the 
SG traits also showed enhanced drought resistance (Sanchez 
et al., 2002; Harris et al., 2007). A detailed agronomic study in 
the SG sorghum hybrids showed that, to a large extent, water 
deficit resistance in these genotypes is related to architectural 
changes in the shoot (Borrell et al., 2014a, b; George-Jaeggli 
et al., 2017), rather than to a direct effect on senescence. The 
four SG QTLs reduce tillering and, therefore, water consump-
tion during the vegetative phase, thereby increasing the amount 

of water stored in the soil for reproductive growth. Thus, reten-
tion of green leaf area at maturity is possibly a consequence of 
reduced water uptake earlier in the crop cycle (i.e. an avoid-
ance mechanism), which also explains why these genotypes 
do not display increased persistence of green leaf area under 
well-watered conditions (Borrell et al., 2000b). Even though 
delayed senescence may not be the primary cause of stress re-
sistance, the expression of the SG phenotype still seems to be 
a condition needed for improved post-silking C assimilation 
under drought.

Although not as widely studied as the SG genotypes of sor-
ghum, there are more studies attempting to relate senescence 
behavior and stress resistance. In rice, three mutant genotypes 
cause a delay of leaf chlorophyll degradation, both after 10 d 
of incubation in darkness, or in planta at physiological maturity, 
with persistence of flag leaf photosynthetic capacity after an-
thesis (Ramkumar et al., 2019). In two of these mutants, there 
was no drought-induced decrease of grain yield, pointing to 
stress resistance, but this occurred at grain yields lower than 
those of the wild type genotype even under non-stress condi-
tions. Rather than stress resistance, this suggests that at least 
two of the mutants exerted negative effects on maximum, non-
stressed yield, which is clearly not a useful trait for breeding. In 
the third SG genotype, yield was indistinguishable from wild 
type under either well-watered or water-stress treatments, and 
therefore these mutants did not display enhanced stress resist-
ance in an agronomic sense in spite of the delay of senescence.

Similarly, a comparison of contemporary commercial hybrids 
of maize does not support the notion that the SG trait necessarily 
causes stress resistance. Maize hybrids (four to six, depending on 
the experiment) grown in the field under rainfed or irrigated 
conditions after silking differed in green leaf area at maturity, 
but there was only a weak correlation between green leaf area at 
maturity and yield (Antonietta et al., 2021). The SG hybrids did 
not have a higher yield than the non-SG under water deficit (i.e. 
rainfed) conditions, and there was no detectable hybrid×water 
treatment interaction in two years of experimentation. Since 
tolerance to water deficit can also result in a better performance 
under nutrient stresses (Bänziger et al., 1999), the behavior of 
these hybrids was also studied under conditions of limiting N 
supply. However, as in the case of water deficit, the SG hybrids 
did not outperform non-SGs in terms of yield under limiting 
N supply (Antonietta et al., 2016) in line with other works re-
porting no advantages (Kosgey et al., 2013) or even penalties 
for an exacerbated SG phenotype under low N (Swanckaert 
et al., 2017; Liu et al., 2021). Other work, however, has reported 
advantages of SGs under drought and low N conditions, but 
the range of leaf area indexes and yields explored were much 
lower (e.g. yields of 2.65 t ha−1 across environments exposed 
to heat or drought, Cerrudo et al., 2017; 4.7 t ha−1 across N 
levels, Bänziger et al., 1999; 4.19 t ha−1 under low N, Worku 
et al., 2012). Since light interception relates asymptotically to 
leaf area index, it is expected that a lower leaf area index would 
imply a larger contribution of SG to light interception, and 
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ultimately to yield. Inasmuch as increases in planting density re-
duce the per plant availability of water and nutrients, enhanced 
tolerance of SGs to water or nutrient deficit, if present, might 
improve their growth under higher planting densities. However, 
yield of a very strong SG hybrid was actually lower than that 
of its non-SG counterparts at high plant densities, whereas one 
hybrid displaying the SG trait only at the upper canopy layer 
showed the largest grain yield (Antonietta et al., 2014) in line 
with other reports showing negative relationships between the 
SG score and yield at high planting densities (Zhang et al., 2019; 
Shao et al., 2021). In brief, studies with commercial hybrids 
of maize do not provide conclusive evidence of an overall 
increased stress tolerance in delayed senescence genotypes. 
This seems to contrast with retrospective studies showing that 
breeding resulted in extended leaf area duration (Duvick, 2005) 
and improved resistance to high planting densities that would 
also bring about higher yield stability (Tollenaar and Wu, 1999; 
Di Matteo et al., 2016). However, retrospective studies involve, 
among others, increases in grain number (e.g. Di Matteo et al., 
2016) in modern genotypes, with a concomitant advantage of 
prolonged leaf area duration. Also, at least for maize, these ret-
rospective studies usually involve the transition from double- to 
single-cross hybrids, with a concomitant reduction in interplant 
variability that may bring special advantages in stressful envi-
ronments where interplant variability tends to be accentuated.

Controversial findings around the stay-
green trait

More inconsistencies regarding the benefits of the SG trait 
could be expected in crops having a larger C contribution to 
yield of stover dry matter or of photosynthetic organs other 
than leaves (e.g. ears in wheat, Maydup et al., 2010). Other 
controversies may relate to a combination of: (i) differences 
in the genetic background of the SG genotypes (Vadez et al., 
2011a; Jordan et al., 2012; Borrell et al., 2014a); (ii) the environ-
mental context where stress occurs (e.g. duration of the stress, 
plant density); and (iii) the different mechanisms underlying 
the SG trait (further addressed in the next section). In turn, 
the interaction among these factors will determine the de-
gree of phenotypic plasticity with which the SG phenotype is 
expressed, and with this, whether timely leaf senescence occurs 
or not. Strong hybrid vigor (Gong et al., 2005), high levels of 
N fertilizer (Yang and Zhang, 2006), or a small response to 
shade (Acciaresi et al., 2014; Antonietta et al., 2014) may cause 
undesired delays in senescence negatively affecting yields. By 
contrast, senescence promotion of older leaves before anthesis 
is associated with water saving and a SG phenotype later on in 
sorghum under drought (George-Jaeggli et al., 2017). Similarly, 
under N deficiency, promoting senescence of lower leaves 
improves leaf N remobilization and yield within different SG 
genotypes (Antonietta et al., 2016; Liu et al., 2021).

Other sources of controversy may relate to how the SG trait 
is defined. Most common procedures include onset of fast se-
nescence, rate of senescence, and remaining leaf area at the end 
of the season, assessed either visually or through the normal-
ized difference vegetation index in high throughput phenotyp-
ing approaches (e.g. Lopes and Reynolds, 2012; Cerrudo et al., 
2017). Within the same environment, very different relation-
ship can be obtained depending on the parameter selected to 
represent the SG trait (e.g. Christopher et al., 2016). In wheat, 
positive relationships between SG and yield were obtained 
when onset of senescence was considered, but since a delayed 
onset was associated with faster rates of senescence, rate was 
not a good proxy of SG in this case (Montazeaud et al., 2016; 
Jocković et al., 2022). By contrast, in spring wheat populations, 
rate of senescence appeared to be a good proxy of the SG 
trait, negatively relating to yield under drought and also under 
heat environments (Lopes and Reynolds, 2012). Remaining 
leaf area by the end of the season does not seem to be a good 
estimate of the SG in wheat (Christopher et al., 2016), but it is 
in sorghum (Borrell et al., 2000b).

Overall, the SG trait should improve canopy light intercep-
tion and/or radiation use efficiency. Surprisingly, in very few 
cases the SG trait has been assessed in terms of its contribu-
tion to canopy light interception (as in Acciaresi et al., 2014), 
a fundamental condition to be met in order to improve C ac-
cumulation in the reproductive period. Thus, when maximum 
leaf area indexes are well above critical, the contribution of the 
SG trait could be overestimated if this is not associated with 
light interception measurements. Regarding radiation use effi-
ciency, most work identifying functional SGs is based on pho-
tosynthetic measurements made at full irradiance (e.g. He et al., 
2005; Oneto et al., 2016; Mangieri et al., 2017; Ramkumar 
et al., 2019), which could also lead to overestimations of the 
SG contribution since phenotypic differences between SG and 
non-SG genotypes are mostly accentuated in lower canopy 
leaves where photosynthesis is usually light-limited.

Can delayed senescence confer cross-
resistance to different types of stress?

Considering current evidence on advantages of SGs under 
particular stresses (e.g. drought), a further question to be asked 
is whether these advantages can be maintained in environ-
ments exposed to other types of stress (e.g. N deficiency) and 
thus SG confer cross-resistance to multiple stressors (Bänziger 
and Lafitte, 1997; Tan et al., 2023). Extensive discussion exists 
around the idea that increasing yield potential could be a means 
for improving stress resistance; yet, yield potential and stress 
resistance may not be mutually exclusive but nor necessarily 
related (e.g. Tollenaar and Lee, 2002; Antonietta and Guiamet, 
2018; Du et al., 2020; Wang et al., 2021). Available evidence is 
not conclusive on SG increasing yield potential, with work 
suggesting advantages of SGs in control field conditions (i.e. 
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irrigated, fertilized, or at low planting density) (Zhang et al., 
2019; Kumar et al., 2021) as well as no advantages (Antonietta 
et al., 2021; Liu et al., 2021) or even penalties (Ramkumar et al., 
2019). Multi-environment approaches are not conclusive ei-
ther, with reports on advantages of the SG trait in well-watered 
conditions in wheat (Christopher et al., 2016) as well as nega-
tive associations with the SG trait in the highest yielding envi-
ronments in sorghum (Jordan et al., 2012).

Retrospective studies show that the SG trait has been selected 
unintentionally during breeding in different crops (in maize, 
Tollenaar and Wu, 1999; Duvick, 2005; in barley, Mirosavljević 
et al., 2020; in wheat, Jocković et al., 2022), implying it was 
favored after empirical selection across multi-environment 
trials (which are required before releasing new commercial 
genotypes). The SG phenotype was also accentuated after re-
current selection cycles for drought tolerance in maize lines 
from CIMMYT, while also conferring an advantage under low 
N stress (Lafitte and Edmeades, 1995; Bänziger et al., 1999) 
suggesting cross-resistance could be met through this trait. 
However, this evidence does not allow dissection of the spe-
cific gains related to the SG trait from those related to other 
traits that also changed during breeding (e.g. reduced anthesis–
silking interval, Duvick, 2005; stand uniformity, Tollenaar and 
Wu, 1999) or that were dragged into the new materials during 
selection cycles (e.g. reduced barrenness, Lafitte and Edmeades, 
1995).

Robust evidence for a positive impact of the SG trait under 
stress in sorghum comes from the work of Jordan et al. (2012) 
who reported a positive association between SG rating and 
yield in 1688 hybrids from the Queensland public breeding 
program tested across 23 environments with advantages found 
particularly in lower yielding environments (<6 t ha−1), puta-
tively where crops were exposed to different stresses. However, 
reports in other crops are less consistent. For example, in a 
population of 152 spring wheat lines, SG related to yield in 
environments exposed to heat and also in those exposed to 
drought, but in another population of 113 lines, this was only 
seen under heat stress (Lopes and Reynolds, 2012), ruling out 
the occurrence of cross resistance to drought and heat in this 
set of genotypes.

Yield advantages in each environment 
depend on the crop physiological 
mechanism underlying stay-green

At the crop level, the specific mechanisms behind the SG 
trait may determine its advantage in each type of environ-
ment. For example, increased resource capture in lower soil 
layers might translate into cross resistance to stresses affecting 
water and N availability. Under drought, the SG phenotype of 
some genotypes has been related to increased water availability 
during the grain filling period, due to a more conservative use 

of water by decreased canopy size at anthesis (Borrell et al., 
2014a), improved transpiration efficiency (Vadez et al., 2011b; 
Antonietta et al., 2021), or increased access to deep soil mois-
ture (Christopher et al., 2008; Lisanti et al., 2013; Hiremath 
and Nadaf, 2017). Among these, a deeper root system could 
also improve N capture in low N soils (Lynch, 2022), whereas 
reduced canopy size at anthesis or improved transpiration effi-
ciency may not imply a direct benefit under N limitations in 
the absence of water deficit. At the same time, many studies 
have reported lower C remobilization in SG genotypes under 
drought (Gong et al., 2005; Yang and Zhang, 2006; Antonietta 
et al., 2021). Thus, whether the SG trait effectively translates 
into higher yields may depend to a large extent on the relative 
contribution of post-anthesis C assimilation and post-anthesis 
C remobilization in each crop×environment combination 
(Fig. 2).

The SG phenotype has also been associated with an improved 
N balance allowing plants to meet sink demand while main-
taining leaf N level high enough to prevent the onset of senes-
cence (Borrell and Hammer, 2000). This could be achieved by 
a higher leaf N concentration at anthesis (Borrell and Hammer, 
2000; Fu et al., 2009; Antonietta et al., 2019) and/or larger N 
uptake during the reproductive period (Borrell and Hammer, 
2000; Pommel et al., 2006), the latter related to increased root 
activity (Fu et al., 2009) and/or root biomass (Hou et al., 2021). 
Adequate N nutrition can also improve drought tolerance due 
to higher leaf water potentials, antioxidant activity, and pho-
tosynthesis (Abid et al., 2016), although it might also result in 
a larger canopy size increasing water demand through higher 
transpiration (e.g. Van Oosterom et al., 2010), whereas increased 
root biomass or activity could promote water uptake. However, 
as found for C, many reports also show lower N remobilization 
in SG genotypes (Pommel et al., 2006; Mi et al., 2003; Kosgey 
et al., 2013; Antonietta et al., 2014, 2016; Swanckaert et al., 
2017; Shao et al., 2021). If soil N is depleted during the veg-
etative period, a reduced kernel N supply (e.g. in maize) may 
affect sink strength through decreased endosperm cell number 
(Pico et al., 2021) and activity of enzymes involved in sugar 
metabolism (Below et al., 2000), ultimately reducing sugar ex-
port rates from leaves (Ning et al., 2018). Thus, whether the SG 
trait brings a yield benefit under N deficiency may depend on 
the relative N limitations experienced by source tissues (trig-
gering decreased photosynthetic rates and accelerated canopy 
senescence) and sink tissues (reducing sink strength) (Fig. 2).

Stay-green phenotypes have also been related to changes 
in hormone levels (addressed in a previous section). Increased 
CKs and reduced ABA levels found in naturally occurring 
SG genotypes (He et al., 2005; Seiler et al., 2014; Zhou et al., 
2016) might improve stomatal conductance, photosynthesis, 
and yield under temporary drought conditions (Zhou et al., 
2016) as seen for autoregulated IPT-expressing SGs (discussed 
previously). However, such a strategy could compromise yield 
under terminal drought by a faster depletion of water reserves. 
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Increased CKs and reduced ABA could impose penalties on 
remobilization of soluble carbohydrates (in wheat and rice, 
Yang and Zhang, 2006; in rice, Fu et al., 2009), so that pro-
moting senescence through moderate use of N fertilizer or 
mild soil drying has positive effects on yield (Yang et al., 2001). 
Also, a reduced responsiveness to shade-induced leaf senes-
cence has been reported in SG genotypes of different genetic 
origins including PSAG12-IPT-expressing tobacco (Boonman 
et al., 2006), Zmacs6 mutants of maize with reduced ethylene 
production (Young et al., 2004), and ethyl methane sulfonate-
induced mutants of rice (Ramkumar et al., 2019). This nega-
tively impacts C assimilation (Boonman et al., 2006) and could 
be involved in the lower tolerance of SG genotypes to high 
planting densities (Antonietta et al., 2014; Zhang et al., 2019; 
Shao et al., 2021). Thus, hormone-mediated SGs may have 
improved tolerance to transitory stresses (drought, heat), but 
with an overall lower phenotypic plasticity that could compro-
mise yield stability under long-term drought, N deficiency, or 
high planting densities. Overall, this highlights the importance 
of understanding the mechanisms underlying the SG pheno-
type to adequately evaluate the possible advantages or penalties 
under different environments.

Conclusions

The acceleration of senescence symptoms is one of the dele-
terious effects of abiotic stress. However, does a delay of leaf 
senescence ameliorate resistance to abiotic stress? Studies 
with SG transgenic lines, spontaneous mutants and other 
genetic variants suggest that in several cases delayed senes-
cence increases resistance to abiotic stresses, particularly water 

deficit. However, in other cases the senescence behavior of 
genotypes does not have an effect on stress resilience. A crit-
ical point is to unravel whether stress resistance is due to se-
nescence delay (i.e. in such a case breeding for senescence 
delay should be a productive strategy to gain stress resistance) 
or whether delayed senescence is just a consequence of stress 
resistance achieved through other physiological mechanisms. 
Even if breeding for delayed senescence offers the potential to 
increase stress resistance, several factors might interfere with 
the realization of this potential, e.g. (i) the genetic background 
of the SG genotypes; (ii) the environmental context where 
stress occurs (e.g. duration of the stress); and (iii) the impact 
of the specific mechanism responsible for the SG trait. Finally, 
whatever mechanism underlies the SG trait, to be useful in an 
agricultural setting, the SG genotype should exhibit a certain 
degree of phenotypic plasticity. Since several genes and QTLs 
might be targets for molecular breeding to delay senescence 
and increase stress tolerance, judicious testing of such vari-
ants under realistic and diverse conditions may greatly help 
to advance the search for superior genotypes with enhanced 
adaptation to harsh environments in order to secure food pro-
duction in the near future.
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Fig. 2. Conceptual framework showing relationships between the stay-green trait and yield under non-limiting grain number. A deeper root system 
or higher root biomass or activity (increasing water uptake), water conservation strategies and/or hormonal balances are non-excluding mechanisms 
(encircled in dotted lines) leading to a stay-green phenotype. Delayed canopy senescence is expected to increase post-anthesis C accumulation, but also 
to reduce C and N remobilization. Increases in grain weight are mediated by sink strength, which in turn, can affect C remobilization and accumulation 
by feedback processes (dashed arrows). Ultimately, N taken up is assimilated in leaves and thus post-anthesis N remobilization includes N assimilated 
and remobilized during the post-anthesis period. Boxes denote processes that might be more relevant under drought (in orange) or under N deficiency (in 
green).

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/75/14/4244/7650987 by guest on 23 July 2024



Copyedited by: OUP

4254 | Antonietta et al.

References
Abbad H, El Jaafari S, Bort Pie J, Araus Ortega JL. 2004. Comparison 
of flag leaf and ear photosynthesis with biomass and grain yield of durum 
wheat under various water conditions and genotypes. Agronomie 1, 19–28.

Abid M, Tian Z, Ata-Ul-Karim ST, Cui Y, Liu Y, Zahoor R, Jiang D, Dai 
T. 2016. Nitrogen nutrition improves the potential of wheat (Triticum aesti-
vum L.) to alleviate the effects of drought stress during vegetative growth 
periods. Frontiers in Plant Science 7, 981.

Acciaresi HA, Tambussi EA, Antonietta M, Zuluaga MS, Andrade FH, 
Guiamét JJ. 2014. Carbon assimilation, leaf area dynamics, and grain 
yield in contemporary earlier- and later-senescing maize hybrids. European 
Journal of Agronomy 59, 29–38.

Ahmad S, Guo Y. 2019. Signal transduction in leaf senescence: progress 
and perspective. Plants 8, 405.

Ahouvi Y, Haber Z, Zach YY, Rosental L, Toubiana D, Sharma D, Sade 
N. 2022. The alteration of tomato chloroplast vesiculation positively affects 
whole-plant source–sink relations and fruit metabolism under stress condi-
tions. Plant and Cell Physiology 63, 2008–2026.

Albrizio R, Todorovic M, Matic T, Stellacci AM. 2010. Comparing the 
interactive effects of water and nitrogen on durum wheat and barley grown 
in a Mediterranean environment. Field Crops Research 115, 179–190.

Ambler JR, Morgan PW, Jordan WR. 1992. Amounts of zeatin and 
zeatin riboside in xylem sap of senescent and nonsenescent sorghum. Crop 
Science 32, 411–419.

Antonietta M, Acciaresi HA, Guiamet JJ. 2016. Responses to N de-
ficiency in stay green and non‐stay green argentinean hybrids of maize. 
Journal of Agronomy and Crop Science 202, 231–242.

Antonietta M, Fanello DD, Acciaresi HA, Guiamet JJ. 2014. Senescence 
and yield responses to plant density in stay green and earlier- senescing 
maize hybrids from Argentina. Field Crops Research 155, 111–119.

Antonietta M, Girón P, Costa ML, Guiamét JJ. 2019. Leaf protein allo-
cation across the canopy and during senescence in earlier and later senesc-
ing maize hybrids, and implications for the use of chlorophyll as a proxy of 
leaf N. Acta Physiologiae Plantarum 41, 150.

Antonietta M, Guiamet JJ. 2018. Relative advantage of high yield poten-
tial at low-yielding environments for commercial maize hybrids cropped in 
Argentina. Experimental Agriculture 55, 692–706.

Antonietta M, Maydup ML, Cano MG, Fanello DD, Acciaresi HA, 
Guiamet JJ. 2021. Yield determinants, root distribution and soil water 
uptake in maize (Zea mays) hybrids differing in canopy senescence under 
post-silking drought. Functional Plant Biology 48, 1124–1138.

AuBuchon-Elder T, Coneva V, Goad DM, Jenkins LM, Yu Y, Allen DK, 
Kellogg EA. 2020. Sterile spikelets contribute to yield in sorghum and re-
lated grasses. The Plant Cell 32, 3500–3518.

Balazadeh S, Siddiqui H, Allu AD, Matallana‐Ramirez LP, Caldana C, 
Mehrnia Mueller‐Roeber B. 2010. A gene regulatory network controlled 
by the NAC transcription factor ANAC092/AtNAC2/ORE1 during salt‐pro-
moted senescence. The Plant Journal 62, 250–264.

Bänziger M, Lafitte HR. 1997. Efficiency of secondary traits for improv-
ing maize for low‐nitrogen target environments. Crop Science 37, 
1110–1117.

Bänziger M, Edmeades GO, Lafitte HR. 1999. Selection for drought 
tolerance increases maize yields across a range of nitrogen levels. Crop 
Science 39, 1035–1040.

Below FE, Cazetta JO, Seebauer JR. 2000. Carbon/nitrogen interac-
tions during ear and kernel development of maize. In: Westgate M, Boote K, 
Knievel D, Kiniry J, eds. Physiology and modeling kernel set in maize, CSSA 
Special Publications Vol 29. Crop Science Society of America and American 
Society of Agronomy, 15–24.

Bielczynski LW, Łącki MK, Hoefnagels I, Gambin A, Croce R. 2017. 
Leaf and plant age affects photosynthetic performance and photoprotective 
capacity. Plant Physiology 175, 1634–1648.

Blum A. 2009. Effective use of water (EUW) and not water-use efficiency 
(WUE) is the target of crop yield improvement under drought stress. Field 
Crops Research 112, 119–123.

Board JE. 2008. Waterlogging effects on plant nutrient concentrations in 
soybean. Journal of Plant Nutrition 31, 828–838.

Boonman A, Anten NP, Dueck TA, Jordi WJ, van der Werf A, Voesenek 
LA, Pons TL. 2006. Functional significance of shade-induced leaf senes-
cence in dense canopies: an experimental test using transgenic tobacco. 
The American Naturalist 168, 597–607.

Borrell AK, Hammer GL. 2000. Nitrogen dynamics and the physiological 
basis of stay‐green in sorghum. Crop Science 40, 1295–1307.

Borrell AK, Hammer GL, Douglas ACL. 2000a. Does maintaining green 
leaf area in sorghum improve yield under drought? I. Leaf growth and senes-
cence. Crop Science 40, 1026–1037.

Borrell AK, Hammer GL, Henzell RG. 2000b. Does maintaining green 
leaf area in sorghum improve yield under drought? II. Dry matter production 
and yield. Crop Science 40, 1037–1048.

Borrell AK, Mullet JE, George-Jaeggli B, van Oosterom EJ, Hammer 
GL, Klein PE, Jordan DR. 2014a. Drought adaptation of stay-green sor-
ghum is associated with canopy development, leaf anatomy, root growth, 
and water uptake. Journal of Experimental Botany 65, 6251–6263.

Borrell AK, van Oosterom EJ, Mullet JE, George-Jaeggli B, Jordan 
DR, Klein PE, Hammer GL. 2014b. Stay-green alleles individually enhance 
grain yield in sorghum under drought by modifying canopy development 
and water uptake patterns. New Phytologist 203, 817–830.

Buchanan‐Wollaston V, Earl S, Harrison E, Mathas E, Navabpour S, 
Page T, Pink D. 2003. The molecular analysis of leaf senescence – a geno-
mics approach. Plant Biotechnology Journal 1, 3–22.

Burdiak P, Mielecki J, Gawroński P, Karpiński S. 2022. The CRK5 and 
WRKY53 are conditional regulators of senescence and stomatal conduct-
ance in Arabidopsis. Cells 11, 3558.

Carrión CA, Costa ML, Martínez DE, Mohr C, Humbeck K, Guiamet 
JJ. 2013. In vivo inhibition of cysteine proteases provides evidence for the 
involvement of ‘senescence-associated vacuoles’ in chloroplast protein 
degradation during dark-induced senescence of tobacco leaves. Journal of 
Experimental Botany 64, 4967–4980.

Cerrudo D, González Pérez L, Mendoza Lugo JA, Trachsel S. 2017. 
Stay-green and associated vegetative indices to breed maize adapted to 
heat and combined heat-drought stresses. Remote Sensing 9, 235.

Chen YE, Liu WJ, Su YQ, Cui JM, Zhang ZW, Yuan M, Yuan S. 2016. 
Different response of photosystem II to short and long‐ term drought stress 
in Arabidopsis thaliana. Physiologia Plantarum 158, 225–235.

Cho YB, Stutz SS, Jones SI, Wang Y, Pelech EA, Ort DR. 2023. Impact 
of pod and seed photosynthesis on seed filling and canopy carbon gain in 
soybean. Plant Physiology 193, 966–979.

Christopher JT, Christopher MJ, Borrell AK, Fletcher S, Chenu K. 
2016. Stay-green traits to improve wheat adaptation in well- watered 
and water-limited environments. Journal of Experimental Botany 67, 
5159–5172.

Christopher JT, Manschadi AM, Hammer GL, Borrell AK. 2008. 
Developmental and physiological traits associated with high yield and stay-
green phenotype in wheat. Australian Journal of Agricultural Research 59, 
354–364.

Clark DG, Dervinis C, Barrett JE, Klee H, Jones M. 2004. Drought-
induced leaf senescence and horticultural performance of transgenic 
PSAG12-IPT petunias. Journal of the American Society for Horticultural 
Science 129, 93–99.

Di Matteo JA, Ferreyra JM, Cerrudo AA, Echarte L, Andrade FH. 
2016. Yield potential and yield stability of Argentine maize hybrids over 45 
years of breeding. Field Crops Research 197, 107–116.

Dodd IC. 2003. Hormonal interactions and stomatal responses. Journal of 
Plant Growth Regulation 22, 32–46.

Du YL, Xi Y, Cui T, Anten NP, Weiner J, Li X, Turner NC, Zhao Y, Li FM. 
2020. Yield components, reproductive allometry and the tradeoff between 
grain yield and yield stability in dryland spring wheat. Field Crops Research 
257, 107930.

Duvick DN. 2005. The contribution of breeding to yield advances in maize 
(Zea mays L.). Advances in Agronomy 86, 83–145.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/75/14/4244/7650987 by guest on 23 July 2024



Copyedited by: OUP

Delayed senescence and stress tolerance | 4255

Ergo VV, Veas RE, Vega CR, Lascano R, Carrera CS. 2021. Leaf pho-
tosynthesis and senescence in heated and droughted field-grown soy-
bean with contrasting seed protein concentration. Plant Physiology and 
Biochemistry 166, 437–447.

Esteban-García B, Garrido-Cárdenas JA, Alonso DL, García-Maroto 
F. 2010. A distinct subfamily of papain-like cystein proteinases regulated by 
senescence and stresses in Glycine max. Journal of Plant Physiology 167, 
1101–1108.

Fan H, Quan S, Ye Q, et al. 2023. A molecular framework underlying low-
nitrogen-induced early leaf senescence in Arabidopsis thaliana. Molecular 
Plant 16, 756–774.

Fan T, Yang W, Zeng X, Xu X, Xu Y, Fan X, Luo M, Tian C, Xia K, Zhang 
M. 2020. A rice autophagy gene OsATG8b is involved in nitrogen remobi-
lization and control of grain quality. Frontiers in Plant Science 11, 518926.

Fang C, Li C, Li W, et al. 2014. Concerted evolution of D1 and D2 to reg-
ulate chlorophyll degradation in soybean. The Plant Journal 77, 700–712.

Fleitas AL, Castro A, Blumwald E, Vidal S. 2023. Functional specializa-
tion of chloroplast vesiculation (CV) duplicated genes from soybean shows 
partial overlapping roles during stress-induced or natural senescence. 
Frontiers in Plant Science 14, 1184020.

Fu JD, Yan YF, Lee BW. 2009. Physiological characteristics of a func-
tional stay-green rice ‘SNU-SG1’ during grain-filling period. Journal of Crop 
Science and Biotechnology 12, 47–52.

Fukao T, Yeung E, Bailey-Serres J. 2012. The submergence tolerance 
gene SUB1A delays leaf senescence under prolonged darkness through 
hormonal regulation in rice. Plant Physiology 160, 1795–1807.

Gan S, Amasino RM. 1995. Inhibition of leaf senescence by autoregulated 
production of cytokinin. Science 270, 1986–1988.

Gao S, Gao J, Zhu X, Song Y, Li Z, Ren G, Kuai B. 2016. ABF2, ABF3, and 
ABF4 promote ABA-mediated chlorophyll degradation and leaf senescence 
by transcription activation of chlorophyll catabolic genes and senescence- 
associated genes in Arabidopsis. Molecular Plant 9, 1272–1285.

George-Jaeggli B, Mortlock MY, Borrell AK. 2017. Bigger is not always 
better: reducing leaf area helps stay-green sorghum use soil water more 
slowly. Environmental and Experimental Botany 138, 119–129.

Gomez FM, Carrion CA, Costa ML, Desel C, Kieselbach T, Funk C, 
Guiamet JJ. 2019. Extra‐plastidial degradation of chlorophyll and photo-
system I in tobacco leaves involving “senescence‐associated vacuoles”. 
The Plant Journal 99, 465–477.

Gong YH, Zhang J, Gao JF, Lu JY, Wang JR. 2005. Slow export of pho-
toassimilate from stay‐green leaves during late grain‐filling stage in hybrid 
winter wheat (Triticum aestivum L.). Journal of Agronomy and Crop Science 
191, 292–299.

Guan XK, Song L, Wang TC, Turner NC, Li FM. 2015. Effect of drought 
on the gas exchange, chlorophyll fluorescence and yield of six different‐
era spring wheat cultivars. Journal of Agronomy and Crop Science 201, 
253–266.

Guiamét JJ, Giannibelli MC. 1994. Inhibition of the degradation of chlo-
roplast membranes during senescence in nuclear ‘stay green’ mutants of 
soybean. Physiologia Plantarum 91, 395–402.

Guiamet JJ, Giannibelli MC. 1996. Nuclear and cytoplasmic ‘stay‐green’ 
mutations of soybean alter the loss of leaf soluble proteins during senes-
cence. Physiologia Plantarum 96, 655–661.

Guiamet JJ, Teeri JA, Noodén LD. 1990. Effects of nuclear and cyto-
plasmic genes altering chlorophyll loss on gas exchange during monocarpic 
senescence in soybean. Plant and Cell Physiology 31, 1123–1130.

Guo Y, Gan SS. 2012. Convergence and divergence in gene expression 
profiles induced by leaf senescence and 27 senescence‐promoting hor-
monal, pathological and environmental stress treatments. Plant, Cell and 
Environment 35, 644–655.

Hajouj T, Michelis R, Gepstein S. 2000. Cloning and characterization of 
a receptor-like protein kinase associated with senescence. Plant Physiology 
124, 1305–1314.

Harding SA, Guikema JA, Paulsen GM. 1990. Photosynthetic decline 
from high temperature stress during maturation of wheat: II. Interaction with 
source and sink processes. Plant Physiology 92, 654–658.

Harris K, Subudhi PK, Borrell A, Jordan D, Rosenow D, Nguyen 
H, Klein P, Klein R, Mullet J. 2007. Sorghum stay-green QTL individ-
ually reduce post-flowering drought-induced leaf senescence. Journal of 
Experimental Botany 58, 327–338.

Havé M, Marmagne A, Chardon F, Masclaux-Daubresse C. 2017. 
Nitrogen remobilization during leaf senescence: lessons from Arabidopsis 
to crops. Journal of Experimental Botany 68, 2513–2529.

He P, Osaki M, Takebe M, Shinano T, Wasaki J. 2005. Endogenous hor-
mones and expression of senescence-related genes in different senescent 
types of maize. Journal of Experimental Botany 56, 1117–1128.

Hiremath G, Nadaf HL. 2017. Assessment of stay green genotypes of 
sunflower for root traits under different soil moisture regimes. International 
Journal of Current Microbiology and Applied Sciences 6, 1156–1166.

Hobe S, Trostmann I, Raunser S, Paulsen H. 2006. Assembly of the major 
light-harvesting chlorophyll-a/b complex: thermodynamics and kinetics of 
neoxanthin binding. The Journal of Biological Chemistry 281, 25156–25166.

Hou X, Xue Q, Jessup KE, Zhang Y, Blaser B, Stewart BA, 
Baltensperger DD. 2021. Effect of nitrogen supply on stay-green sorghum 
in differing post-flowering water regimes. Planta 254, 63.

James M, Poret M, Masclaux-Daubresse C, Marmagne A, Coquet L, 
Jouenne T, Etienne P. 2018. SAG12, a major cysteine protease involved 
in nitrogen allocation during senescence for seed production in Arabidopsis 
thaliana. Plant and Cell Physiology 59, 2052–2063.

Janse van Rensburg HC, Van den Ende W, Signorelli S. 2019. 
Autophagy in plants: both a puppet and a puppet master of sugars. 
Frontiers in Plant Science 10, 14.

Jocković B, Mirosavljević M, Momčilović V, Dražić T, Mikić S, Aćin V, Ilin 
S, Živančev D. 2022. The contribution of stay green traits to the breeding 
progress of the pannonian wheat. Field Crops Research 287, 108649.

Jordan DR, Hunt CH, Cruickshank AW, Borrell AK, Henzell RG. 2012. 
The relationship between the stay‐green trait and grain yield in elite sorghum 
hybrids grown in a range of environments. Crop Science 52, 1153–1161.

Jordi W, Schapendonk A, Davelaar E, Stoopen GM, Pot CS, De 
Visser R, van Rhijn JA, Gan S, Amasino RM. 2000. Increased cytokinin 
levels in transgenic PSAG12-IPT tobacco plants have large direct and in-
direct effects on leaf senescence, photosynthesis and N partitioning. Plant 
Cell and Environment 23, 279–289.

Kamada-Nobusada T, Sakakibara H. 2009. Molecular basis for cytokinin 
biosynthesis. Phytochemistry 70, 444–449.

Kim HJ, Nam HG, Lim PO. 2016. Regulatory network of NAC transcrip-
tion factors in leaf senescence. Current Opinion in Plant Biology 33, 48–56.

Kooyers NJ. 2015. The evolution of drought escape and avoidance in nat-
ural herbaceous populations. Plant Science 234, 155–162.

Kosgey JR, Moot DJ, Fletcher AL, McKenzie BA. 2013. Dry matter ac-
cumulation and post-silking N economy of ‘stay-green’ maize (Zea mays L.) 
hybrids. European Journal of Agronomy 51, 43–52.

Krieger-Liszkay A, Krupinska K, Shimakawa G. 2019. The impact of 
photosynthesis on initiation of leaf senescence. Physiologia Plantarum 166, 
148–164.

Kumar R, Harikrishna H, Ghimire O, Barman D, Chinnusamy V, Singh 
PK, Padaria JC, Suman A, Arora A. 2021. Stay-green trait ameliorates 
combined heat and drought stress in wheat. Indian Journal of Agricultural 
Sciences 91, 592–596.

Lafitte HR, Edmeades GO. 1995. Stress tolerance in tropical maize is 
linked to constitutive changes in ear growth characteristics. Crop Science 
35, 820–826.

Lawson T, Milliken AL. 2023. Photosynthesis – beyond the leaf. New 
Phytologist 238, 55–61.

Leprince O, Buitink J. 2015. Introduction to desiccation biology: from old 
borders to new frontiers. Planta 242, 369–378.

Lesk C, Rowhani P, Ramankutty N. 2016. Influence of extreme weather 
disasters on global crop production. Nature 529, 84–87.

Li F, Chung T, Pennington JG, Federico ML, Kaeppler HF, Kaeppler S, 
Otegui M, Vierstra RD. 2015. Autophagic recycling plays a central role in 
maize nitrogen remobilization. The Plant Cell 5, 1389–1408.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/75/14/4244/7650987 by guest on 23 July 2024



Copyedited by: OUP

4256 | Antonietta et al.

Lisanti S, Hall AJ, Chimenti CA. 2013. Influence of water deficit and 
canopy senescence pattern on Helianthus annuus (L.) root functionality 
during the grain-filling phase. Field Crops Research 154, 1–11.

Liu L, Xu W, Hu X, Liu H, Lin Y. 2016. W-box and G-box elements play 
important roles in early senescence of rice flag leaf. Scientific Reports 6, 
20881.

Liu Z, Hu C, Wang Y, Sha Y, Hao Z, Chen F, Yuan L, Mi G. 2021. Nitrogen 
allocation and remobilization contributing to low-nitrogen tolerance in stay-
green maize. Field Crops Research 263, 108078.

Lohman KN, Gan S, Manorama CJ, Amasino RM. 1994. Molecular 
analysis of natural leaf senescence in Arabidopsis thaliana. Physiologia 
Plantarum 92, 322–328.

Lopes MS, Reynolds MP. 2012. Stay-green in spring wheat can be deter-
mined by spectral reflectance measurements (normalized difference vege-
tation index) independently from phenology. Journal of Experimental Botany 
63, 3789–3798.

Lopez H, West R, Dong S, Goni G, Kirtman B, Lee S-K, Atlas R. 2018. 
Early emergence of anthropogenically forced heat waves in the western 
United States and Great Lakes. Nature Climate Change 8, 414–420.

Luquez VMC, Guiamet JJ. 2001. Effects of the ‘Stay Green’ genotype 
GGd1d1d2d2 on leaf gas exchange, dry matter accumulation and seed 
yield in soybean (Glycine max L. Merr.). Annals of Botany 87, 313–318.

Luquez VMC, Guiamet JJ. 2002. The stay green mutations d1 and d2 
increase water stress susceptibility in soybeans. Journal of Experimental 
Botany 53, 1421–1428.

Lynch JP. 2022. Edaphic stress interactions: important yet poorly under-
stood drivers of plant production in future climates. Field Crops Research 
283, 108547.

Mangieri MA, Hall AJ, Striker GG, Chimenti CA. 2017. Cytokinins: a 
key player in determining differences in patterns of canopy senescence in 
stay-green and fast dry-down sunflower (Helianthus annuus L.) hybrids. 
European Journal of Agronomy 86, 60–70.

Mangieri MA, Hall AJ, Striker GG, Chimenti CA. 2020. Cytokinin dy-
namics in xylem sap and leaves of fruiting and de-fruited sunflower hybrids 
of contrasting post-anthesis canopy senescence patterns during flowering 
and grain-filling. Plant and Soil 448, 165–181.

Marshall RS, Vierstra RD. 2018. Autophagy: the master of bulk and se-
lective recycling. Annual Review of Plant Biology 69, 173–208.

Martinez DE, Luquez VM, Bartoli CG, Guiamet JJ. 2003. Persistence of 
photosynthetic components and photochemical efficiency in ears of water-
stressed wheat (Triticum aestivum). Physiologia Plantarum 119, 519–525.

Martínez DE, Bartoli CG, Grbic V, Guiamet JJ. 2007. Vacuolar cysteine 
proteases of wheat (Triticum aestivum L.) are common to leaf senescence 
induced by different factors. Journal of Experimental Botany 5, 1099–1107.

Martínez DE, Costa ML, Gomez FM, Otegui MS, Guiamet JJ. 2008. 
‘Senescence-associated vacuoles’ are involved in the degradation of chlo-
roplast proteins in tobacco leaves. The Plant Journal 56, 196–206.

Matiu M, Ankerst DP, Menzel A. 2017. Interactions between temperature 
and drought in global and regional crop yield variability during 1961-2014. 
PLoS One 12, e0178339.

Maydup ML, Antonietta M, Graciano C, Guiamet JJ, Tambussi EA. 
2014. The contribution of the awns of bread wheat (Triticum aestivum 
L.) to grain filling: responses to water deficit and the effects of awns on 
ear temperature and hydraulic conductance. Field Crops Research 167, 
102–111.

Maydup ML, Antonietta M, Guiamet JJ, Graciano C, López JR, 
Tambussi EA. 2010. The contribution of ear photosynthesis to grain filling 
in bread wheat (Triticum aestivum L.). Field Crops Research 119, 48–58.

Merewitz EB, Gianfagna T, Huang B. 2011. Photosynthesis, water 
use, and root viability under water stress as affected by expression of 
SAG12-ipt controlling cytokinin synthesis in Agrostis stolonifera. Journal of 
Experimental Botany 62, 383–395.

Mi G, Liu JA, Chen F, Zhang F, Cui Z, Liu X. 2003. Nitrogen uptake and 
remobilization in maize hybrids differing in leaf senescence. Journal of Plant 
Nutrition 26, 237–247.

Miao Y, Laun T, Zimmermann P, Zentgraf U. 2004. Targets of the 
WRKY53 transcription factor and its role during leaf senescence in 
Arabidopsis. Plant Molecular Biology 55, 853–867.

Mirosavljević M, Momčilović V, Mikić S, Trkulja D, Brbaklić L, Zorić M, 
Abičić I. 2020. Changes in stay-green and nitrogen use efficiency traits in 
historical set of winter barley cultivars. Field Crops Research 249, 107740.

Montazeaud G, Karatoğma H, Özturk I, Roumet P, Ecarnot M, Crossa 
J, Özer E, Özdemir F, Lopes MS. 2016. Predicting wheat maturity and 
stay-green parameters by modeling spectral reflectance measurements 
and their contribution to grain yield under rainfed conditions. Field Crops 
Research 196, 191–198.

Munné-Bosch S, Alegre L. 2004. Die and let live: leaf senescence con-
tributes to plant survival under drought stress. Functional Plant Biology 31, 
203–216.

Nagahage ISP, Matsuda K, Miyashita K, et al. 2023. NAC domain tran-
scription factors VNI2 and ATAF2 form protein complexes and regulate leaf 
senescence. Plant Direct 7, e529.

Nakano M, Yamada T, Masuda Y, Sato Y, Kobayashi H, Ueda H, 
Morita R, Nishimura M, Kitamura K, Kusaba M. 2014. A green coty-
ledon/stay green mutant exemplifies the ancient whole genome duplications 
in soybean. Plant and Cell Physiology 55, 1763–1771.

Ning P, Peng Y, Fritschi FB. 2018. Carbohydrate dynamics in maize leaves 
and developing ears in response to nitrogen application. Agronomy 8, 302.

Noodén L. 2004. The senescence syndrome. In: Noodén LD ed. Plant cell 
death processes. Elsevier, 10–13.

Oneto CD, Otegui ME, Baroli I, Beznec A, Faccio P, Bossio E, Blumwald 
E, Lewi D. 2016. Water deficit stress tolerance in maize conferred by expres-
sion of an isopentenyltransferase (IPT) gene driven by a stress-and maturation- 
induced promoter. Journal of Biotechnology 220, 66–77.

Otegui MS, Noh YS, Martínez DE, Vila Petroff MG, Andrew Staehelin 
L, Amasino RM, Guiamet JJ. 2005. Senescence‐associated vacuoles 
with intense proteolytic activity develop in leaves of Arabidopsis and soy-
bean. The Plant Journal 41, 831–844.

Ouyang W, Struik PC, Yin X, Yang J. 2017. Stomatal conductance, mes-
ophyll conductance, and transpiration efficiency in relation to leaf anatomy 
in rice and wheat genotypes under drought. Journal of Experimental Botany 
68, 5191–5205.

Pico LBO, Zhang C, Vyn TJ. 2021. The central role of earnitrogen uptake 
in maize endosperm cell and kernel weight determination during the lag pe-
riod. Field Crops Research 273, 108285.

Pommel B, Gallais A, Coque M, Quilleré I, Hirel B, Prioul JL, Andrieu 
B, Floriot M. 2006. Carbon and nitrogen allocation and grain filling in three 
maize hybrids differing in leaf senescence. European Journal of Agronomy 
24, 203–211.

Ramkumar MS, Senthil K, Gaikwad K, Pandey R, Chinnusamy V, 
Kumar Singh N, Kumar Singh A, Mohapatra T, Sevanthi AM. 2019. 
A novel stay-green mutant of rice with delayed leaf senescence and better 
harvest index confers drought tolerance. Plants 8, 375.

Rauf M, Arif M, Dortay H, Matallana‐Ramírez LP, Waters MT, Gil Nam 
H, Balazadeh S. 2013. ORE1 balances leaf senescence against mainte-
nance by antagonizing G2 like-mediated transcription. EMBO Reports 14, 
382–388.

Rivero RM, Kojima M, Gepstein A, Sakakibara H, Mittler R, Gepstein 
S, Blumwald E. 2007. Delayed leaf senescence induces extreme drought 
tolerance in a flowering plant. Proceedings of the National Academy of 
Science 104, 19631–19636.

Rivero RM, Gimeno J, Van Deynze A, Walia H, Blumwald E. 2010. 
Enhanced cytokinin synthesis in tobacco plants expressing PSARK::IPT 
prevents the degradation of photosynthetic protein complexes during 
drought. Plant and Cell Physiology 51, 1929–1941.

Robson PR, Donnison IS, Wang K, Frame B, Pegg SE, Thomas A, 
Thomas H. 2004. Leaf senescence is delayed in maize expressing the 
Agrobacterium IPT gene under the control of a novel maize senescence‐
enhanced promoter. Plant Biotechnology Journal 2, 101–112.

Sade N, Umnajkitikorn K, Rubio Wilhelmi MDM, Wright M, Wang S, 
Blumwald E. 2018. Delaying chloroplast turnover increases water-deficit 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/75/14/4244/7650987 by guest on 23 July 2024



Copyedited by: OUP

Delayed senescence and stress tolerance | 4257

stress tolerance through the enhancement of nitrogen assimilation in rice. 
Journal of Experimental Botany 69, 867–878.

Sakuraba Y. 2022. Molecular basis of nitrogen starvation- induced leaf se-
nescence. Frontiers in Plant Science 13, 1013304.

Sanchez AC, Subudhi PK, Rosenow DT, Nguyen HT. 2002. Mapping 
QTLs associated with drought resistance in Sorghum (Sorghum bicolor L. 
Moench). Plant Molecular Biology 48, 713–726.

Sanchez-Bragado R, Vicente R, Molero G, Serret MD, Maydup ML, 
Araus JL. 2020. New avenues for increasing yield and stability in C3 cereals: 
exploring ear photosynthesis. Current Opinion in Plant Biology 56, 223–234.

Scott P. 2000. Resurrection plants and the secrets of eternal leaf. Annals 
of Botany 85, 159–166.

Seiler C, Harshavardhan VT, Reddy PS, et al. 2014. Abscisic acid flux 
alterations result in differential abscisic acid signaling responses and im-
pact assimilation efficiency in barley under terminal drought stress. Plant 
Physiology 164, 1677–1696.

Shan Y, Zhao P, Zhao L, Li F, Tian X. 2019. An isopentyl transferase 
gene driven by the senescence-inducible SAG12 promoter improves salinity 
stress tolerance in cotton. Journal of Cotton Research 2, 15.

Shao H, Shi D, Shi W, Ban X, Chen Y, Ren W, Chen F, Mi G. 2021. 
Nutrient accumulation and remobilization in relation to yield formation at 
high planting density in maize hybrids with different senescent characters. 
Archives of Agronomy and Soil Science 67, 487–503.

Shavrukov Y, Kurishbayev A, Jatayev S, Shvidchenko V, Zotova L, 
Koekemoer F, Langridge P. 2017. Early flowering as a drought escape 
mechanism in plants: how can it aid wheat production? Frontiers in Plant 
Science 8, 2017.

Shen J, Lv B, Luo L, He J, Mao C, Xi D, Ming F. 2017. The NAC-type 
transcription factor OsNAC2 regulates ABA-dependent genes and abiotic 
stress tolerance in rice. Scientific Reports 7, 40641.

Shin D, Lee S, Kim TH, Lee JH, Park J, Lee J, Nam HG. 2020. Natural 
variations at the stay-green gene promoter control lifespan and yield in rice 
cultivars. Nature Communications 11, 2819.

Strzepek K, Yohe G, Neumann J, Boehlert B. 2010. Characterizing 
changes in drought risk for the United States from climate change. 
Environmental Research Letters 5, 044012.

Swanckaert J, Pannecoucque J, Van Waes J, Steppe K, Van Labeke 
M C, Reheul D. 2017. Stay-green characterization in Belgian forage maize. 
The Journal of Agricultural Science 155, 766–776.

Swida-Barteczka A, Szweykowska-Kulinska Z. 2019. 
Micromanagement of developmental and stress-induced senescence: the 
emerging role of microRNAs. Genes 10, 210.

Tan S, Sha Y, Sun L, Li Z. 2023. Abiotic stress-induced leaf senescence: 
regulatory mechanisms and application. International Journal of Molecular 
Sciences 24, 11996.

Tang J, Bassham DC. 2022. Autophagy during drought: function, regula-
tion, and potential application. The Plant Journal 109, 390–401.

Thomas H, Howarth CJ. 2000. Five ways to stay green. Journal of 
Experimental Botany 51, 329–337.

Thompson AR, Doelling JH, Suttangkakul A, Vierstra RD. 2005. 
Autophagic nutrient recycling in Arabidopsis directed by the ATG8 and 
ATG12 conjugation pathways. Plant Physiology 138, 2097–2110.

Tollenaar M, Lee EA 2002. Yield potential, yield stability and stress toler-
ance in maize. Field Crops Research 75, 161–169.

Tollenaar M, Wu J. 1999. Yield improvement in temperate maize is attrib-
utable to greater stress tolerance. Crop Science 39, 1597–1604.

Vadez V, Deshpande SP, Kholova J, Hammer GL, Borrell AK, Talwar 
HS, Hash CT. 2011a. Stay-green quantitative trait locis effects on water ex-
traction, transpiration efficiency and seed yield depend on recipient parent 
background. Functional Plant Biology 38, 553–566.

Vadez V, Krishnamurthy L, Hash CT, Upadhyaya HD, Borrell AK. 
2011b. Yield, transpiration efficiency, and water-use variations and their 
interrelationships in the sorghum reference collection. Crop and Pasture 
Science 62, 645–655.

Van Oosterom EJ, Borrell AK, Chapman SC, Broad IJ, Hammer GL. 
2010. Functional dynamics of the nitrogen balance of sorghum: I. N de-
mand of vegetative plant parts. Field Crops Research 115, 19–28.

Wang S, Blumwald E. 2014. Stress-induced chloroplast degradation 
in Arabidopsis is regulated via a process independent of autophagy and 
senescence-associated vacuoles. The Plant Cell 26, 4875–4888.

Wang X, Jing ZH, He C, Liu QY, Jia H, Qi JY, Zhang HL. 2021. Breeding 
rice varieties provides an effective approach to improve productivity and 
yield sensitivity to climate resources. European Journal of Agronomy 124, 
126239.

Weber VS, Melchinger AE, Magorokosho C, Makumbi D, Bänziger 
M, Atlin GN. 2012. Efficiency of managed‐stress screening of elite maize 
hybrids under drought and low nitrogen for yield under rainfed conditions in 
Southern Africa. Crop Science 52, 1011–1020.

Wen L, Liu T, Deng Z, Zhang Z, Wang Q, Wang W, Li W, Guo Y. 
2022. Characterization of NAC transcription factor NtNAC028 as a regu-
lator of leaf senescence and stress responses. Frontiers in Plant Science 
13, 941026.

Wolfe BT, Sperry JS, Kursar TA. 2016. Does leaf shedding protect stems 
from cavitation during seasonal droughts? A test of the hydraulic fuse hypo-
thesis. New Phytologist 212, 1007–1018.

Worku M, Bänziger M, Friesen D, Diallo AO, Horst WJ. 2012. Nitrogen 
efficiency as related to dry matter partitioning and root system size in trop-
ical mid-altitude maize hybrids under different levels of nitrogen stress. Field 
Crops Research 130, 57–67.

Xiao XO, Zeng YM, Cao BH, Lei JJ, Chen QH, Meng CM, Cheng YJ. 
2017. PSAG12-IPT overexpression in eggplant delays leaf senescence and 
induces abiotic stress tolerance. The Journal of Horticultural Science and 
Biotechnology 92, 349–357.

Xu YH, Liu R, Yan L, Liu ZQ, Jiang SC, Shen YY, Zhang DP. 2012. 
Light-harvesting chlorophyll a/b-binding proteins are required for stomatal 
response to abscisic acid in Arabidopsis. Journal of Experimental Botany 
63, 1095–1106.

Yan J, He C, Wang J, Mao Z, Holaday SA, Allen RD, Zhang H. 2004. 
Overexpression of the Arabidopsis 14-3-3 protein GF14λ in cotton leads to 
a ‘stay-green’ phenotype and Improves stress tolerance under moderate 
drought conditions. Plant and Cell Physiology 45, 1007–1014.

Yang J, Zhang J. 2006. Grain filling of cereals under soil drying. New 
Phytologist 169, 223–236.

Yang J, Zhang J, Wang Z, Zhu Q, Wang W. 2001. Remobilization of 
carbon reserves in response to water deficit during grain filling of rice. Field 
Crops Research 71, 47–55.

Yang SD, Seo PJ, Yoon HK, Park CM. 2011. The Arabidopsis NAC tran-
scription factor VNI2 integrates abscisic acid signals into leaf senescence 
via the COR/RD genes. The Plant Cell 23, 2155–2168.

Young TE, Meeley RB, Gallie DR. 2004. ACC synthase expression regu-
lates leaf performance and drought tolerance in maize. The Plant Journal 
40, 813–825.

Zentgraf U, Doll J. 2019. Arabidopsis WRKY53, a node of multi-layer reg-
ulation in the network of senescence. Plants 8, 578.

Zhang J, Fengler KA, Van Hemert JL, Gupta R, Mongar N, Sun J, 
Shen B. 2019. Identification and characterization of a novel stay‐green 
QTL that increases yield in maize. Plant Biotechnology Journal 17, 
2272–2285.

Zhang Q, Tang W, Xiong Z, Peng S, Li Y. 2023. Stomatal conductance 
in rice leaves and panicles responds differently to abscisic acid and soil 
drought. Journal of Experimental Botany 74, 1551–1563.

Zhang W, Mao P, Li Y, Wang M, Xia F, Wang H. 2017. Assessing of the 
contributions of pod photosynthesis to carbon acquisition of seed in alfalfa 
(Medicago sativa L.). Scientific Reports 7, 42026.

Zhang Z, Li G, Gao H, Zhang L, Yang C, Liu P, Meng Q. 2012. 
Characterization of photosynthetic performance during senescence in stay-
green and quick-leaf-senescence Zea mays L. inbred lines. PLoS One 7, 
e42936.

Zhen X, Li X, Yu J, Xu F. 2019. OsATG8c-mediated increased autophagy 
regulates the yield and nitrogen use efficiency in rice. International Journal 
of Molecular Sciences 20, 4956.

Zhou Y, Wang D, Wang N, Yu J, Wang Y, Wu Q, Xu W, Huang R. 2016. 
Involvement of endogenous abscisic acid and cytokinin in photosynthetic 
performance of different stay green inbred lines of maize under drought. 
International Journal of Agriculture and Biology 18, 1067–1074.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/75/14/4244/7650987 by guest on 23 July 2024


	Delayed senescence and crop performance under stress: always a functional couple?
	Introduction
	Plant responses to environmental stress
	Photosynthesis decrease and chloroplast dismantling are accelerated under stress
	Crosstalk between genetic regulation of senescence and stress
	Senescence delay, stay-greens, and tolerance to abiotic stresses?
	Stay-green phenotypes related to changes in cytokinin levels
	Other genetic variants resulting in stay-green phenotypes
	Controversial findings around the stay-green trait
	Can delayed senescence confer cross-resistance to different types of stress?
	Yield advantages in each environment depend on the crop physiological mechanism underlying stay-green
	Conclusions
	Acknowledgements
	References


