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ABSTRACT 
 
Durum wheat (Triticum turgidum ssp. durum) is the second-most cultivated species of wheat worldwide, being 
mostly used for the production of semolina for pasta products. Drought and high temperatures can seriously 
affect the crop by accelerating senescence and decreasing yield and grain quality, thereby posing risks to food 
security on a global scale. Certain wheat genotypes exhibit a stay-green trait that enables plants to delay 
senescence and maintain photosynthetic activity longer. Thus, stay-green plants have an extended grain filling 
stage, which results in higher yields. Key genes associated with the stay-green trait, such as SGR1 and SGR2, 
help delay chlorophyll degradation, extending photosynthesis. Additionally, microRNAs (miRNAs) like miR164 
and miR319 play a key role in regulating senescence and stress responses in plants. Technologies such as RNA 
sequencing (RNA-Seq) have been valuable tools for identifying differentially expressed genes associated with 
photosynthesis and stress resilience, providing valuable information for the development of more resilient 
durum and bread wheat varieties in wheat breeding programs. The present review provides insights into the 
advances and importance of the molecular and metabolic characterization of the stay-green trait in durum 
wheat and aims to get a better understanding of the effect of mRNAs and miRNAs on this trait under water and 
heat stress conditions. 
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INTRODUCTION 
 
Durum wheat (Triticum turgidum ssp. durum) is an important source of food, feed, and industrial raw materials 
(Tidiane Sall et al., 2019). Globally, it is grown on around 222 million hectares, with a production of 789 million 
tons in the 2022-2023 growing season (FAO, 2023). Its protein content and high-quality gluten make it the 
preferred choice for producing premium pasta and other products such as couscous, freekeh, and bread 
(Mastrangelo and Cattivelli, 2021; Saini et al., 2023). 

Drought and heat stress are the main limiting factors for wheat production worldwide (Beres et al., 2020). 
In fact, the individual and combined effects of these abiotic factors negatively affect growth, grain yield, and 
bread-making quality. Unlike intermittent drought, which can occur at any time during the growing season, 
terminal drought occurs when plants suffer a lack of water during later stages of the phenological cycle, 
particularly during grain filling or maturation, when water demand is crucial for mobilizing carbohydrates and 
other nutrients to storage organs (Araus et al., 2008). This leads to an accelerated senescence, thus critically 
shortening the grain filling stage (Djanaguiraman et al., 2023). When both drought and heat stress occur 
simultaneously, plant height, number of tillers, ear length, number of kernels, and grain weight are reduced, 
decreasing biomass production and yield (Sattar et al., 2020).  

Due to climate change, wheat yield is projected to decline between 3.5% and 12.9% between 2037 and 
2065 (You et al., 2009), while winter wheat yields are likely to decrease by 20%-30% by 2050 (Beres et al., 2020). 
As feeding the growing population will require increasing food production by at least 2.4% per year by 2050 
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(Ray et al., 2013), the projected reduction in wheat production and the increasing demand for this cereal may 
pose serious risks to global food security. 

Some plants possess the ability to prolong the period during which their leaves remain green and 
photosynthetically active, a characteristic known as stay-green (Kusaba et al., 2013; Thomas and Ougham, 
2014; Munaiz et al., 2020). This trait is present in wheat (Ren et al., 2022), rice (Singh et al., 2023), tomato (Cui 
et al., 2024), and soybean (Fang et al., 2014), among other species. In durum wheat, some genotypes can delay 
senescence under drought and heat stress conditions, prolonging the presence of chlorophyll and 
photosynthetic activity during grain filling despite adverse abiotic conditions. Thus, the stay-green trait can help 
increase crop production, particularly under water-limited conditions (Kumar et al., 2022; Ali et al., 2023).  

Studies on this trait have revealed that slow-senescing genotypes achieved significantly higher yields 
compared to those of fast-senescence. Furthermore, vegetation index, chlorophyll index, maximum 
photochemical efficiency, time to heading, anthesis and maturity, grain weight per spike, 100-grain weight, and 
biomass content were observed to be positively correlated with grain yield (Soni and Munjal, 2023). Under 
temperatures above 35 °C, stay-green genotypes exhibit increased stability of thylakoid membranes and 
improved photosystem II efficiency, resulting in a 30% increase in C assimilation during heat stress (Wang et 
al., 2021a).   

In bread wheat, genes associated with stay-green (SGR1 and SGR2) have been identified. These genes 
increase their expression during periods of high temperatures and cause a delay in leaf senescence, resulting 
in higher grain yields (Christopher et al., 2016). On the other hand, it has been determined that microRNAs 
(miRNAs), which are small non-coding ribonucleic acid (RNA) molecules, play a crucial role in modulating the 
stay-green trait (Schommer et al., 2008) and in post-transcriptional regulation (Salamon et al., 2021) since they 
can repress transcription factors and regulate senescence-associated genes. In this sense, some miRNAs have 
been identified as leaf senescence regulators by controlling transcription factors (Wu et al., 2016). 

Transcriptomic analysis through RNA sequencing (RNA-Seq) has been essential for understanding the stay-
green trait in durum wheat (Zheng et al., 2023). These technologies enable a comprehensive view of gene 
expression, providing detailed information on transcriptional changes that occur in response to water and heat 
stress (Kido et al., 2016). In fact, transcriptomics has allowed the identification of differentially expressed genes 
associated with photosynthesis, carbohydrate metabolism, and stress response, which is essential for the 
development of wheat varieties with high productivity under adverse conditions (Bhoite et al., 2021). 

This review provides insights into the advances and importance of the molecular and metabolic 
characterization of the stay-green trait in durum wheat and aims to better understand the effect of mRNAs and 
miRNAs on this trait under water and heat stress conditions.  

 

PLANT SENESCENCE AND STAY-GREEN PHENOTYPE 
 
Chlorophyll content (Guo et al., 2008), flag leaf senescence (Barakat et al., 2013), and cell membrane stability 
have been recognized as key indicators of drought tolerance (Elshafei et al., 2013). Chlorophyll loss is the main 
visible symptom of leaf senescence (Thomas and Ougham, 2014), while abiotic stress conditions such as high 
temperatures accelerate senescence and decrease the supply of assimilates to the grain, affecting yield. In this 
context, delayed leaf senescence will increase photosynthesis duration and, ultimately, biomass and yield 
(Richards, 2000; Aberkane et al., 2021). Stay-green plants can retain the green tissue of their leaves from 
flowering to physiological maturity instead of senescing, which will positively impact grain filling. Therefore, 
late leaf senescence can enhance crop performance by allowing sustained photosynthesis during the late grain 
filling stage, resulting in a positive impact on crop yield (Guo et al., 2021). 

The onset of senescence triggers the dismantling of chloroplasts, resulting in a decline in photosynthesis 
(Thomas and Ougham, 2014). In this sense, a distinctive attribute of leaf senescence is chlorophyll degradation. 
This process is facilitated by six chloroplast-localized enzymes (CCEs): Pheophytin pheophorbide hydrolase 
(PPH), non-yellow dye 1 (NYC1), NYC1-like (NOL), chlorophyll a reductase (HCAR), pheophorbide a oxygenase 
(PAO), and red chlorophyll catabolite reductase (RCCR) (Hörtensteiner and Kräutler, 2011; Kusaba et al., 2013). 
The stay-green trait is controlled by the stay-green gene (SGR), which encodes proteins that act as key 
regulators of chlorophyll degradation (Ren et al., 2024).  
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Several studies have reported that leaves that stay green continue generating energy, promoting growth 
and development, especially during critical stages like grain filling in cereal crops, which can lead to increased 
yields (Kusaba et al., 2013; Chibane et al., 2021). Additionally, plants exhibiting this trait demonstrate improved 
tolerance to environmental stresses, such as drought and high temperatures (Thomas and Ougham, 2014; Kaur 
and Sarlach, 2020), as they can maintain photosynthetic activity when other plants begin to senesce. 

Stay-green mutations are classified as either functional or non-functional (cosmetic) (Archana et al., 2023). 
Plants possess a functional stay-green phenotype if they are able to photosynthesize for a longer period, i.e., 
grain filling period is prolonged and yield increases (Ren et al., 2022).  

 

STAY-GREEN AND ABIOTIC STRESS 
 
Drought and heat stress are important abiotic factors that limit plant productivity (Bhunia et al., 2020). In wheat, 
these conditions can cause yield losses of up to 86% and 69%, respectively (Yang et al., 2021). Globally, most 
wheat-growing regions experience drought and heat stress during the critical stages of anthesis and grain filling. 
Their combined effects during both phases can lead to even greater reductions in crop yield (Allahverdiyev and 
Huseynova, 2015).  

Previous research has revealed that the stay-green trait can help mitigate drought-induced premature 
senescence (Xu et al., 2000; Ghatak et al., 2021). Furthermore, there is evidence that this trait not only improves 
tolerance to abiotic stress but also contributes to greater nutrient use efficiency and improves grain quality 
(Gregersen et al., 2013). Therefore, stay-green is a key criterion in breeding programs to develop wheat 
varieties more resilient to adverse climatic conditions (Thomas and Smart, 1993; Christopher et al., 2016). In 
addition, the combined use of the stay-green trait with appropriate agronomic practices can enhance its 
beneficial effect by delaying senescence and improving photosynthetic efficiency under stress conditions 
(Nawaz et al., 2013). These practices have proven to be effective in improving crop resilience to adverse 
conditions (Nawaz et al., 2013). 

In wheat, specific genes associated with the stay-green trait, such as those regulating chlorophyll 
degradation and leaf senescence, have been identified (Sánchez-Bragado et al., 2016). Genetic manipulation of 
these genes has improved drought and heat tolerance, thereby increasing crop yield and yield stability (Zhang 
et al., 2024). On the other hand, genes associated with stay-green could be used for molecular marker-assisted 
breeding. This is an effective tool for integrating different traits into new wheat varieties, potentially 
accelerating the breeding process and allowing for a more precise selection of desired genotypes (Edema and 
Amoding, 2015), thus contributing to the development of more resistant and productive crops. Several genes 
(or QTL) associated with stay-green have been reported in rice, soybean, and other crops (Jiang et al., 2004; 
Nakano et al., 2014; Wang et al., 2018a).  
 

MOLECULAR CHARACTERIZATION OF THE STAY-GREEN PHENOTYPE 
 
Gene expression and regulation 
Gene expression is a fundamental cell process that enables the utilization of the information encoded in DNA 
to produce functional molecules, primarily proteins. The process begins in the cell nucleus with transcription, 
where the DNA sequence of a gene is transcribed into a messenger RNA (mRNA) molecule. This mRNA is then 
processed and transported to the cytoplasm, where translation occurs. During translation, the information in 
the mRNA serves as a template for assembling a chain of amino acids, ultimately resulting in the formation of 
a protein (Lodish et al., 2016). 

Regulation of gene expression is essential for cellular function and takes place at: 1) The transcriptional 
level, transcription factors and epigenetic modifications dictate which genes are activated or silenced, while 
post-transcriptional mechanisms, such as alternative splicing and mRNA stability regulation, further influence 
expression; and 2) the translational level, regulation can occur through the control of translation initiation and 
protein stability, ensuring that proteins are produced as needed for cell functioning (Lodish et al., 2016). 
Additionally, gene expression is crucial to determining cellular phenotype and enabling organisms to adapt to 
environmental changes. This dynamic process varies based on cell type, developmental stage, and 
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environmental conditions. Advances in techniques such as quantitative PCR, microarrays, and RNA sequencing 
have revolutionized the study of gene expression, allowing researchers to analyze the activity of thousands of 
genes simultaneously and gain deeper insights into the complex biological processes occurring within cells 
(Alberts et al., 2015). 

Stress tolerance encompasses phenotypic plasticity, physiological adaptations, genetic regulation, 
epigenetic modifications, and the induced production of protective metabolites. Furthermore, recent studies 
have increasingly addressed the phenomenon of “stress memory” in plants, offering new avenues for 
enhancing stress resilience in different crop species (Racette et al., 2020; Liu et al., 2021). In response to abiotic 
stress signals and developmental cues, epigenetic modifications, including DNA methylation, histone 
modification, chromatin remodeling, and the activity of small noncoding RNAs can rapidly trigger dynamic 
changes that influence gene expression at the post-transcriptional level. These effects can be short-term, long-
lasting, or even transgenerational (Lämke and Bäurle, 2017). 

 
Identification of QTLs associated with stay-green in wheat 
Quantitative trait loci (QTL) are specific regions of the genome associated with variations in a quantitative trait. 
They do not represent a single gene but a chromosomal location where one or several genes affecting the 
expression of a given trait are located (Lynch and Walsh, 1998). In recent years, QTLs have become a valuable 
tool for dissecting the genetic basis of crop performance under stress as they allow the association of genomic 
information with phenotypic measurements (Shi et al., 2017). Identifying QTLs for the stay-green trait is a key 
step in understanding the genetics and physiology of this complex phenotype (Christopher et al., 2021). 

Currently, multiple QTLs related to the stay-green trait have been identified on several chromosomes. For 
example, significant QTLs located on wheat chromosomes 2B, 3B, 4A, 6A, 6B, and 7A are associated with 
chlorophyll retention, green leaf area duration, and yield stability under heat and drought stress conditions 
(Simmonds et al., 2014; Zhang et al., 2021a; Luo et al., 2021). Similarly, QTLs affecting the rate of chlorophyll 
loss and other physiological indicators, such as chlorophyll content and normalized difference vegetation index 
(NDVI), which are used to assess plant health and vigor, have been mapped in wheat populations (Schmidt et 
al., 2020). For example, QTL located on wheat chromosome 6B have been associated with reduced chlorophyll 
loss and improved heat and drought tolerance (Schmidt et al., 2020), while QTLs on chromosomes 6A and 7A 
relate to the duration of active photosynthesis and stability of thylakoid membranes under high temperature 
conditions (Liu et al., 2014; Simmonds et al., 2014). Currently, statistical tools such as BioMercator and Meta-
QTL have simplified the meta-analysis of QTLs identified in several studies, employing specific algorithms for 
the accurate estimation and recalculation of the genomic position of a given set of QTLs (Wang et al., 2014). 

 
Identification and characterization of genes associated with stay-green in wheat 
Several molecular techniques are used to identify the genes responsible for stay-green in crops. Gene 
expression analyses, including microarrays and RNA sequencing (RNA-Seq), allow the detection of genes that 
are differentially expressed under diverse conditions. These methods help identify candidate genes based on 
their relative expression in both controlled and stressful environments (Gao et al., 2020). The RNA-Seq (Figure 
1) offers two significant advantages: i) It provides high-resolution and sensitive quantification as well as 
comparison of gene expression across different conditions; and ii) it can identify transcripts with varying 
expression levels, splice variants, and novel transcripts (Wang et al., 2009). Furthermore, although gene 
expression microarrays have some limitations, they remain valuable for simultaneously quantifying thousands 
of known genes, thus facilitating comparative gene expression studies (Shi et al., 2006).  
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Figure 1. RNA sequencing process using next-generation sequencing (NGS). First, RNA is fragmented 
into small segments, which are converted into complementary DNA (cDNA) using reverse 
transcriptase. Then, sequencing adapters are added to the cDNA for amplification. This adapted 
material is sequenced using specialized equipment that determines the nucleotide sequence. 
Finally, the obtained readings are mapped against a reference transcriptome or genome, allowing 
for the identification of exons and introns and quantification of gene expression (modified from 
Unamba et al., 2015). 

 
 

Next-generation sequencing (NGS) facilitates massive and parallel sequencing, offering deep coverage and 
high resolution of the genome, which has enabled the precise identification of genetic variants (Satam et al., 
2023). This technique has been crucial to mapping loci associated with important agronomic traits, such as the 
stay-green phenotype (Goodwin et al., 2016). In turn, the use of PCR and qPCR is essential for the validation 
and quantification of candidate genes. Real-time PCR (qPCR) enables highly accurate measurement of gene 
expression, facilitating the validation of genes identified through sequencing (Bustin et al., 2009). Additionally, 
genotyping by sequencing (GBS) combines high-throughput sequencing with the targeted selection of specific 
genomic fragments, thus constituting a powerful tool in genome-wide association studies (GWAS) (Metzker, 
2010; Elshire et al., 2011). In addition, GWAS identifies loci associated with traits, while transcriptomics 
functionally validates candidate genes by assessing their differential expression under stress conditions. This 
integrated approach enhances the understanding of the regulatory networks and biological processes 
underlying stress resistance (Zhang et al., 2019). 

 

MiRNAs, GENE REGULATION, AND STAY-GREEN 
 
Although miRNAs (Figure 2) are typically about 22 nucleotides in length, they play a crucial role in regulating 
post-transcriptional gene expression in both plants and animals (Ambros et al., 2003). These small regulatory 
RNAs influence a diverse array of biological processes, including development, stress response, and senescence 
(Ruiz-Ferrer and Voinnet, 2009; Sarwat et al., 2013; Pagliarani and Gambino, 2019).  
 
 



CHILEAN JOURNAL OF AGRICULTURAL RESEARCH 85(4) August 2025 - www.chileanjar.cl 616  

 
Figure 2. miRNA maturation process, from pri-miRNA to functional miRNA (modified from Suleiman 
et al., 2024). 

 
 

Rapid regulation of stress-responsive gene expression by miRNA is particularly advantageous in abiotic 
stress response. These small regulators are recognized to play a key role in plant survival under environmental 
stress. Small non-coding RNAs (sncRNAs) are diverse in both their origins and functions. Non-coding RNAs 
comprise a diverse group of transcripts, including housekeeping ncRNAs: Ribosomal RNAs, transfer RNAs, small 
nuclear RNAs, small nucleolar RNAs, and many regulatory ncRNAs (Cech and Steitz, 2014). The sncRNAs in plants 
are diverse and include miRNAs, piwiRNAs (piRNAs), small nuclear RNAs (snRNAs), small nucleolar RNAs 
(snoRNAs), and long ncRNAs. All these sncRNAs have some common features, including their biogenesis 
(Mallory and Vaucheret, 2006; Pattanayak et al., 2013). The application of sequencing techniques, such as NGS 
and bioinformatics analysis, has enhanced the identification of specific miRNAs involved in trait regulation in 
plants (Unamba et al., 2015). 

The miRNAs are not always related to the response to abiotic stresses, such as drought or water deficit, and 
their function is not limited exclusively to these processes. In fact, miRNAs are also involved in a wide range of 
physiological regulatory mechanisms, including defense against pathogens, regulation of plant development, 
response to oxidative stress, and adaptation to adverse environmental conditions (Pagano et al., 2021; Luo et 
al., 2024).  

In wheat, several miRNAs with different expression levels have been identified in stay-green plants (Wei et 
al., 2009; Wu et al., 2016). For example, the miR164 and miR319 play an important role in regulating genes 
linked to senescence and stress responses, contributing to the regulation of leaf senescence and the 
maintenance of photosynthetic functionality (Li et al., 2013; Ma et al., 2022). Specifically, miR164 negatively 
regulates the expression of NAC genes (NAM, ATAF1/2, CUC2), a family of transcription factors involved in the 
regulation of senescence and stress responses in plants, which may delay senescence and help maintain 
photosynthetic functionality in plants that remain green (Kim et al., 2009). Similarly, miR319 regulates TCP 
genes (TEOSINTE BRANCHED1, CYCLOIDEA, and PROLIFERATING CELL FACTOR), a family of transcription factors 
that control cell division and expansion, which are essential processes for maintaining leaf vigor under stress 
conditions (Schommer et al., 2008). By downregulating TCP genes, miR319 modulates growth and stress 
response. Furthermore, miR398 enhances the expression of genes encoding the enzyme superoxide dismutase 
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(SOD), a key enzyme in the protection against oxidative damage induced by environmental stress. Furthermore, 
the upregulation of miR398 may help plants stay green by managing oxidative damage more effectively 
(Jagadeeswaran et al., 2009). 

 

STAY-GREEN TRAIT AND DURUM WHEAT BREEDING 
 
Plant breeders recognize that leaf senescence can improve wheat yield by remobilizing nutrients from the 
leaves. Furthermore, a recent study conducted by Soni and Munjal (2023) has confirmed that the stay-green 
trait can serve as a strategy to further increase wheat yield and tolerance to abiotic stresses. The stay-green 
phenotype in durum wheat is characterized by prolonged chlorophyll retention and continued photosynthetic 
activity during grain maturation, reflecting a complex regulation of multiple gene expressions. Genes associated 
with leaf senescence encode enzymes responsible for chlorophyll degradation, such as chlorophyllases, and 
typically exhibit reduced or delayed expression. In contrast, genes involved in the biosynthesis and signaling of 
cytokinin hormones that help delay senescence may demonstrate increased expression or prolonged activity 
(Zhang et al., 2021b). 

The expression of genes associated with N metabolism is also essential for the stay-green trait. In 
senescence-delaying durum wheat varieties, genes that encode key enzymes involved in N assimilation and 
remobilization, such as glutamine synthase, may exhibit altered expression patterns that promote N retention 
in leaves (Akhtar et al., 2019). Additionally, genes involved in responding to oxidative stress and protecting 
against cellular damage are often overexpressed in stay-green plants, including those encoding antioxidant 
enzymes like superoxide dismutase and catalase (Wang et al., 2021b). The regulation of gene expression in 
durum wheat that stays green is orchestrated by specific transcription factors, which in turn are tightly 
regulated and control the activation or repression of gene sets related to senescence and the maintenance of 
photosynthetic activity (Borrell et al., 2014). 

Transcriptomic analysis has facilitated the identification of differentially expressed genes in stay-green 
plants under stress, revealing an overexpression of genes associated with photosynthesis, nutrient transport, 
and stress defense (Distelfeld et al., 2014). Additionally, gene co-expression network analysis has identified 
clusters of genes that collaborate to sustain photosynthetic functionality and delay senescence, thereby 
contributing to a better understanding of the key regulatory pathways involved in this trait (Wang et al., 2018b). 
Validation of candidate genes identified through genome-wide association studies (GWAS) is commonly 
conducted using transcriptomic analysis. The differential expression of these genes under stress conditions 
confirms their role in mediating the stay-green trait, providing additional evidence for their functional 
significance (Zhang et al., 2019). 

In durum wheat, RNA-Seq was used to compare gene expression in leaves of genotypes exhibiting the stay-
green trait with those lacking it, which were grown under water stress conditions, identifying stress response 
genes that were significantly overexpressed in stay-green plants (Distelfeld et al., 2014). In addition, candidate 
genes associated with the stay-green trait were identified and validated by integrating GWAS and 
transcriptomic data. Additionally, RNA-Seq facilitated the analysis of the expression of these genes under heat 
stress, thereby confirming their role in regulating senescence and photosynthesis (Zhang et al., 2019). 

 

CONCLUSIONS 
 
The productivity of wheat is vulnerable to environmental changes. Therefore, for breeding purposes, it is 
essential to identify and integrate traits that provide this crop with greater resilience to such conditions. 

Functional stay-green crops extend photosynthesis during the grain filling stage, leading to enhanced 
productivity and yield stability under water and heat stress. The capacity to delay senescence and maintain 
photosynthetic activity is essential for optimizing crop production in Mediterranean regions, where climate 
change poses significant challenges to yield. Molecular characterization of the stay-green trait is critical to 
improving durum wheat performance under such conditions. The use of molecular technologies, including 
transcriptomic analysis through RNA-Seq, has enabled the precise identification of genes and miRNAs—such as 
miR164 and miR319—that play a direct role in regulating senescence and responding to environmental stress. 
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These molecular tools have facilitated a better understanding of the stay-green regulation and the integration 
of this trait in crop breeding programs, which could contribute to accelerating the development of more stress-
tolerant varieties. Furthermore, studies on miRNA provide new insights into post-transcriptional regulation, 
underscoring the importance of these small non-coding RNAs in modulating key processes for plant adaptation. 
Their ability to regulate the expression of genes that control chlorophyll degradation and stress response 
presents an innovative approach to enhance not only drought and heat tolerance but also nutrient use 
efficiency and crop yield.  

In the future, the integration of molecular tools such as marker-assisted selection with a comprehensive 
approach that considers both the genome and the transcriptome will enable progress toward sustainable and 
efficient agriculture. This knowledge will not only improve durum wheat productivity under adverse conditions 
but will also contribute to global food security through the development of crops that are better adapted to 
the challenges of climate change. 
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