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Abstract: In this review, we present a comprehensive revisit of past research and advances developed
on the stay-green (SG) paradigm. The study aims to provide an application-focused review of the SG
phenotypes as crop residuals for bioenergy. Little is known about the SG trait as a germplasm enhancer
resource for energy storage as a system for alternative energy. Initially described as a single locus
recessive trait, SG was shortly after reported as a quantitative trait governed by complex physiological
and metabolic networks including chlorophyll efficiency, nitrogen contents, nutrient remobilization
and source-sink balance. Together with the fact that phenotyping efforts have improved rapidly in the
last decade, new approaches based on sensing technologies have had an impact in SG identification.
Since SG is linked to delayed senescence, we present a review of the term senescence applied to crop
residuals and bioenergy. Firstly, we discuss the idiosyncrasy of senescence. Secondly, we present
biological processes that determine the fate of senescence. Thirdly, we present the genetics underlying
SG for crop-trait improvement in different crops. Further, this review explores the potential uses of
senescence for bioenergy crops. Finally, we discuss how high-throughput phenotyping methods
assist new technologies such as genomic selection in a cost-efficient manner.

Keywords: stay-green; senescence; bioenergy; breeding; high-throughput phenotyping; quantitative
genetics; genetics; chlorophyll; maize and rice

1. Introduction

The genotypes with the Stay green (SG) characteristic maintain greenness during the final stage of
leaf development due to coordinated genetic mechanisms that regulate the transition from nutrient
assimilation to nutrient remobilization [1,2] and the biochemical processes of chlorophyll breakdown
during leaf senescence [3] (Figure 1). Senescence is a general term that can be applied to cells
(programmed cell death), organs or the whole plant [4]. An example of the whole plant senescence is
the gradual deterioration of cell functioning due to aging of annual crops in which it is coordinated
with the seed production. Similarly, in perennial crops as miscanthus (Miscanthus spp.) the whole aerial
part ages, although subterranean organs remain alive for the next season. In this review, we will focus
on the whole plant senescence of herbaceous crops and its relevance for the production of bioenergy.
Whole plant senescence involves changes in nutrient absorption, nutrient remobilization [1,5], the
dismantling of the photosynthesis apparatus [3] and many other catabolic reactions such as the
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transport of molecules to sinks and so forth. (Figure 1). Thousands of genes, integrated in many
interacting metabolic paths and controlled by transcription factors, internal and external signals,
participate in the process of senescence. The senescence networks are age-dependent with a “never
senescence” phase, followed by a “senescence competence” phase and finally an “always senescence”
phase [6,7]. The progression of ageing depends on age related changes including levels of some
hormones as ethylene, abscisic, jasmonic and salicylic acids and brassinosteroids [6,7]. The internal
changes associated to age and the external factors such as light, temperature, water and nutrients
availability or biotic interactions determine the timing and rate of the senescence. Plant senescence is
often described as a paradox because this “survival” strategy encourages the death of the organism;

7

Schippers et al. [6] described this paradox as living to die and dying to live. However, this sacrifice is
not in vain since the plant aims to secure a greater good to undergo successful reproduction before
death [8]. Leaf senescence has also a central function against abiotic stresses providing substantial
tolerance to plants particularly exposed to drought stress [9] by reprogramming expression of genes
controlling steps towards the death of the leaf [10]. Instead of senescence itself, several studies have
examined a related trait named stay-green (SG) which is a “general term given to a variant in which
senescence is delayed compared with a standard reference genotype” [11]. This classical definition
of SG illustrates the relativity of the term as SG depends on the standard genotype which is used as
reference. The SG trait might be ambiguous if we do not define the standard genotype but also if we
do not define the moment and environment of measurement. A SG genotype could have a delayed
senescence in the absence of stresses that is a longer cycle in a specific environment. Alternatively, a
SG genotype could have a standard senescence under optimum conditions but higher stability against
abiotic or biotic stresses that allows the genotype to remain greener than susceptible genotypes under
stress conditions. For example, on the commercial description of many maize hybrids the level of SG is
shown (acceptable, good, very good, etc.) and it is not clear if the SG is due to a longer cycle or to a late
resistance to diseases and plagues. While the association between agronomic traits, such as yield [12,13]
and abiotic stresses [14,15] and SG has been widely reported in food or feed crops, the association with
bioenergy crops has been less studied. In this review, we address the role of senescence or SG as a
highly genetic controlled trait that helps plant to respond to biotic and environmental stresses and
discuss the extent to which bioenergy crops can benefit from this paradigmatic trait. First, we focus on
internal factors looking at the biological processes that determine the fate of senescence. Next, we
discuss trait association analysis and adaptive advantage of senescence for plant survival in different
crops. Then, we explore the relationship and potential use on bioenergy crops. Finally, we discuss new
high-throughput phenotyping methods to make the measurement of SG more efficient.
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Figure 1. Schematic diagram showing physiological changes caused by external factors that leads to
senescence in plants.

2. Biological Processes of SG and Relationship with Chlorophyll

Although the genetic and physiological routes to SG phenotype are quite diverse among species [11],
it is directly related to chlorophyll content of leaves since loss of chlorophyll leads to visible symptoms
of senescence (Figures 1 and 2). Therefore, two possible routes to SG phenotype are: (a) impaired
or delayed catabolism of chlorophyll and (b) continued biosynthesis of chlorophyll in excess of its
catabolism [16]. Among two, the first route has been explored to a great extent and mechanisms/genes
responsible for SG phenotype have been identified in several crops. The chlorophyll degradation is
basically a multistep process that at first involves conversion of chlorophyll b to chlorophyll a catalyzed
by enzymes chlorophyll b reductase (CBR) and 7-hydroxymethyl chlorophyll a reductase (HCAR). This
is followed by removal of Mg to form pheophytin by metal-chelating substance and removal of phytol
tail catalyzed by pheophytinase (PPH) enzyme to form pheophorbide a. Further, action of pheide O
oxygenase and chlorophyll catabolite reductase convert pheophorbide a to a chlorophyll catabolite
which is then transported to vacuoles [3]. SG phenotype is either cosmetic (non-functional) or functional
in nature. A cosmetic phenotype is the one in which chlorophyll pigments are retained but plant loses
its capacity to photosynthesize. This happens because during the first steps of chlorophyll degradation,
ring is not broken, and green color is preserved but the chlorophyll becomes non-functional. The
cosmetic SG is due to a loss of function mutation in the genes for example, HCAR, PPH and so forth,
that breaks the ring. On the contrary, a functional phenotype is the one in which plant continues
to photosynthesize and entire senescence process is delayed or slowed down [17]. Therefore, plant
breeders mostly rely on functional SG for enhancing yields or for imparting stress tolerance in plants.
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However, to assess whether the SG is functional or not it is important to measure the CO, interchange
intensity which is slow and laborious and is particularly limiting when many genotypes are evaluated
as is common in crop breeding. For that reason, the visual SG has been improved in crop breeding, for
example, in private maize [18,19] but it is unknown if it is cosmetic or functional.

Figure 2. Comparison of different delay of senescence phenotypes of maize planted in a nursery
(Baden-Wiirttemberg, Germany). Photo courtesy of Hans Seifert.

Delayed leaf senescence in SG phenotype can enhance crop yields by remobilizing nutrients
from source to sink under various stresses and nutrient limited conditions. Transgenic approaches
to achieve SG phenotype include enhancing endogenous cytokinin level, reducing abscisic acid
(ABA) production, increasing chlorophyll biosynthesis and impairing its degradation. For example,
over-expression of cytokinin biosynthetic pathway gene Isopentenyl transferase (IPT) under the control
of senescence-associated promoter delayed leaf senescence in maize [20]. Over-expression of IPT gene
in wheat (Triticum aestivum L.) plants resulted in delayed leaf senescence by retaining chlorophyll for
longer period and resulted in markedly increased grain yields under water deficit conditions [21].
Similarly, expression of ADP-glucose pyrophosphorylase large subunit of maize in wheat seeds stimulated
photosynthesis and carbon metabolism and resulting in increased seed number and total plant
biomass [22]. An activation tagged line of rice (Oryza sativa L.) for OsMYB102 transcription factor
expressed under CaMV35S promoter resulted in delayed leaf senescence by down-regulating ABA
accumulation and signaling whereas opposite results were observed by its down-regulation [23]. In
another study, a NAC TF named OsNAC2 was identified as a positive regulator of leaf senescence and
development of its null mutants exhibited a stay-green phenotype [24].

The chlorophyll degradation pathways are now well understood, and the corresponding
genes/enzymes have been identified. Kusaba et al. [25] identified a non-yellow coloring (nycl) mutant in
rice that give it a SG phenotype by impairing chlorophyll degradation during senescence. NYC1 gene
encodes a short-chain dehydrogenase/reductase (SDR) with proposed chlorophyll b reductase activity
for conversion of Chl b to Chl a, which is then degraded through Chl a degradation pathway [26].
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STAYGREEN (SGR) initially identified from a forage crop meadow fescue (Festuca pratensis Huds) is
also a positive regulator of chlorophyll degradation, although its catalytic role is not defined yet [27].
Several loss of function mutants (sgr) of SGR gene have been reported from plants like Arabidopsis
thaliana L. Heynh. [28], rice [29] and tomato (Solanum lycopersicum L.) [30] and so forth. In addition
to yield enhancements, SG phenotypes are of interest for enhancing biomass especially in bioenergy
crops like maize (Zea mays L.), sugarcane (Saccharum officinarum L.), sweet sorghum (Sorghum bicolor
L.), switchgrass (Panicum virgatum L.) and cassava (Manihot esculenta Cranzt). Genetic manipulation by
downregulation of an NAC-domain containing transcription factor nac7 in maize enhanced biomass
and N content in vegetative tissues by delaying senescence [31]. Rice /wheat husk and straw also
have potential to be utilized as a bioenergy resource, which otherwise is burnt in the fields especially
in developing countries. Therefore, a better understanding of mechanisms/process involved in SG
phenotype in these crops will help us exploit these resources for production of bioenergy.

Drought (heat stress) diminishes photosynthesis and triggers leaf senescence during the stimulation
of complex physiological changes that take place in the chloroplast and mitochondria (Figure 1).
Metabolic changes such oxidation of proteins, production of reactive oxygen species (ROS) and lipids
may impact source strength. ROS may affect leaf senescence causing a yield penalty. Due to those
abiotic stresses leaf is susceptible to chloroplast dismantle and rubisco degradation to balance N
demand of sink organs under faster senescence decay. Meanwhile, carbon and nitrogen cycles as
sources of energy begin to remobilize by accumulating sugars (glucose and fructose) in the leaves to
maintain nitrogen demands of the sink. On the other hand, lack of nitrogen triggers leaf senescence and
promotes N recycling and remobilization. Optimal N concentrations stimulate foliage greenness and
growth which in turn remobilize N that otherwise would require degradation of chloroplast protein
to form molecules of N available. Deficient conditions trigger senescence remobilization of C and N
from “green” tissues to fasten grain-filling. These physiological changes alter C and N metabolism by
impairing translocation mechanisms leading to a source-sink unbalanced distribution. Physiological
changes were further described in Jagadish et al. [32].

3. Genetics of SG and Associated Traits

SG trait is highly genetically regulated and dependent on expression of specific genes [14,33].
Senescence in maize was firstly described as a single dominant locus [34] where the delay in senescence
was dominant over senescence satisfying goodness of fit (3:1) ratio. However, Gentinetta et al. [34] also
observed that visually scored foliar phenotypes showed “unexpected symptoms of senescence” in the
F1 and BC1 crosses. Segregating families produced from crosses of stay-green phenotypes revealed
that SG trait has a polygenic inheritance [35,36]. Finding marker-trait associations with the SG and
developing consistent molecular markers allows the marker assisted characterization for evaluating
senescence before any physiological and visible changes. Linkage mapping analysis has been used to
associate SG with molecular variants. In maize, quantitative trait locus (QTL) studies found associated
markers across all chromosomal regions (Table 2). Beavis et al. [35] using a biparental population Mo17
x B73 detected 3 QTLs on chromosomes 2, 6 and 9 with a percentage of phenotypic variance explained
ranging from 10% to 25% and a high heritability at 0.73.Guei and Wasson [37] quantified the genetic
variability for SG in two elite tropical maize populations (dent X flint/dent) reporting that additive
effects were greater than dominance effects and suggesting that greener plants at maturity may increase
yield. Camara [38] used maize populations from Brazil and reported 33 QTLs of minor effect averaging
5% of the phenotypic variance explained; although, 65% of the QTLs where localized on chromosomes
1,2 and 5. Zheng et al. [39] using a biparental population of a stay-green inbred Q319 and an inbred
line Mo17 reported 6 QTLs on chromosomes 1, 2, 5 and 8 with relatively small percentage of variation
explained ranged at 5.40 to 10.67%. They also reported transgressive segregation for SG and a high
correlation between SG and grain yield.Wang et al. [40] measured SG related trait at different stages,
30 days after flowering, grain-ripening stage and considering the whole growing period, reporting
4, 6 and 5 QTLs, respectively. The phenotypic variance explained was relatively low from 2.4% to
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11.7% and additive genetic effects were larger than non-additive, although both significant at 0.05
level. Belicuas et al. [41] using tropical lines and a visual scoring scale reported 17 QTLs localized on
chromosomes 1, 2, 3, 4, 6 and 9. Most of the QTLs detected showed small additive effects averaging
7.7% of the genotypic variance. However, a QTL on chromosome 1 had a large effect with over 38%
of the genetic variance suggesting that this region might be important for SG. Furthermore, linkage
mapping analysis also studied SG with photosynthesis efficiency and chlorophyll rates. Almeida
et al. [42] detected 8 QTLs associated with senescence across chromosomes 1, 3, 4, 5, 8 and 10, with
a sizeable percentage of phenotypic variance explained between 13% and 21%. Almeida et al. [42]
reported that SG was negatively correlated with grain yield at —0.71 on average. In this study, they also
detected a QTL associated with chlorophyll only under water stressed conditions using a SPAD meter.
Kante et al. [43] using two European F2 population of flint by dent origin detected 3 QTLs associated
with SG on chromosomes 1, 5 and 10. Kante et al. [43] also found the same region on chromosome
1 associated with chlorophyll levels suggesting that SG may be due to chlorophyll synthesis. Yang
et al. [36] reported a broad sense heritability for SG measured as leaf stay-green area index at 0.78.
They detected 8 QTLs across seven chromosomes (1, 3, 4, 5, 6, 8 and 10) explaining a percentage of
phenotypic variation ranging from 4.8% and 13.5%. SG was highly significantly correlated with relative
chlorophyll contents in the leaf at 0.73. Zhang et al. [31] detected a major QTL on chromosome 3
associated with visually scored SG in an Illinois maize population. This QTL mapped to a NAC-domain
transcription factor named “NAC7”. Validation analysis utilizingribonucleic acid interference (RNAi)
showed that NAC7 negatively regulates biomass production and delayed senescence. In summary,
quantitative genetics research on maize have shown marker-trait associations suggesting that genomic
regions like chromosome 1 may be of importance for SG. Additives effects were shown generally larger
than non-additive effects, although dominance effects have been reported as significant. The later
would allow exploiting hybrid vigor performance.

Although the onset of senescence develops because of leaf aging, other environmental conditions
can trigger this condition (Figure 1). SG genetic basis have been studied in other crops and associated
with other agronomic traits. Similarly as in maize, the delay of senescence as mentioned was firstly
reported as a qualitative trait in other crops, for example, Festuca pratensis [44] or rice [45] but rapidly
described as controlled by more than one locus in soybean (Glycine max (L.) Merr.) [46], wheat [47],
sorghum [48,49] and rice [50]. In rice, Jiang et al. [50] identified 46 QTLs associated with delay of
senescence looking at chlorophyll content and retention degree of greenness. This study showed high
phenotypic correlations between different stay-green traits and yield performance, suggesting that high
correlations were explained by the co-localization of the QTLs for these traits likely due to linkage or
pleiotropic effects. Furthermore, Yoo et al. [51] identified three QTLs with large additive effects, 5.0 and
5.6, in rice located on chromosomes 7 and 9, respectively. The QTL on chromosome 9 was named as
“SNU-5G1” after the SG donor parent and contributed to grain yield by improving the source strength
(i.e., higher chlorophyll amounts and photosynthetic rates). Furthermore, Yamamoto et al. [52] in a
high yielder rice biparental population also identified 6 QTLs for leaf chlorophyll amounts and 5 QTLs
for rate of nitrogen transport, however did not show changes in yield (Table 2). Furthermore, delay of
senescence could enhance drought adaptation in rice [53] as well as in other grasses like sorghum and
maize [48,49,54]. The effect of SG on yield performance [39,55] and grain protein relies on the nitrogen
accessibility during specific phenology stages of the plant [56] and this aspect has raised concerns for
breeding purposes orientated to bioenergy and biomass production.

4. The Senescence or SG in the Breeding of Bioenergy Crops

The knowledge of the genes and pathways involved in senescence can be used to modify crop
characteristics in order to optimize the plant tissues for energy exploitation. However, only a small
portion of networks and interactions between genes, transcription factors, hormones and signals
relevant to the senescence process has been identified [57,58]. Actually, the networks involved in
senescence are not specific, for example, some of them overlap with those involved in plant defense.

| Nl AP- Estaci 6n Experi nental Tropical Pichilingue



Energies 2020, 13, 790 7 of 22

Therefore, biotic stresses accelerate senescence and, several genes upregulated during developmental
senescence are involved in plant senescence [58,59]. This introduces further complexities into the
study of the mechanisms involved in senescence. The elucidation of those complex networks will be
facilitated by global analysis using mathematical tools of system biology [60].

The knowledge of the genes and metabolic paths can facilitate bioenergy crop breeding, harnessing
the natural variation or generating new variation by genome editing [61] or transgenic approaches.
Gregersen et al. [62] showed that the effectivity of the transgenic approach to increase the biosynthesis
of the hormone cytokinin varied among species and that some unexpected pleiotropic effects have
occurred when introducing the IPT gene. This highlights that the knowledge acquired about genes and
metabolic pathways should be completed with information of allelic variation, genotype X environment
interaction and pleiotropy to be of practical use in breeding. In addition, it is crucial to know the
magnitude of the gene effects and their relevance in the whole process of senescence. However, given
the complexity of networks involved, it is not surprising that the traits related with senescence, as
onset, rate of progression or amount of remobilization during the process, are highly quantitative as
several QTL experiments, that we have previously commented, have showed. For those types of traits,
the breeding based on individual genes, except for those genes of large effects, could not be the most
effective [63] and alternatively methodologies as genomic selection should be used [64].

Senescence influences bioenergy production by its effect on residual moisture and yield and on
remobilization of nutrients that, in turn affects grain and residual composition. The typical cycle of a
crop, for example maize, can be divided into a vegetative phase from emergence to flowering and a
grain filling phase until the grain is physiological mature. The senescence overlaps with grain filling.
Finally, there is a phase of dry down in which the mature grain only loses moisture. In maize, we
found that the functional SG is positively correlated with the duration of grain filling and N uptake
after flowering and negatively correlated with the remobilization of C and N to the grain (unpublished
data). Actually, the higher N uptake after flowering in late senescence genotypes is supported by other
studies [65]. More time for active photosynthesis allows more time for the uptake of nutrients but less
time to recycle the nutrients to the grain and the remobilization is less efficient. This tradeoff between
uptake and remobilization is what some authors have named the “dilemma of senescence” [66,67].
However, Chen et al. [68] found that new maize hybrids not only take up more N but also remobilize
more N due to a higher proportion of dry matter in leaves than in stalks at silking, which benefits
both uptake and remobilization. In the new hybrids, the remobilization could also be favored by an
increased efficiency of transferring source from cob and husk to grain [69]. Thus, the selection applied
in private maize breeding could have overcome the senescence dilemma.

Regardless of the selection methodology, the improvement of the characteristics of senescence
genotypes to obtain more valuable feedstocks for bioenergy and potentially more genetic gain depends
on several factors:

1. The specific characteristics of the crop, including if the crop is annual or perennial

2. The part of the plant used for obtaining energy: the whole plant or only the residuals. For
example, in cereals the grain can be used for animal feeding and the remaining parts (leaves,
stalks and cobs), that are traditional seen as residuals, can be used for energy.

Maize is one of the most favorable crops for development of dual-purpose varieties (grain for
feeding and residual for energy) because it produces a large amount of residuals. A late senescence
supposes higher yield of residuals and grain but also higher moisture. The higher moisture of the
grain is detrimental because it may cause problems during transport and storage. The higher moisture
of grain can be due to a longer period of grain filling which is associated to delayed senescence but
also to higher moisture of husks that could hinder the dry down of the grain. There is not direct
information, as far as we know, about the relationship between the senescence of husks and the dry
down of grain. However, much of the modern maize hybrids present a delayed senescence in all
leaves, except the husks which dry faster that the remaining leaves. We found genetic variation for
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the synchrony of senescence of the husks and the remaining leaves: in some maize genotypes both
husks and the remaining leaves age at the same rate but in some genotypes the husks dry faster than
the remaining leaves (unpublished data). Interestingly, Arriola et al. [70] defined SG in maize as an
asynchronous dry down of ear and stover, with the ear maturing faster than the stover. Also, an
improvement of the dry down rate could allow the cultivation of genotypes with delayed senescence.

The optimum moisture of the residuals depends of the final use; for example, for biogas should be
high while for combustion should be low. Biogas maize is generally ensiled which is the best-known
preservation technique for biomass with high water content [71]. For ensiling, the optimum range of
moisture should be about 60-70%: lower values will produce leachate and higher values predispose to
seepages and clostridial fermentation [70]. Then, from the point of view of moisture, the late senescence
could be a good option for dual purpose varieties of maize in which residuals are used for producing
biogas and the grain is used for feeding animals with the restriction that the grain moisture should be
maintained low. This could be a good option, for example, for the humid Atlantic regions of Europe.
However, for dry regions as Mediterranean Europe, the residuals are probably collected too dry to be
ensiled and a best choice is combustion to produce heat. In this case, the senescence should be adapted
to reduce not only the moisture of the grain but also of the residuals. In the case of combustion, the
residuals harvested with high water content are more expensive to store, transport and drying [72,73].

Regarding the effect of senescence on the quality of the residuals, the few results published so far
showed a positive effect of a late senescence on digestibility [74,75] which is also favorable for biogas or
ethanol production. However, this probably means a lower content of lignin and a reduction of the heat
value of the feedstock which is the less valuable for combustion. In the case of residuals for combustion,
an incomplete remobilization of N from residuals to grain could be particularly problematic because
during the combustion the N leads to pollutant emissions of nitrogen oxides [76]. In addition to crop
residuals, perennial grasses such as miscanthus has been proposed as a valuable option for bioenergy
because they can grow with little or no fertilization and also on poor lands not adequate for crops [77].
In perennial grasses, the nutrients such as N, are remobilized during senescence from leaves and stems
to underground organs and are used for re-growth in the following season [78]. Similar to maize,
miscanthus show a strong correlation between senescence and moisture at harvest which determine
the energetic use of the biomass [79]. In the case of biogas, Mangold et al. [71] have found that the
SG genotype Sinb5 of Miscanthus sinensis Anderson has better digestibility than a no SG genotype of
Miscanthus xgiganteus Greef and Deuter ex Hodkinson andRenvoize (Mxg). However, Sin55, because
of its late senescence that produces an incomplete remobilization of nutrients, had higher potassium
than Mg and this element has an alkaline effect and producing poorer acidification and reduced
silage quality [80]. In the case of combustion, the genotypes of miscanthus with late senescence are
not adequate for this use because they have higher moisture at harvest and higher concentration of
detrimental elements as N, P K and Cl [81].

One of the biofuels with highest potential to be used as an alternative to fossil fuels is
biodiesel because is similar to petroleum diesel and could be used in conventional machines without
modifications [82]. Oil crops, mainly palm (Elaeis spp.), rapeseed (Brassica napus L.) and soybeen
(Gycine max (L.) Merr.), are widely used to obtain biodiesel [83]. Changing the lipid content and
composition by phenotypic selection or transgenics can be useful for improving the biodiesel production
in soybean [84,85] and rapeseed [86]. In these species, the timing or rate of senescence influences N
uptake and remobilization [87-89] but the effect of senescence in lipid content and composition have
not been reported. The changes in lipid composition during senescence is complex, for example, the
function of most of the enzymes that degrade the lipids of the chloroplasts remains to be elucidated [90].
Also, although 68 putative lipases up-regulated at senescence has been annotated in Arabidopsis,
the specific function of most of those genes remains elusive [91]. The relationship of senescence and
agronomic traits in oil crops is similar to other crops, increasing both the yield but also the moisture. In
this aspect, complications in the harvesting operations and a reduction in the quality of the grain due
to a delayed senescence have being described in soybean [92].
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5. Field High-Throughput Phenotyping for SG

Plant phenotyping (the quantitative description of physiological, biochemical and anatomical
properties) is crucial to evaluate the effect of genetic attributes and their interaction with environmental
issues [93]. It is especially interesting on critical traits, such as senescence (SG), the yield potential
or tolerance to abiotic (concerning non-living factors such drought or nutrient deficiency) or biotic
(including living factors such as weeds, insects, parasites, ... ) stresses [93,94]. Depending on the
purpose of the phenotyping and the heritability of the trait, plant phenotyping may be implemented
under either controlled conditions or field environments, yet the latter has proven to be more effective
and easiest to extrapolate to the farmer conditions as well as more adequate in representing genotype
by environment interaction [95]. In a direct or indirect way reliable high-throughput precision
phenotyping (HTP) has a critical role to play in all the aspects of a complete and modern plant-breeding
process [96,97] by:(i) improving selection intensity by increasing the size of the breeding program;
(ii) enhancing the repeatability of the breeding program; (iii) guaranteeing and assessing adequate
genetic variation; (iv) speeding up the breeding cycles and their evaluation; (v) enhancing decision
support approaches.

Nowadays experts have drawn the attention to the need for new reliable, automatic, multifunctional
and high-throughput phenotyping (HTP) platforms [94] (Table 1).Field-based plant phenotyping has
become a bottleneck in crop breeding while advances in sensors development and information and
communication technologies are envisaged as a de facto, affordable and non-destructive solution with
great potential [96]. These technologies have addressed certain shortcomings of conventional plant
phenotyping and substantially contribute to improving both capture and processing of large amounts
of data for a great number of plant traits [96]. Furthermore, remotely and proximal sensed precision
phenotyping fosters genetic gain. The potential of remote sensing to capture simultaneous and
exhaustive data at the field trial level (with multiple measures at plant level), plays an interesting role
in the estimation of heritability, being a turning point in relation to conventional techniques and thus
contributing to genetic gain, as it decreases the noise generated by the effect of spatial heterogeneity
inherent in the field trial (Table 3).

5.1. Current Platforms and Sensors in Field-High-Throughput Phenotyping

At the present time most of the high-throughput phenotyping (HTP) approaches are based on
remote and proximal sensing technologies deployed on phenotyping platforms. Generally speaking,
those platforms can be classified into ground-based or remote HTP platforms which can be equipped
with multiple sensors enabled to capture and deliver manifold measures on key plant traits at successive
growth stages in a rapid, precise and accurate way and both at leaf and canopy level (Tables 1 and 3).
The range of ground-based HTP devices embraces from handheld sensors (from spectroradiometers
to smartphones, among a large series) to ground-wheeled sensors (phenomobiles). Interestingly,
smartphones are evolving into a low-cost alternative in phenotyping, as they (i) can manage spectral
images (carrying RGB and even thermal cameras); (ii) can manage a certain amount of data; (iii) have
georeferencing functions; (iv) have connectivity via wi-fi and mobile data networks [98]. Ground-based
platforms (proximal remote sensing) enable acquisition of highly accurate data, yet they show two
limitations related to time and space since the working procedure is time-consuming and constrained to
restricted operating areas. Alternatively, the use of HTP remote platforms (both satellite and airborne
platforms) has been increasing significantly over the last decade thanks to their flexibility, effectivity
and ability to collect crucial and simultaneous information with daily (or less) patterns. However,
some constraints arise regarding remote sensing based on satellite imaging especially related to the
significant cost and the lack of optimal spatial and temporal resolutions in the context of precision plant
phenotyping. On the other hand, manned airborne platforms have limited use in breeding research
due to high operating costs and operational complexity [94]. On its behalf, unmanned airborne systems
(UAS) have proven that they can effectively supply optimal spectral, spatial and temporal resolutions
as well as low-cost approaches [99]. The key advantages in the use of UAS have to do with the fact
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that they contribute to a quick (near real-time) and non-destructive acquisition of the phenotypic
parameters of the crop under natural conditions. One of the most valuable assets of UAS is the capacity
to measure with several sensors at the same time coupled with its flexibility and adaptability to endless
spatial and temporal solutions. Some limitations in the use of UAS for field phenotyping are related to
three main facts [94,98]:(i) the lack of integration of both UAS-flight and sensors acquisition control
systems; (ii) current strict airspace regulations; (iii) remotely sensed data acquired through the UAS
require considerable post-processing.

Regarding sensors technologies on board the UAS, the main restrictions have to do with UAS
limited payload capacity. Accordingly, sensors on board UAS must consider light weight and small
size parallel to high precision and low power consumption [94]. In light of the current state of the art,
the most frequently deployed sensors onboard these platforms at this time [94,100] are mentioned in
Table 1. It is also worth highlighting the advantage that represents the combined use of the sensors
and platforms series described above, which provides countless (more or less) complex solutions with
a wide range of potentialities to characterize crucial functional plant traits like senescence.

A selection of recent studies of accuracy parameters compiling previously described methods
of sensing technologies is described in Table 3. The research shows that the combination of
high-throughput phenotyping technologies (platforms + sensors + methods) currently available
can be combined into a multitude of optimal approaches and provides insights on how approaches
can be applied to address different targets in crop breeding programs. Approaches for a wide range
of plant traits (morphological, physiological, phenological or ecological) are already been developed,
evaluated and improved. We have used the heritability parameter as an indicator to compare across
studies showing that both ground and aerial platforms combined with appropriate sensors and models
have the potential to significantly contribute to the efficiency of breeding programs by increasing
the accuracy of selection and subsequently the genetic gain [103]. However, in a broad sense we
can assume that ground level platforms are mostly used as experimental solutions, almost always
custom-designed and they are not considered to be the most suitable for implementing globally
generalizable systems. While the best potentialities of the aerial platforms (with enhancements in the
different resolutions while advancing in their miniaturization and costs) turns them into the most
generalizable and popular alternatives [98] in crop breeding programs to increase both selection
intensity (for example, by increasing population size) and selection accuracy (since improving the scale
and the cost efficiency of phenotyping can allow enhanced selection intensity).
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Table 1. Currently used sensors onboard high-throughput precision phenotyping (HTP) platforms, advantages and limitations for potential uses on the stay green

(SG) phenotyping.

Sensors

Advantages

Limitations

RGB (red, green, blue)

widely used since they are cheap and show a relatively
simple data processing

in cases not enough accurate to meet the target of
high-precision monitoring due to its lack of
non-visible spectrum key bands that are critical in,
for example, physiological characterization

Multispectraland Hyperspectral

recording a wide range of spectral data (usually from 400 to
2000 nm)

hyperspectral data have relevant advantages by collecting a
continuous spectrum with higher spectral resolution
relating to multispectral values

hyperspectral data usually represent an additional
computational endeavor

Infrared-thermal

especially useful to monitor the behavior of crops under
stress conditions since stomatal conductance and
photosynthetic rate are related to canopy temperature
make it possible to accurately evaluate both time and space
temperature variations by taking advantage of recording
simultaneous measures for the crop canopy temperature

they are typically low-spatial resolution sensors

LIDAR (light detection and ranging)

provide information on the canopy structure

application in crops is still partial

Synthetic Aperture Radar (SAR) Systems

enable data on some relevant plant traits in crop breeding
like soil humidity, plant biomass, root characteristics or
plant architecture [98]

their use is very promising in phenotyping roots and water
uptake [97]

image processing requires an additional endeavor
to avoid artefacts that corrupt the phase quality of
the final image

Spectroradiometers

enable to capture individual spot spectral signatures of
objects like leaves

take advantage of their high spectral resolution, high
dynamic range and high signal-to-noise ratio [2]

spectroradiometers show a spatial limitation,
therefore they are especially valuable when used
in combination with other previously

described sensors
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Table 2. Genetics of stay-green: trait scoring method, number of quantitative trait loci (QTLs), germplasm used and reference for maize and rice crops.

12 of 22

Crop Trait * Locus/QTLs ** Chromosome? Material Reference Comments
Visual scores One locus Lo87602 and B73 Gentinetta et al. (1986) [34] Visual rating, "unexpected symptoms of senescence” in
the F1 and BC1 crosses
Visual scores: scale 1-9 3QTLs LG2,6,9 Mo17 and B73 Beavis et al. (1994) [35]
Visual green appearance: scale 1 La P(?sta Sequia and Pool 26 Guei and Wasson (1996) [37] Lé Posta Sequia is a late (120 days) dent, Pool 26 Sequia
(green) and 5 (senescent) Sequia (flint/dent)
) Chr1,2,3,4,5,6,7,8, Two tropical maize populations,
Visual score 33 QTLs L14-04B, L08-05F, L20-01F, Camara (2006) [101] 23 QTLsonchr 1, 2, 5 [38]
9and 10 L02-08D
Measured SG at 20, 40, 50 and 60 days after flowering.
SG value as relative green leaf SG inbred line (Q319) and a Results showed at 40. Relative green leaf area = green
area 6QTLs Chr1,2,3,5and 8 normal inbred line (Mo017) Zheng etal. (2009) [39] leaf area at an interval time after flowering/maximum
leaf area at flowering 100%.
. GL1, green leaf area per plant in the whole growing
. A150-3-2 (a stay-green inbred .
Green leaf area: GL1, GL2 and 15QTLs Chr1,4and5and 9 line) and Mol7 (a normal inbred  Wang et al. (2012) [40] perlod: GL2, green leaf area per plant at 30 d after
GL3 line) flowering. GL3, green leaf area per plant at the
grain-ripening stage
) . . . L-14-04B (low phenotype) and . L
Maize ;llgzjjesscgf'cscale 1 (highest) to 17 QTL Chr1,2,3,46and9  L-08-05F (high phenotype) and  Belicuas et al. 2014 [41] ;;_}: Z:i :‘;grr:e}fsra(\i/ee(:aor; ts};ﬁ(ilj()tg;tl:); fa f}zeé Soowiﬁft’ilo'i"
(Zea mays) similar flowering dates Y 8 s pop )
CYMMIT parental
Visual score: scale 0 (0% lines—CML444, CML441, QTLs detected under water stressed conditions only and
senescence) to 10 (100% dead 8 QTLs Chr1,3,4,58and 10 CML440 and CML504 adapted ~ Almeida et al. 2014 [42] QTLs of Chlorophyll content in the ear leaves using a
leaf) and Chlorophyll content to tropical and subtropical SPAD meter. Functional stay-green FS854 QTL.
environments
Visual score: scale 1 (dead In all regions the favorable allele derived from the SG
; Crosses (PHG39 x EA1070) and ) line PHG39.
leaves) to 5 (completely healthy 3 QTLs Chr1,5and 10 PHG39 x B73 [flint x dent] Kante et al. (2016) [43] Chlorophyll content used a meter (CCM200
leaves) ol
Opti-Sciences, USA)
_ . . Relative chlorophyll contents measured on the ear leaf
Leaf stay-green area = Chr1,3,4,5,6,8and Cross between inbred line SG using a Konica Minolta SPAD 502 (Konica Minolta
stay-green part area/maximum 8 QTLs (Zheng58) and inbred derived Yang et al. (2017) [78] d .
o 10 Holdings, Chiyodaku, Tokyo, Japan) dual-wave-length
leaf area x 100%. from B73
chlorophyll meter.
Chlorophyllindex 19 QTLs Chr1,3,4,5and 6 Caicedo (2018) [102] Divided as 3QTLs, 8, 4,3, 1 in chromosomes 1, 3, 4,5
and 6, respectively.
X:jllllalssecnoer:c:esrf(?elz;a:nillel_cl)lvl\(IE/ Winois High Protein 1 (IHP1) Identification of a novel stay-green QTL that increases
Y YEUOW 1 major QTL Chr3 and Tllinois Low Protein 1 (ILP1)  Jun Zhang et al. (2019) [31] V8

3 = ILP1-like, (not senescenced
and green)

lines

yield in maize
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Table 2. Cont.

13 of 22

Crop Trait * Locus/QTLs ** Chromosome? Material Reference Comments
The stay green phenotype was controlled by a single
Chlorophyll con-centration and Hwacheongbyeo crossed with a ) recessive locus, sgr(t). Concentration was measured
photosynthetic activity sgr(t) locus Chr9 tongil rice cultivar Milyang23 Cha etal. 2002 [45] with UV/VIS spectrophotometer (Sinco, Korea) and the
photosynthetic rate with LI-6400 (Li-Cor, USA)
Visual score: scale 1 (nearly Zhenshan97 (Indica parent) and Visual scores and greenness degree measured at heading
complete leaf death) and 5 Wuyujing? (stay-green japonica  Jiang et al. (2004) [50] and 30 days after heading using a Minolta Chlorophyll
(complete green leaf) parent) Meter SPAD-502 (Minolta Camera Co., Japan)
SNU-5GI (high chlorophyll Quantitative trait loci associated with functional
content and delayed leaf stay-green SNU-SG1 in rice. Epistatic interactions were
Chlorophyll contents 3QTLs Chr 7 and 9 senescence) crossed by japonica Yoo et al. (2007) [51] Vg P .
. found. Chorophyll measures with Minolta Chlo-rophyll
cultivar, lipumbyeo. And Meter SPAD-502 (Minolta, Japan)
SNG-5G1 xMilyang23 (M23). +Jap
Rice (Oryza nvel-1 isol. .
) L ycl-1 was isolated from a rice Suggested nycl, chlorophyll b reductase. nycl mutant
sativa L.) Photosynthetic pigments NYC1 Chr 1 (Oryza sativa cv Koshihikari) Kusaba et al. (2007) [25] cosmetic.
sgr mutant described as cosmetic. Lines nol 1,2,3 were
Photosynthetic pigments NOL gene Chr3 nol-1, nol-2 and nol-3 Sato et al. (2009) [26] isolated from SG mutant lines derived from the rice
cultivar Nipponbare.
6 QTLs for higher leaf
chlorophyll content
4 QTL associated to Chr1,3,4,6,8,9, 11 RILs from the cross Akenohoshi 4 QTL assogated tp NlFrogen. QTL (qCHR1) stable at
Leaf chlorophyll content Nitrogen and 12 and Koshihikari Yamamoto et al. (2017) [52]  chr 3 associated with nitrogen
5 QTL rate of 5 QTL rate of transport of nitrogen to the shoots.
transport of nitrogen
to the shoots
Three mutants in M7 generation The rate of net photosynthetic was measured with a
Chlorophyll content Chr9 (SGM-1, SGM-2 and SGM-3). Ramkumar et al. (2019) [53] portable photosynthesis system (Li-6400XT, LI-COR

EMS mutant resources of
Nagina 22

Biosciences, Lincoln, NE, USA). A novel SG mutant of
rice with delayed leaf senescence

* Trait was the method and scale used for phenotyping. ** Single locus or number of QTLs detected. Z LG, is linkage group and Chr, indicates chromosome.
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Table 3. Heritability measured with currently used remote sensing (RS) methods:

related traits.

14 of 22

ground-based, aerial platforms and sensor deployed across senescence and biomass

RS Method Trait H2[%]* Crop Sensor Deployed Reference Comments
Aerial Platforms
Canopy Cover and
Leaf biomass h2 > 85 Maize RGB and thermal sensors Liebisch et al., 2015 [99] NDVI indices
(Zeppelin NT aircraft)
Crop growth, leaf, canopy h2 > 53-60 Maize RGB sensor Makanza et al., 2018 [104] UAS
senescence
Grain yield h2 > 62-86 Wheat RGB, multispectral and Gracia-Romero et al., 2019 [103] Ground and aerial
thermal sensors platforms;UAS
Airborne platform
2 = 5 P
Canopy temperature h* > 50-79 Wheat Thermal sensor Deery et al., 2016 [105] (manned helicopter)
. NDVI and
- 2 _
Stay Gree.n (5G) andGrain b 2> 38-98(GY) Maize Multispectral sensor Cerrudo et al., 2017 [106] multispectral indices
yield (GY) h* > 48-9(SG) .
Airborne platform
Plant temperature h?2 > 72 Sorghum Thermal sensors Sagan et al., 2019 [107] UAS
) - Multispectral indices; . NDVTI indices;
" 2 _77_ P ; ;
Crop biomass-Grain yield h* =77-89 Wheat Hand-held Greenseaker Condorelli et al., 2018 [108] UAS andPhenomobile
Multispectral indices; NDVTI indices;
. P PR p ; . ; ;
Crop biomass-Grain yield h” =77-89 Wheat Hand-held Greenseaker Condorelli et al., 2018 [108] UAS andPhenomabile
Ground-based platforms
Biomass h2 > 56 Maize Fluorescence, VIS and NIR Dodig et al., 2019 [109] CCD cameras on
imaging ground-carriers
Kernel weight h? =29-70 Maize RGB sensor Makanza et al., 2018 [110] Sony camera ona
ground tripod
Kernel attributes h2 > 90 Maize RGB sensor Miller et al., 2017 [111] Image :;ﬂf’;}s Web
Senescence(Stay-Green) h? = 50-77 Wheat Hand-held Greenseaker Christopher et al., 2014 [112] NDVI
Plant height h2>97 Sorghum RGB sensors Salas Ferndndez et al.,, 2017 Phenomobile

[113]

* Heritability (or broad-sense heritability; sometimes termed as repeatability) is reflected as the genetic variance together with the level of precision that can be achieved within and across

8
trials. And is calculated as H? = =
2 %

2
8

st fireps

Being ng and o, the genotype and error variance components respectively and nreps the number of replicates.
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5.2. Current Models in Field-High-Throughput Phenotyping

By using different methodological models, field HTP based on the combination of previously
described sensors and platforms shows optimal potential to adequately characterize both morphological
(plant height, LAI, crop canopy cover, ... ) and physiological crop traits (chlorophyll content, biomass,
pigment content, photosynthesis rate, ... ). In addition, it makes it possible to monitor nutrients levels
(nitrogen, protein contents, ... ) or abiotic/biotic stress indicators as stomatal conductance, leaf water
potential, canopy temperature or senescence rate (Stay-Green) [94]. Especially relevant is the fact that
this characterization can be conducted in real-time and non-destructive way and at different growth
stages of the crop cycle, for example at critical points previously established, due to the affordability
of the technology (Table 3). Principally ground-based and UAS platforms can deliver data in near
real-time of the entire field trial several times per day or along the whole growing cycle with massive
amounts of data being generated for analysis and storage [93].

Specific phenotyping of SG has historically grounded on breeder’s experience but nowadays, as
stated above, remote and proximal sensing technologies represent a great potential to estimate plant
phenotyping senescence-parameters at the field-scale. Currently a clear target is to identify the SG
phenotype besides to discriminate between cosmetic and functional Stay-Green inbred lines [114]. In a
wide sense, the two main potential approaches for crop phenotyping (SG phenotyping) to process
and model collected spectral datasets are related to: empirical statistic (which are site and species
specific) or biophysical methods combined with machine learning (ML) (which generalize well as they
are based on the modeling of the optical behavior of leaves and canopies). ML approaches give plant
breeders the opportunity to discover patterns into large datasets by simultaneous analysis of combined
variables. This is both crucial to analyze big data coming from the huge dimensionality of the image
databases and key to model plant stress by connecting the dots between the holistic effect of genetic,
agronomic, meteorological and anthropic factor on crop stress and, eventually, crop yield [93,96].

The study of the direct statistical relationship between ground-measured biochemical parameters
and reflectance measures has the potential to achieve significant correlations but does not allow spatial
or temporal predictive capabilities since estimations are constrained by species and canopy structure.
As well, they always require field measurements corresponding to remote data collection for calibration
and validation procedures [2,115]. Alternatively, biophysical methods rely on the modeling of leaf
optical properties by characterizing the light interception by plant canopies (both absorption and
scattering). Consequently, they are highly useful to precisely capture vegetation traits from remotely
sensed data [116]. The key involved traits in those models are related to leaf biochemistry (primarily
chlorophyll and moisture contents and dry matter) and canopy architecture (specifically leaf area
index and leaf angle distribution). Biophysical methods, usually referred to as Radiative Transfer
Models RTM, have the capacity to make use of the maximum potential of the available electromagnetic
spectrum and implicitly minimize the model-calibration needs.

Empirical approaches are normally built up on the use of regression models between spectral
indices and vegetation traits. Among the most widely used vegetation indices (VI) is the NDVI
(Normalized Difference Vegetative Index) which is the normalized ratio between reflected light in
the red and near-infrared data of the electromagnetic spectrum and is highly correlated to canopy
greenness. For example, Christopher et al. [112] showed that the use of temporal NDVI measurements
have great potential to identify high yielding stay-green phenotypes by consistent monitoring and
analysis based on a logistic model. Building on this study, Rebetzke et al. [114] also modeled dynamic
change in leaf greenness and canopy architecture (based on LIDAR measurements) to discriminate
functional vs cosmetic stay-green. On the other hand, Berger et al. [115] evaluated the use of RTM
biophysical models in the context of agricultural crop monitoring and specifically in maize crop. They
have shown the great potential of these approaches in the retrieval of biophysical and biochemical
variables from multi- and hyperspectral remotely sensed data and explicitly for chlorophyll content
and Leaf Area Index.
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6. Conclusions and Further Research

The timing or rate of senescence is a trait important for the adaptation of the crops to the specific
environments. In that sense, it is not reasonable to define an ideotype with early or late senescence
because the optimization of the senescence depends on the target environment where the crops are
going to be cultivated. We have also to take into account that the environments are dynamic and
change with time which raises concern about the future conditions for cultivation. In this regard,
the traits related to adaptation, particularly flowering time and senescence, could have a pivotal
role in hampering the expected reductions in crop yields due to climate change. A recent research
conducted by Tardieu and collaborators showed that the predicted reduction in maize yield in Europe
due to climate change can be reverted if the flowering date of the varieties is adapted to the new
conditions [117].

In addition to the adaptation to the environment, the senescence serves also to adapt the crop
to specific bioenergetics use. The better crop and use for a specific environment is not obvious and
depends not only on the characteristics of the crop and environment but on social and historical
components of the target region. The breeders working on varietal improvement must work in
collaboration with scientists of other fields that give them precise indications of the favorable traits. For
the improvement to be effective, more information about the senescence is needed, including genomic
regions, genes and metabolic pathways, internal and external signals, transcription factors and so
forth. Also more information about the environment and the genotype X environment interaction
is important because it has never to be forgotten that the crops have to be cultivated in a particular
environment. All this knowledge will allow the effective use of selection using molecular markers
in genomic selection or molecular tools such as genome editing or recombination targeting. One of
the main limitations for an effective breeding is the cost and labor needed for phenotyping many
genotypes and for recording environmental variables. This is particularly true for a trait like senescence
that needs to be recorded dynamically along the station. However, in the last decade technical
advances in artificial intelligence, robotics and sensor technologies have brought about a new era in
the use of spectral remote sensing tools which retrieve unprecedented temporal, high spatial and
spectral resolutions [2,118]. Consequently, precision high-throughput image-based phenotyping has
an enormous potential to quickly supply highly accurate measurements of plant-growth dynamics
contributing to the development of predictive models on environmental responses [100]. Regardless
of the algorithms and platforms customization, nowadays one of the key goals is to systematize
the acquisition and processing of a huge amount of data sourced from crop images and auxiliary
data [94,100], specifically in case of hyperspectral and LIDAR data.

Other trends and challenges have to do with the use of VI based on narrow-band hyperspectral
imagery which is driving a redesign of the VI and will intense our ability to exploit the spectral
information at leaf but particularly at canopy level. The potential in the use of bands in the range
between 690-730 nm (red-edge) and 700-1100 nm (NIR, Near InfraRed) is being further explored but is
specially the leverage of the range 1100-3000 nm (SWIR, Short Wave InfraRed) what deserves to be
more widely studied [119]. Finally, another relevant and hardly developed challenge has to do with
the combined use (and the holistic potential) of the different available resources and platforms which
enable information on within-field spatial variation: from nanosatellites, to ground platforms going
through UAS [118].
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