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Abstract

:

Wheat and rice are two main staple food crops that may suffer from yield losses due to drought episodes that are increasingly impacted by climate change, in addition to new epidemic outbreaks. Sustainable intensification of production will rely on several strategies, such as efficient use of water and variety improvement. This review updates the latest findings regarding complementary approaches in agronomy, genetics, and phenomics to cope with climate change challenges. The agronomic approach focuses on a case study examining alternative rice water management practices, with their impact on greenhouse gas emissions and biodiversity for ecosystem services. The genetic approach reviews in depth the latest technologies to achieve fungal disease resistance, as well as the use of landraces to increase the genetic diversity of new varieties. The phenomics approach explores recent advances in high-throughput remote sensing technologies useful in detecting both biotic and abiotic stress effects on breeding programs. The complementary nature of all these technologies indicates that only interdisciplinary work will ensure significant steps towards a more sustainable agriculture under future climate change scenarios.
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1. Introduction


Wheat and rice are among the most important cereals at the global scale [1]. The growing area in the world cultivated with wheat occupied in 2019 almost 215 million hectares, with a production of 765 million tons and average yields of 3543 kg/ha. Rice occupied 162 million ha in 2019, with a global average yield of 4631 kg/ha and a total production of 749 million tons [1]. To meet the demands of the growing population, farming systems will need a reconfiguration for a sustainable intensification. To this end, FAO has proposed five main strategies, two of them being improvement of crops and varieties and efficient water management [2], which are both the focus of this review.



The most critical factor limiting rainfed cereal yields in the Mediterranean area is drought stress, understood as the negative impact that a water deficit causes on grain yield [3]. Drought is particularly relevant in durum wheat, which represents around 6% of total wheat cultivation but with an important economic and cultural relevance in Mediterranean countries, where it represents a staple crop [4]. Durum wheat is usually grown under rainfed conditions in environments in which terminal drought and heat are the most frequent stresses constraining grain yield [5]. Semi-arid zones cover up to 18% of the total land surface of the world and, among other constraints, and they endure reduced water input, erratic rainfall, land degradation, and limited access to agricultural technologies. In this context, changing varieties provides a relatively simple means to enhance the cropping systems, and plant breeding is a very promising activity to improve yields [6].



On the other extreme of water availability, rice is grown under flooded conditions. Rice crops in Mediterranean systems occupy specific small areas, usually near river estuaries, where flatlands and sufficient irrigation water are available. Due to most of these environments being next to the sea, salinity problems are common, and irrigation management plays a key role in preventing soil salinization [7]. Water saving in rice systems, therefore, is not a trivial endeavor, as it implies risks for rice production and soil health. Rice agroecosystems have not only a great socioeconomic importance at the local and regional scales, but they are also considered as artificial wetlands of high environmental richness. For example, rice fields in the Ebro Delta (Spain) represent a unique wetland agroecosystem characterized by a great natural heritage in terms of biodiversity, which granted its inclusion in the EU wide Natura 2000 ecological network (Habitat directive, 94/43 EEC) and the Ramsar Convention. Therefore, to increase agricultural sustainability, innovative water management strategies are needed to reduce potential conflicts among crop production, climate change mitigation, and biodiversity conservation.



Climate change scenarios for the Mediterranean Basin forecast a pronounced decline in precipitation, with increased temperatures, higher evaporative demand, and more frequent occurrence of extreme events. Some predictions estimate rainfall decreases up to 30% for Mediterranean environments [8], making rainfed agriculture more uncertain and reducing the availability of irrigation water in the future. The enhanced warming will modify the crop developmental patterns by altering flowering dates and growth cycles. The hastening of crop development in cereals in Mediterranean climates will impact yields negatively—in particular, in winter cereals by shortening their life cycle [9]. There is also evidence that climate change is altering the incidence and distribution of pests, diseases [10], and weeds, which is also exacerbated by global trade and the exchange of plant material. If rainfall patterns shift to increased rainfall events during spring, as predicted in some models [11], the risks posed by leaf fungal diseases will also increase under future climate.



Future changes in the environment will increase the uncertainty of interactions between plants and pathogens. Alterations of CO2 concentration, temperature, and water regimes will likely influence, either positively or negatively, the development of crop diseases [12]. On the plant side, pathways leading to resistance or susceptibility can be disrupted, whereas on the pathogen side, virulence, and life cycle (reproduction and survival) could be highly affected. However, every disease and plant–pathogen interaction may respond differently to these changes, which, linked to the multidimensional aspects of such interplay, makes this kind of research an urgent need.



To face the challenges of climate change, two types of strategies have been proposed: mitigation and adaptation. Mitigation strategies in agriculture include carbon sequestration in the soil but also reducing GHG emissions to the atmosphere [6]. It has been shown that certain water management strategies in rice may reduce GHG, but they may also have important side effects on rice production and biodiversity, as discussed in Section 2 of this review. The adaptation strategy will be illustrated by describing the breeding efforts in Section 3. Both strategies may be supported and enhanced by a phenomics approach using remote sensing technologies, which is outlined in Section 4. Figure 1 shows a schematic view of the aspects reviewed in this work.




2. Mitigation Strategy: Agronomic Approach


Traditional water management associated with rice cropping in the Mediterranean Basin includes the permanent flooding of rice fields during most part of the year (April–December). Traditional permanent flooding of rice fields uses large amounts of water and generate significant GHG emissions [13,14] due to the anoxic conditions of submerged soils [15,16]. Therefore, alternative irrigation schemes have been proposed during the last decades to reduce water use and the impact of flooded rice on climate change. These new practices entail the drainage of water during different stages of the rice cycle when the impact of water shortage is expected to be less detrimental for crop performance. Alternate Wetting and Drying (AWD) is the most widely used water-saving technology worldwide and consists of alternate flooded and non-flooded periods during the growing and ripening stage of the rice cycle [17]. Previous studies indicate that the AWD strategy may save between 25% and 70% of water use [18] and reduces methane emissions from 30% to 90% [14,19,20], depending on the abiotic conditions of irrigated fields. Although less popular, other alternative water-saving technologies that entail a mid-season and/or a preharvest drying period have been also applied [21]. However, there is no consensus on the impact of these water-saving strategies on rice yield, as previous research has shown positive [22], negative [14,19,20,23,24,25], and neutral effects [14,23,26,27], depending on field conditions and rice cultivars. For example, Martínez-Eixarch et al. [14] found that AWD reduced methane emission by 90% when compared with the standard continuous flooding practice. Yet, the response of crop yield was cultivar-dependent, with one of the evaluated cultivars showing a tolerant response to water shortage while the other four cultivars suffered yield penalties.



Additional challenges in rice farming include coping with an increasing pest pressure associated to climate change [28]. Pest control is expected to increasingly depend on natural enemies of pests (i.e., biological pest control) as new EU agroenvironmental policies aim to reduce pesticide use by 50% in 2030 [29]. In flooded rice, agroecosystems biological pest control largely relies on a broad range of aquatic organisms, such as predatory vertebrates (e.g., fishes and amphibians) and macroinvertebrates (e.g., diving beetles and dragonflies) [30,31]. The most relevant examples of such insect pests in the Mediterranean basin are nonbiting midges (Fam. Chironomidae) or Asiatic rice borers (Chilo supressalis, Fam. Crambidae). Nonbiting midges is a family of nematoceran flies with an aquatic larvae stage that damage rice seeds and rice roots, especially during the establishment of seedlings [32]. Aquatic animals such as amphibians, odonates, and other aquatic benthic macroinvertebrates (e.g., aquatic bugs and beetles) act as important predators of aquatic and terrestrial pests, including nonbiting midges that can entail important rice yield losses for local farmers and, also, vectors of important vector-borne diseases (e.g., mosquitoes). The high diversity of both amphibians and aquatic macroinvertebrates is thus expected to contribute in reducing pest pressure and rice damages, ultimately improving the rice yield. Alternative water management practices that entail one or more drying periods can act as ecological traps, reducing the diversity and/or the abundance of aquatic organisms and, thus, the effectiveness of biological control [30,31]. Therefore, water management strategies should account not only on yield impacts but also on the potential tradeoffs between water use savings and the conservation of aquatic biodiversity, especially in region areas where conservation is a priority.




3. Adaptation Strategy: Genetic Approach


In addition to agronomic measures such as the shift in planting dates, one of the most promising adaptation strategies to face climate change is the development of new cultivars better adapted to biotic and abiotic stresses. During the evolutionary history of wheat, its genetic diversity has suffered reductions in several steps of the domestication and breeding process [33]. The first step to obtain improved varieties is to generate variability, and this variability obtained from crosses of modern varieties (also known as “elite varieties”) is nowadays limited. For this reason, landraces should be considered a key source of genetic resources to be exploited in the future [34]. Landraces may provide sources for adaptation, increased biomass, thousand kernel weight [33], drought tolerance [35], and disease resistance [36,37], among other benefits. The following are some innovative concepts provided to use landraces for coping with biotic and abiotic stress.



3.1. Biotic Stresses


Among cereal crops, fungal pathogens are a major threat. In particular, wheat is heavily attacked worldwide by rusts (leaf or brown rust caused by Puccinia triticina, yellow or stripe rust caused by P. striiformis f. sp. Tritici, and stem or black rust by P. graminis f. sp. tritici) and Septoria tritici blotch (caused by Zymoseptoria tritici), which can be responsible for huge yield losses, up to 70–80% in severe attacks, potentially threatening global food security [38]. There is also concern about global warming contributing to the movement of disease-causing agents into new territories [12,39]. At the same time, the world population is anticipated to reach 9.1 billion people in 2050, so agriculture should be ready to meet the global demand of food at affordable prices [40,41]. In this context, reducing crop losses caused by pests and diseases is a priority of the European Union (https://data.worldbank.org/indicator, 20 November 2021).



Control of fungal diseases is based mainly on the use of fungicides, although breeding of resistant varieties contributes as well. In the last decades, intensive use of pesticides has contributed to yield increase but at high environmental costs such as the degradation of both biodiversity and biodiversity-mediated ecosystem services (e.g., biological pest control, nutrient cycling, pollination, etc.) [42,43,44,45]. Accordingly, the European Parliament and the Council of the European Union are taking action in order to reduce the use of pesticides and promote the search for new nonchemical approaches and alternatives to pesticide application [46]. In this new context, the application of the safest biotechnology in agriculture could play a key role to enlarge the range of tools for integrated and sustainable pest/disease management, which should be one of the cross-cutting priorities of a more sustainable agriculture [29]. The development of new varieties and of appropriate disease management strategies require a better understanding of pathogen virulence structure and of the divergence of races in different regions [47].



Yellow rust epidemics have been reported as an increasing problem all around the world, including the Mediterranean Basin [47,48]. It has been estimated that nearly 90% of world wheat production is threatened by this disease, and each year, about 5.5 million tons are lost, corresponding to losses of one billion dollars [49]. In the case of Spain, yellow rust was found first in 2008 and 2009 in some bread wheat cultivars in Northern Spain and spread heavily to the Southern and Eastern regions by 2013, where farmers had to treat bread wheat crops with fungicides to avoid severe yield losses [50]. The Global Rust Reference Center (GRRC) in Denmark [51] tested these Spanish yellow rust races and all matched the “Warrior” and “‘Warrior (−)” races, which had replaced previous European populations [52] due to its virulence on most bread wheat cultivars. Although bread wheat has been the most seriously affected crop by yellow rust infections, after 2013 some durum wheat varieties have also been affected in Southern of Spain. Yellow rust severity on durum wheat has been increasing, and the infection levels were similar to that on bread wheat in many regions by 2016. In 2018, a new yellow rust race named “PstS14” was detected in Spain [51]. Yellow rust infections are still present throughout Spain, although the importance of the infections decreased slightly by 2017 both in durum and bread wheat crops. The last screening performed by GRRC of Spanish isolates reported the presence of races “Warrior(-)” (with genotype “Pst10”) and “PstS14” in Spain since 2019.



Leaf (brown) rust is the most widely extended of the three wheat rust diseases [53,54]. The average world losses have been estimated at 8.6 million metric tons and $1.5 billion annually [55]. Leaf rust epidemics were not serious problems in bread wheat at the beginning of this century in Spain, as most bread wheat cultivars were resistant to leaf rust. However, even though durum wheat is generally considered more resistant to leaf rust than bread wheat, from the 2001–2002 season, leaf rust epidemics on durum wheat have been recorded at many locations in the Guadalquivir basin of Andalusia, and most local durum cultivars are susceptible. Martínez et al. [56] studied the virulence of 56 Andalusian leaf rust isolates collected from 1998 to 2000 on durum and bread wheat, and thirty-five different races were identified. Bread wheat races were different from durum wheat ones, being the first races more variable than those from durum wheat [57]. In addition, different genes were found in bread and durum wheat cultivars conferring rust resistance [58]. From 2004 onwards, rust attacks in Spain have begun to decrease due to the regular application of fungicides and the expansion of durum resistant cultivars, most of them basing their resistance on two genes (Lr72 and Lr14a). However, those genes did not prevent the appearance of a new virulent leaf rust in 2013 in Spain. This race was very similar to those reported in 2009–11 but with an added virulence to Lr14a, and it was different from the reported French races virulent to Lr14a and avirulent to Lr72 [59]. This case emphasizes the dynamics and the complexity of rust diseases in wheat and the need for continuing investment in the development of new resistant cultivars at a faster pace than new pathogen appearances.



Wheat stem rust, caused by P. graminis f. sp. tritici (Pgt), is another one of the most devastating diseases of bread and durum wheat worldwide. Since the late 1950s, wheat crops have been effectively protected by the widespread use of host resistance and the eradication of the alternate host, common barberry (Berberis vulgaris L.), in the United States and Europe [60]. However, the emergence of new virulent pathogen races is posing a significant threat to wheat production worldwide. The occurrence and spread of Sr31-virulent races in the Ug99 race group have incurred crop losses in East Africa and the Middle East [61,62]. Other races with significant virulence have caused severe epidemics and localized outbreaks in East Africa [63], Europe [64,65,66], Central Asia [67], and the Caucasus [68], indicating that the disease has reemerged as a major challenge to wheat production. In Spain, stem rust has been historically the most important rust disease of wheat, with several epidemics occurring in the 1940–1960 period [50]. Due to the adoption of shorter-cycle cultivars with improved resistance, stem rust has seldom been detected since the 1970s [50], but like in other European countries, infections started being observed in wheat fields in recent years and different races have been detected in Spain during the last three years [51]. There is an urgent need to devise a new integrative strategy to face the threat of stem rust in wheat in the face of climate change.



Z. tritici (originating Septoria tritici blotch) accounts for 70% of fungicide usage in the EU, and yield losses can reach 50% during severe epidemics [69]. Being a hemibiotrophic pathogen (switching from biotrophic to necrotrophic during the infection process) and with a complex life cycle including sexual reproduction [70], breeding strategies for resistance are difficult and usually involve partial (quantitative) resistance [71,72]. Additionally, plant height or heading time may interfere with the detection of resistance genes from landraces [36].



To reduce losses caused by plant pathogens, plant biologists have devised numerous methods to engineer resistant plants. Among them, RNA silencing-based resistance provides a powerful tool for engineering pest and disease resistant plants in the last two decades [73,74,75,76], opening new avenues for agrochemicals design. RNA silencing, referred to as gene quelling in fungi, post-transcriptional gene silencing (PTGS) in plants, and RNA interference (RNAi) in animals, is a conserved regulatory eukaryotic mechanism of gene expression that plays a crucial role in growth, development, and host defense [77,78]. The application of the RNAi technology is based on the delivery of double-stranded RNA (dsRNA) or small interfering RNA (siRNA) for gene silencing. Thus, RNAi can be considered as a natural gene-based technology for highly specific pest control. The use of RNAi in pest management has been widely studied in different organisms, showing the utility of this technology in both basic and applied science. For instance, the expression of dsRNA-targeting genes coding for MAP Kinase and cyclophilin in wheat plants caused a severe reduction of leaf rust infection by P. triticina [79]. However, due to political, legislative, and technical difficulties, transgenic crops have been difficult to introduce in some regions such as Europe. On the other hand, the present EU regulatory framework for plant protection does not hamper using dsRNA as external applications against pathogens [80]. Hence, topical application of dsRNA for pest control is emerging as an appealing alternative to genetically modified crops [81,82]. The rapid degradation of naked dsRNA limits its potential to trigger the RNAi mechanism, and this has been a major challenge towards its practical application. In general, dsRNA is much more stable than single-stranded RNA, but it must be rapidly taken up into the cells and digested into siRNA. Therefore, the use of nanomaterials as carriers to reduce dsRNA degradation and to increase the cellular uptake of intact dsRNA has gained relevance lately. Recently, Mitter et al. [83] demonstrated that dsRNA can be loaded on nontoxic, degradable, layered double hydroxide (LDH) clay nanosheets known as “BioClay”. Once loaded on LDH, dsRNA does not wash off, shows sustainable release, and can be detected on sprayed leaves 30 days after application. Moreover, this study confirms that dsRNA could be translocated to untreated parts of the plant conferring protection even after a single spray. Biomimetic nano-apatite (a material similar to the bone mineral component) has been shown to be a promising nanomaterial used in nanomedicine [84]. Several studies have proven that they are completely nontoxic and biodegradable, two of the most important characteristics for becoming a smart delivery system [85,86], and they can penetrate into wheat plants through the roots and leaves [87]. These traits make them suitable as nanocarriers in order to protect dsRNA from degradation, increasing its persistence and helping the penetration into plant and fungal tissues.



Traditionally, farmers select varieties in the field for their agronomic traits, but also, indirectly, they select for disease resistance. However, as cereal farming systems evolved, old landraces have been completely replaced with high-yielding cultivars. It is therefore necessary to use wheat landraces as one of the most promising sources of genetic resistance to different fungal diseases, as they could be donors of relevant new genes in current breeding programs.




3.2. Abiotic Stresses


Mediterranean environments are suffering from water scarcity and heat stress that could only worsen in the future, thus constraining crop productivity [88]. Traditional varieties, also known as landraces, that were grown before the 20th Century are putatively adapted to those harsh conditions, depending on the site where they were cultivated. Most wheat varieties currently grown are the result of the so-called “Green Revolution”. According to Norman Borlaug, this revolution started with the objective of obtaining new varieties with higher yields to alleviate poverty in Mexico and resistant to rusts, particularly stem rust [89]. The varieties produced during this period were not only rust-resistant but also photoperiod-insensitive and semi-dwarf, which made them very responsive to increased nitrogen fertilization without lodging. The Green Revolution led to increased yield levels in most wheat-producing countries [90], but they were bred under irrigation or in relatively high rainfall environments. Their success combined adequate mineral fertilization practices [91], plant protection, training, and other social improvements [89]. Plant breeding in the 21st century now faces the challenge to develop new crop cultivars able to maintain current yields but also resistant to drought and heat environments [92]. Gene flow from landraces to modern varieties has been historically uneven, with some subpopulations among the Mediterranean landraces underrepresented [93]. In rice, the last 50 years of breeding have differentially selected up to 200 genome regions linked to grain yield in modern cultivars [94].



Several studies have shown that genetic diversity of modern varieties is much lower than diversity from landraces [95,96,97]. The loss of crop genetic diversity, termed genetic erosion, is of great concern, particularly in face of climate change [98]. New varieties better adapted to harsher conditions will need sources of genetic variability that is not currently found in modern, established varieties [99]. During the change from landraces to modern varieties, some genome regions have become fixed, and breeders tend to make their crosses from a limited gene pool core of high-yielding varieties, thus further narrowing genetic variability [100]. For this reason, there have been calls pointing at the need to include landraces in the genetic background of cereal varieties in order to broaden their genetic diversity [101]. Due to their natures, landraces include some drought-tolerant genes that have been naturally selected over time [88]. Nowadays there are a few examples of landraces cultivated in some of the most unfavorable environments, where modern varieties are unadapted [99]. In rice, variations for some candidate genes responsible for canopy temperature and drought tolerance were found only within landraces adapted to drought-prone environments, but they are tall and low-yielding [102]. Landraces are usually adapted to harsh environments, namely drought and heat conditions; thus, they are suited to low input agriculture. Comparisons between landraces and modern varieties indicate that, in most cases, yields of the current varieties are higher than that of landraces, because most comparisons are made in favorable environments and under intensive agricultural practices [103,104]. The idea is not to substitute the best-adapted local varieties for landraces but to use the best landraces as a source of desirable genes for better adaptation to abiotic stress. Taken together, landraces of rice and wheat are characterized by low yield potential, photo-period sensitivity, late maturity, and sensitivity to lodging [105,106,107]. However, in extreme, low-yielding environments, some specific landraces outyield modern varieties, mainly in studies when only a few modern checks are used for comparison [108]. One of the problems of the current research on biodiversity is that, due to constraints in our working hypotheses, entries bearing rare alleles have to be eliminated from the statistical analysis of most studies. Rare alleles have shown, however, to be potentially very useful under specific conditions. For example, Vikram et al. [109] found that some groups of creole wheats from Mexico that were derived mostly from Spanish landraces were adapted to extreme environments and possessed several accumulated rare alleles [109].



As stated above, the direct use of landraces is not a viable scenario for adaptation to stress in most environments because of their low yield potential. Instead, new varieties should be bred with crosses between elite material and landraces. Breeding programs will need to incorporate valuable alleles to new varieties using pre-breeding approaches, this step being now considered critical [98]. The genes that confer adaptability to drought or heat environments could be deployed in breeding using conventional or molecular methods [88]. However, to make this breeding process a success, a large germplasm collection is required in order to locate suitable genes for drought tolerance for a particular target environment [100]. In some cases, such as yield under drought conditions, the interesting traits are not regulated by major genes but, rather, several QLTs with minor effects [104]. In those cases, finding genetic markers suitable for marker-assisted selection may present some practical challenges. The genomic selection methodology is rapidly improving, but the intrinsic variability that is needed to incorporate valuable genes from landraces may complicate the breeding process in practice. In those cases, indirect selection methods such as remote sensing would be of great value, either alone or in combination with genomic selection [110]. One of the latest and most promising technologies is genome editing [100], despite the fact that its use is highly regulated by law and putatively impossible to use in Europe and New Zealand [111]. However, this technology implies a deep knowledge of the desired genetic modification; that is, the exact gene, allele and target sequence the breeder needs. In case of cereal drought tolerance, most of the variability contained in landraces is still far from the point of being ready to use at genome editing level.



One drawback about the use of landraces in crosses is the introduction of genetic background with unwanted effects, also known as “linkage drag” [112]. To avoid it, the use of landraces should be included in a breeding strategy with an interdisciplinary approach with high efficiency and effectiveness in selection [113]. There is a general agreement that yield rises can only be achieved by improving the efficiency of large-scale breeding programs, particularly for suboptimal environments [114]. One of the major challenges of the breeding programs focusing on drought-prone areas is to develop tools capable of quantifying the actual water use of plants under different water regimes. The development of wheat and rice varieties with improved water use efficiency (yield per unit water used in transpiration) is seen as a way to raise yield in rainfed environments [115]. Other possible strategies to improve yields in water-limited environments would be breeding early cultivars that may avoid water deficits by completing their life cycle before severe water stress sets in. This strategy may be more viable in the future, as climate change might increase the chance of milder temperature winters in climates of terminal drought such as the Mediterranean. Avoidance of water deficits at the critical periods of flowering and early grain filling may be achieved by a combination of adequate cultivars sown early if reliable, medium-term weather predictions become available. Finally, supplemental or deficit irrigation may help boost yields where irrigation is feasible, provided cultivars of high yield potential are used to exploit the opportunity in years of ample water supply.



The major challenge for fast genetic progress is to connect genetic variants (genotype) to their expression in observable traits (phenotype) and to predict plant phenotypes from genetic information [116]. The enormous advances in genome sequencing of plants are providing massive genomic data collections, but the lack of efficient methods to collect rapid, high-quality, and high volumes of phenotypic data has become a bottleneck in genomics-assisted breeding [117,118,119]. It would be ideal to have fast and reliable phenomics tools to select for yield potential and drought tolerance in the earliest generations of the breeding program [120]. Such a selection tool would allow to: (1) increase the number of entries in the initial generations for each cross, thus improving the probability of favorable recombinant events, and (2) eliminate all unfavorable entries and retain the most promising ones very early in the breeding pipeline, thus allowing the breeder to devote more resources to evaluation of the promising selected entries in the later breeding phases.





4. Phenomics Approach: Remote Sensing Technologies


Due to the dynamic nature of plant growth, nondestructive imaging provides an important advance to understand growth in response to environmental factors such as distinct water availability in large numbers of genotypes with comparatively little effort [121]. Remote sensing for high-throughput phenotyping (HTP) is sparking an increased interest in the scientific and agricultural productive systems, particularly for applications in breeding and germplasm evaluation activities [117,122,123]. Field-based HTP through remote sensing allows the assessment of plant phenotypes on a scale and with a level of precision and speed impossible to be attained with traditional methods [124]. Many studies have used either RGB, fluorescent, thermal, hyperspectral, and 3D imaging to estimate morphological and physiological traits in multiple breeding programs and crops. Detailed, recent reviews have been published on remote sensing tools and platforms available for HTP on a plant breeding context [119,125,126,127].



The field phenotyping response of plants to soil available water and evaporative demand has had limited yield gains in breeding programs due to the difficulties of measuring actual transpiration or water status in a large number of plots. The evaluation of plant transpiration has relied mostly on surrogate traits, although this has most likely resulted in overdependence on the surrogates [128]. Leaf stomatal conductance (gs) is considered by some a critical physiological trait for increasing yield in both potential and water-limited conditions [129]. According to Roche [129], breeders by selecting for higher yields have inadvertently selected for high gs over the last decades. Stomatal conductance or some surrogates have been used extensively in wheat breeding programs, where it has shown potential as an early generation selection tool and throughout large breeding programs of wheat [130]. However, a gas exchange measurement of leaf gs is laborious, subjected to high variability among individual leaves, and requires experience.



As a higher conductance results in a reduction of canopy temperature (Tc), Tc has been used as a surrogate for gs. Many studies have demonstrated the remote sensing Vis capabilities for irrigation monitoring at the farm level [131,132]. Thus, Thermal and Infra-Red (TIR)-based methodologies are increasingly being used to assess crop transpiration and water stress in annual crops and orchards [133,134,135]. For phenotyping, remote-sensed TIR imaging can determine plot temperatures within seconds, eliminating effects of the changes in the environment that occur with ground manual measurements, especially in large trials. Recent studies have demonstrated the high heritability obtained from Tc using direct measurements of the temperature as the trait of interest [136,137]. However, Tc is only a relative measurement of gs that is influenced by a number of factors such as solar radiation, wind speed, albedo, and canopy architecture. This constraint has been partially removed by the development of indices like the Crop Water Stress Index (CWSI), which is a method for normalizing environmental effects and vapor pressure deficits (VPD), in particular. Some authors [138,139] have proposed its use as a phenotypic trait in combination with other indices obtained from multispectral sensors; however, comparisons between cultivars can only be achieved in a relative way. The CWSI is either calculated empirically through non-water stress baselines or using analytical equations or with reference panels. The use of the CWSI is complex, as the inherent phenotypic variability in traits affect the energy balance at the crop level: albedo, plant height, and architecture and, more importantly, stomatal response to VPD. These traits, which are different among cultivars, also evolve over time, depending on the crop phenological stage. The use of an analytical approach based on the energy balance [133,140] can provide a more refined estimation of the actual physiological traits of interest, such as stomatal conductance or actual transpirations rates. If very high-resolution thermal imagery is available, it is possible to directly retrieve Tc and soil temperature, allowing the application of two source energy balance models that provide higher accuracies than simpler models [132,141]. Its combination with high resolution multispectral cameras can also provide estimates of key parameters for energy balance models, such as canopy height [142,143,144], ground cover [145], or even albedo [146].



In the case of evaluation against plant pathogens in breeding programs, traditional techniques involve in situ and in vitro observations of disease symptoms and the response of the crops against the attacking microorganism (resistance, susceptibility, etc.). Such observations usually present an antagonism between data recording the speed and accuracy and increasing one of those means while decreasing the other one. They require trained eyes and have an inherent human factor caused by the subjectivity of the observer. The application of sensing technologies for detecting specific phenotypic reactions occurring during plant–pathogen interactions offers new opportunities for elucidating the physiological mechanisms that link pathogen infection and disease symptoms in the host and also provide a faster approach in the selection of genetic material that is resistant to specific pathogens or strains. Appropriate phenomics methods and tools may also allow the pre-symptomatic detection of disease-related changes in plants or to identify changes that are not visually apparent [147].



The application of phenomics techniques to evaluate fungal leaf diseases in cereals under field conditions has been reported for a range of pathogens using different technologies, including RGB [148], hyperspectral or multispectral features [149,150,151,152,153], high-resolution multispectral imagery [154,155,156], and combinations of hyperspectral and physiological measurements [157]. In these studies, both ground and aerial observations have been used, and relatively good agreements between the standard visual assessments and model predictions are reported. The application of phenomics tools for screening and monitoring plant disease has been more widely adopted under controlled conditions and proximal sensing. Some tools have been developed to help breeders with the phenotyping of biotic stress [158]. Recently, an automated and open-source method named “PhenoBox” has been published and described [159] as a cost-effective alternative to complex automatic glasshouse systems. This system uses open-source plant imaging and processing and has been successfully tested for aerial plant pathogens and even abiotic (salinity) stress. Implementing and adapting this methodology to the study of wheat pathogens will allow for a more efficient and quick screening of selected genotypes under controlled conditions, reducing the time for evaluation and considering a larger number of variables with the high-throughput technique.



While the possibility of screening for plant disease is very attractive in a breeding program to scale up and assist in the selection of plant material more or less susceptible, phenotypic traits that influence the response of yield to disease, their genetic control, and the possible tradeoffs involved with other desirable agronomic characteristics are still very limited [160]. Although wheat crop losses due to foliar diseases have already been quantified with an ecophysiological approach, very few studies have analyzed the role of canopy architecture (light extinction coefficient-k value) and the vertical distribution of diseases into the canopy leaf layers [161]. Moreover, the ability of the plant to compensate for the reduced acquisition of resources by the production of new organs or by the remobilization of reserves may also mitigate biotic stress effects [162]. Therefore, understanding the effects of plant architecture in pathogen tolerance [163,164] is critical and complements screening for susceptibility in breeding programs. However, the complexity of phenotyping for canopy architectural and complex physiological traits have impaired this approach. Nevertheless, the use of novel instrumentation such as the LiDAR can provide novel insights into traits related to radiation use efficiency and light distribution in the canopy [112,125]. Phenomobiles provide an ideal solution for delivering very high spatial and temporal resolutions and fill the gap between single plant measurements and the aerial phenotyping from UAVs or manned aircrafts [165], providing new opportunities for delivering complex traits such as stay green [166].




5. Concluding Remarks


Climate change presents an unprecedented challenge on the global scale that will only be overcome with the joint efforts of several disciplines, all of them highly specialized. Genetic knowledge of pathogen–host relationships will allow the development of RNAi spray methodologies to control diseases. This knowledge will also help in developing new cultivars using landraces bearing new resistance genes, drought tolerance, and increasing crop biodiversity. Phenomics tools will help breeding as a high-throughput, fast, and objective selection and stress monitoring tool. New water-saving technologies will help increase and maintain the biodiversity, which is basic for pest control, thereby saving water and GHG emissions avoiding yield decreases. Future progress in cereal production, particularly in suboptimal environments, will need to cover all the aspects discussed in this review jointly with other rapidly evolving technologies. The improvement of a single aspect of this global scenario will most probably fail in providing a satisfactory solution to the current and future challenges, and interdisciplinary works will be essential to improve the agricultural systems as a whole to ensure food security in the future.
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Figure 1. Main challenges, approaches, and proposed solutions of this review. 
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