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In the past, there have been drought events in different parts of the world, which have negatively influenced the productivity and production of various crops including wheat (Triticum aestivum L.), one of the world’s three important cereal crops. Breeding new high yielding drought-tolerant wheat varieties is a research priority specifically in regions where climate change is predicted to result in more drought conditions. Commonly in breeding for drought tolerance, grain yield is the basis for selection, but it is a complex, late-stage trait, affected by many factors aside from drought. A strategy that evaluates genotypes for physiological responses to drought at earlier growth stages may be more targeted to drought and time efficient. Such an approach may be enabled by recent advances in high-throughput phenotyping platforms (HTPPs). In addition, the success of new genomic and molecular approaches rely on the quality of phenotypic data which is utilized to dissect the genetics of complex traits such as drought tolerance. Therefore, the first objective of this review is to describe the growth-stage based physio-morphological traits that could be targeted by breeders to develop drought-tolerant wheat genotypes. The second objective is to describe recent advances in high throughput phenotyping of drought tolerance related physio-morphological traits primarily under field conditions. We discuss how these strategies can be integrated into a comprehensive breeding program to mitigate the impacts of climate change. The review concludes that there is a need for comprehensive high throughput phenotyping of physio-morphological traits that is growth stage-based to improve the efficiency of breeding drought-tolerant wheat.
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INTRODUCTION

Wheat (Triticum aestivum L.) is ranked second among cereal crops in terms of total global production but ranked number one in terms of the total area under cultivation (FAO, 2018a; OECD-FAO, 2018). The global annual production of wheat in 2017 was 757 million metric tons (FAO, 2018a). Globally, wheat is responsible for 41% of total cereal calorie intake, broken down as 35 and 74% in developing and in developed countries, respectively (Shiferaw et al., 2013). Currently, wheat ranks second after rice in terms of dietary intake volume, with 68% of the wheat produced used for food, and approximately 19% for feed, and the rest for other purposes, including industrial biofuels (FAO, 2018b). Imports of wheat in developing countries, including in the tropics where wheat is not grown, are increasing (FAO, 2018b). For example, 2–3% increases in wheat demand per year have been observed in Sub-Saharan Africa (CIMMYT, 2017). In particular, Sub-Saharan Africa imports wheat not only because of rapid population growth but also due to biotic and abiotic factors that constrain crop production, in addition to climate change, changing food habits of local people (Tadesse et al., 2018) and an inability of farmers to cope with market fluctuations and price shocks for different crops (Antonaci et al., 2014). Global hunger has increased in the past 3 years (FAO, 2018c), and the current data reveals that we are not in a situation to eradicate hunger by 2030 as targeted by sustainable development goals. The demand for wheat is expected to increase by 60% to feed the human population which is expected to surpass nine billion by 2050; to achieve this, there is a need to accelerate global average wheat yield increases from the current 1% per year to a minimum of 1.6% (GCARD, 2012).

Losses in wheat production are mainly due to abiotic factors including drought, salinity, and heat stress rather than biotic factors (Abhinandan et al., 2018). Unfortunately, recurrent drought events have threatened global wheat production which necessitates major attention. The effect of water stress differs at different growth stages of wheat (Daryanto et al., 2016) while the duration and intensity of water stress can affect the development of wheat at different trait levels (Sarto et al., 2017) which ultimately reduces grain yield. Various reports from around the world indicate that limited water availability plays a major role in reducing wheat yield. According to FAO (2018c), global wheat production in 2018 was predicted to decline by 2.7% which is based on predictions of changing weather. A meta-analysis of 60 published studies showed that drought reduced wheat yields by an average of 27.5% (Zhang J. et al., 2018), and a similar study, which included peer-reviewed articles from 1980 to 2015, showed decreases of 20.6% (Daryanto et al., 2016). For example, in Australia, wheat productivity has been severely affected by water stress due to drought events among many other factors (Curtis and Halford, 2014). Specifically, there were severe drought events in Australia during 1982, 1994, 2002, 2004, and 2006, which resulted in yield reductions of five major field crops including wheat by 25–45% compared to the years with optimum rainfall (Madadgar et al., 2017). In this region, the average wheat yield at field sites was only around 0.8 t/ha due to severe drought over the 2006 crop season (Fleury et al., 2010). Between 2005 to 2007, Australian food prices increased at twice the rate of the consumer price index, and this increase was attributed to the drought events of 2004 and 2006 (Quiggin, 2007). Similarly, inconsistencies in winter wheat production were observed during the 2011 to 2013 drought in Texas, United States: a yield reduction was observed in 2011 and 2014 while the yield increased in 2012 (Ray et al., 2018). Many African countries have also been prone to drought events at different times of the year, including a 2009 drought in Kenya which reduced wheat production by 45% (Rauf et al., 2016).

Different climate change studies have developed models that predict changes in the frequency and intensity of precipitation, increases in global temperatures, and a rise in atmospheric CO2 concentrations (Rosenzweig and Parry, 1994; Mahato, 2014). Figure 1 shows the change in annual precipitation over the last century. The trend from such historical observations and future climate change models indicates that some regions will receive more precipitation while others will get drier (IPCC, 2013). In general, it is expected that changes in the global climate will have both spatial and temporal impacts on agricultural production (Kulukulasuriya and Rosenthal, 2003).
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FIGURE 1. Global map showing the change in precipitation observed during two different time periods from 1901 to 2010 (left) and 1951 to 2010 (right). The trends were calculated only for the grid boxes indicated on the maps which had >70% complete data records and more than 20% data availability for the first and last 10% of the time period. Incomplete data sets are indicated by white areas while significant trends are indicated by a black plus sign (+). Source: IPCC, 2013.


Some of the major wheat growing areas (Figure 2) are going to be profoundly affected by drought in the years to come, specifically in South Eastern and South Western Australia, parts of Western China, the Indo-Gangetic plains, the Middle-East, Southern Europe, and Western Canada. A recent study (Daryanto et al., 2016) analyzed wheat drought data from 144 studies around the world, published between 1980 and 2015, and showed that drought conditions caused a 20.6% average decrease in wheat yield corresponding to a 40% reduction in water availability at the global level. Similarly, the Punjab and Haryana States in the Indo-Gangetic plain experienced a prolonged duration of low wheat yield from 2002 to 2010, mainly attributed to depleted groundwater resulting from an insufficient monsoon, poor surface water irrigation and higher temperature (Figure 1; Mukherjee et al., 2019). In China, a study using integrated climate assessment models estimated a ∼55% yield loss in wheat yield due to drought during 1955–2014 compared to a ∼7% yield loss under the baseline irrigation scenario (Yu C. et al., 2018). The same study also predicted that the yield loss rate will double based on a current 100-year drought projection for rain-fed environments. Combined, these examples suggest that drought is going to be a critical yield limiting factor for wheat in some wheat growing areas of the world in the years to come.
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FIGURE 2. Major wheat growing areas around the world. Darker colors show regions where more wheat is grown. Map based on You et al. (2014). (Source: wheat.org).


There are a limited number of comprehensive studies that quantify the impacts of drought on agriculture because of the complex nature of drought and its complicated association with other abiotic factors such as heat or the soil profile type (Nicolas et al., 1984; Ali et al., 1999; Eriyagama et al., 2009). Drought can be divided into three broad inter-related groups: meteorological drought, caused by anomalies in the atmosphere and higher temperatures; agricultural drought, caused by low precipitation and high evapotranspiration rates; and hydrological drought when sources of water fall below their normal average (Dai, 2011). Drought conditions may be defined as mild, moderate or severe drought based on the duration and extent of water availability. However, there is inconsistency in the use of such classifications due to confounding factors such as the soil type and the experimental environment (i.e., greenhouse or field). For example, in a greenhouse experiment intended to evaluate wheat seedling traits under water limitation, Ahmed et al. (2019) defined optimal water as 100% field capacity and stress as 50% field capacity. By contrast, in a field experiment involving rainout shelters, severe, moderate and optimal water conditions for wheat were defined as 35–40%, 55–60%, and 75–80% field capacity, respectively (Abid et al., 2018).

It is clear that drought negatively affects crop growth, development, dry matter production, and potential yield (Zhang et al., 2006; Anjum et al., 2011; Zhang J. et al., 2018). Grain yield is the basis for selection in most breeding programs for drought tolerance. However, grain yield is affected by many factors aside from drought. From a molecular perspective, drought tolerance is a very complex trait involving many drought-responsive genes that differ in expression at different growth stages (Blum, 2011), each of which generally makes a minor contribution to the trait (Sallam et al., 2019). Pyramiding their additive gene action by crossing complementary drought tolerance traits from different growth stages may achieve greater results than direct selection on yield alone. Additionally, selection using earlier proxy traits may be more time efficient than yield. In general, as reviewed below, the extent to which drought impacts plant growth and physiology largely depends upon the growth stage at which it is exposed to drought and the plant species/genotype (Kondo et al., 2004).

The first objective of this review is to describe growth-stage based physio-morphological traits that can be targeted by breeders to develop drought-tolerant wheat varieties. The second objective is to describe advances in precision phenotyping of drought tolerance related physio-morphological traits under field conditions. Such phenotyping is required to reveal the genetic basis of these traits which are complex and quantitative (i.e., many minor quantitative trait loci, QTLs) (Fleury et al., 2010; Tuberosa and Maccaferri, 2015) as already noted.

There have been related reviews on these subjects. In particular, Monneveux et al. (2012) highlighted the methodological approach for the use of physiological traits in breeding for drought tolerance in wheat, while Sallam et al. (2019) reviewed a wide array of studies pertaining to drought physiology in plants along with advances in wheat breeding for drought tolerance. In this review, we focus on more practical aspects of wheat breeding by focusing on specific physio-morphological traits at different growth stages that are affected by moisture stress. These stage-specific traits may be potential targets for future selection. This paper also highlights advances in phenotyping of these traits and concludes with a comprehensive strategy for breeding drought tolerant wheat by taking into account these approaches.



TARGETS FOR BREEDING DROUGHT-TOLERANT WHEAT


Selection Environment

Considering the dynamic nature of abiotic stresses, the empirical approach to breeding for drought tolerance emphasizes selection under both optimal and stressed conditions to observe yield stability and yield potential (Bruckner and Frohberg, 1987). Plant breeders have been adopting replicated, multi-location, and multi-year variety testing to identify varieties that perform best across a wide range of environments as part of empirical breeding based programs. If the objective is to breed a crop to tolerate a specific stressful environment, then direct selection under such an environment results in higher stability and durability of the crop yield (Ceccarelli, 1987; Ceccarelli et al., 1998). This observation was supported earlier by Johnson and Frey (1967) who reported that varieties selected directly from stressed conditions exhibit a low genotype × environment (G × E) interaction compared to those selected under optimal conditions. However, some studies show that selection under optimal environments also improves grain yield under drought conditions to a limited extent (Araus et al., 2002; Cattivelli et al., 2008; Sserumaga et al., 2018). Mohammadi and Amri (2011) indicate that grain yield improvement may be attained by either selection in low input and stressed environments or by selection in non-stressed conditions followed by selection under stressed conditions. Practically, drought stress may not occur every season. Therefore, the evaluation of traits only under stressed conditions may limit the variety development process by losing potential genetic materials that perform better in a normal wheat-growing environment. Furthermore, a variety that performs better under different environmental conditions may be more stable in terms of grain yield across different years and environments. Therefore, employing a wide range of testing environments including both normal and stressed could be more appropriate and efficient for the development of high yielding, stable varieties adapted to drought-prone environments.



Physio-Morphological Traits

Advances in precision phenotyping, along with combining genetic and molecular approaches in the breeding process, are expected to improve the efficiency of breeding programs (Mir et al., 2012; Kosová et al., 2014; Choudhary et al., 2018). In this scenario, indirect selection that targets the underlying physiological traits that contribute to yield can be more efficient than direct selection for higher yield (Reynolds et al., 2005; Reynolds and Trethowan, 2007). The reason for this observation is that traditional yield-based breeding relies on yield analysis of tens of thousands of plants at the end of each breeding cycle which in general masks the effect of the trait of interest on grain yield. By contrast, the hope of physio-morphological trait-based breeding is that early season and/or simple surrogate traits can be identified for yield or yield attributing traits (Nigam et al., 2005). This means that the measurement of yield attributing physio-morphological traits independent of grain yield improves the efficiency of selection by reducing the reliance on final grain yield. This approach may increase the possibility of making more successful crosses in a breeding program by exploiting the potential for additive gene action (Reynolds et al., 2009a; Ataei et al., 2017; Dolferus et al., 2019), as already noted above. In addition, it is always an advantage if the physiological trait considered for selection under a harsh environment has heritability higher than yield itself, which confers a greater chance for success for the development of a stress tolerant variety.



GROWTH STAGE BASED TARGETS

Increasing the efficiency of breeding drought-tolerant wheat varieties by targeting physio-morphological traits requires a thorough understanding of the impact of drought at different growth stages. In general, while the intensity and frequency of drought are extremely critical to the overall performance of the crop, the phenological stage at which drought events occur is equally important (Sarto et al., 2017). Wheat plants may be more susceptible to drought at specific critical growth stages, i.e., germination and seedling stages (Akram, 2011); tillering and stem elongation stages (Saeidi et al., 2015; Wang et al., 2015; Ding et al., 2018); and heading, anthesis and grain filling stages (Akram, 2011; Sarto et al., 2017). The morphological traits that contribute to final grain yield differ at each growth stage, and the extent to which these are impacted by drought, determine the seriousness of the stress event (Figure 3). Long term droughts such as those starting from stem elongation through to maturity, reduce yield more significantly compared to those starting at later phases through to maturity (Shamsi and Kobraee, 2011).
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FIGURE 3. The figure shows different growth stages of wheat along with the associated visible growth events and traits related to drought tolerance. Also shown are the components that contribute to final grain yield that are important during each growth stage. Adapted from Slafer and Rawson (1994). The line graph shows the trend of moisture requirements at different growth stages.


Combined, these observations suggest the need to understand the crop growth stages of wheat, the intensity of water stress at any given growth stage, and also the timing and extent of drought stress in a given target environment, to develop a drought-tolerant variety for any specific environment. The following sub-sections detail the effect of drought at different growth stages of wheat as well as drought tolerance-related physio-morphological traits critical to developing drought-tolerant wheat varieties.

It is important to note, however, that severe drought at any phenological stage of wheat may potentially reduce the final grain yield. For example, a study that explored drought tolerance of ten wheat genotypes under different levels of stress treatments showed that all the growth stages were influenced by limited moisture availability (HongBo et al., 2005). More recently, Ihsan et al. (2016) also observed that multiple growth stages, including germination, tillering, booting, heading, anthesis, and maturity, are negatively affected by drought stress, although the effect on heading and grain filling stages was more severe.

It is important to note that in the literature (e.g., Table 1), the severity of drought (mild or severe) that is reported can be subjective, dependent on the authors of a particular study. For example, Ding et al. (2018) defined treatments with 75, 60, and 40% soil moisture content as control, mild drought and severe drought, respectively, while other studies have used different thresholds (Table 1). It may be more useful to define drought severity objectively, based on the quantitative frequency and duration of drought stress. In any case, prolonged mild, moderate or severe stress will increasingly reduce final grain yield.


TABLE 1. Examples of previous studies that measured wheat yield declines due to drought imposed at different growth stages.
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Germination and Seedling Stages

With respect to the impacts of drought at specific growth stages in wheat, it is known that sufficient moisture in the soil, along with optimum temperature, is required for uniform germination and hence may be critical for drought-sensitive varieties (He et al., 2017; Mukherjee et al., 2019). This is because germination-related traits such as emergence index, emergence rate index, the energy of emergence, and relative cell injury (RCI) vary significantly among different wheat varieties under normal and water-limited conditions (Ahmad et al., 2015). Increasing the level of stress during the germination and early seedling phases negatively affects traits such as germination rate, seedling vigor, and lengths of coleoptile, shoot and/or root (Kızılgeçi et al., 2017). There are limited studies that quantify yield losses in wheat due to drought at the germination and seedling stages. However, a few studies have reported a positive association of seedling traits with reproductive traits including grain yield (Kandic et al., 2009; Dodig et al., 2015). These studies highlight the importance of seedling drought tolerance to final plant performance.



Tillering and Stem Elongation Stages

After double ridge formation, spikelet initiation begins right at the seedling stage and proceeds until the tillering stage, while floret initiation starts at tillering and continues during the stem elongation period. Thus, these growth stages are important for maintaining the spikelet number per plant and spikes per plant which directly contribute to grain yield. As a result, a severe drought imposed during tillering and stem elongation in wheat reduces the number of grains per spike and ultimately grain yield (Blum et al., 1990; Saeidi et al., 2015; Ding et al., 2018; Table 1). For example, Saeidi et al. (2015) observed a 54% reduction in grain yield as a result of water stress at the vegetative stage (stem elongation to flowering). In one study Ding et al. (2018) observed that extreme water stress during the stem elongation period reduced grain yield by up to 72%, which was greater than the effect of extreme water stress during the reproductive period. Similarly, in another study, the greatest decrease in grain yield observed as a result of moisture stress was at the stem elongation stage compared to booting and grain filling stages (Keyvan, 2010). In addition to declines in stem growth and the number of effective tillers, plant height is also reduced by drought at this stage (Blum et al., 1990; Sarto et al., 2017), and overall plant biomass is also negatively affected (Saeidi et al., 2015; Ding et al., 2018). This results in changing source-sink relationships, resulting from an increased fraction of available carbon being allocated to the root system rather than to the shoot when plants are under limited water supply (Palta and Gregory, 1997).

Contrary to the above observations, an improvement in canopy structure and also maintenance of photosynthesis at the canopy level was observed when mild water stress was applied at stem elongation without a reduction in yield (Liu et al., 2016; Table 1). It is sometimes argued that mild drought stress during this phase may not be very critical to the final grain yield. One possible explanation for these latter observations is that mild drought stress during tillering and stem elongation stages primes wheat plants to become acclimated to tolerate drought during the grain filling period (Wang et al., 2015); the mechanism involves low accumulation of hydrogen peroxide (H2O2) due to increased activity of H2O2 scavenging enzymes such as ascorbate peroxidase (APX) and guaiacol peroxidase (POX) (Khanna-Chopra and Selote, 2007). Despite some reports (Wang et al., 2015; Liu et al., 2016), the above evidence suggests that drought at tillering and stem elongation stages negatively affects grain yield. Therefore, the evaluation of genotypes for drought tolerance at these growth stages is equally important as other growth stages.



Heading and Anthesis Stages

Many studies suggest that flowering and anthesis are the most susceptible wheat growth stages to drought (e.g., Ji et al., 2010; Fahad et al., 2017; Sarto et al., 2017). Water stress at heading and anthesis stages causes multiple impacts, but amongst these, a decrease in the number of grains per head and grain weight was reported to be the most severe (Varga et al., 2015; Table 1). Drought at these stages reduces pollen viability leading to failures in fertilization, and thus spikelet sterility (Ji et al., 2010; Su et al., 2013). This is also the stage when there is maximum evapotranspiration, which aggravates the situation and leads to severe crop loss. On the other hand, in comparison to severe drought, moderate stress at these stages may improve the translocation of assimilates in some genotypes (Liu et al., 2016; Ding et al., 2018) but this observation may be specific to only a few genotypes.



Grain Filling Stage

It might be expected that drought during grain fill would be extremely critical compared to earlier growth stages because there is less opportunity for recovery compared to earlier stages. However, various studies (Table 1 and noted below) suggest that this stage is not more sensitive to drought, suggestive of mitigation strategies. Indeed, at the grain filling stage, though water availability becomes critical for translocating photosynthates to the grain, pre-anthesis storage reserves such as those in the stem can play vital roles in preventing yield loss, to mitigate the negative impact of moisture stress on photosynthate assimilation (Blum, 1998; Liu et al., 2016). One study showed a 5.2% decrease in kernel weight and a 20.7% reduction in kernel numbers as a result of drought imposed after anthesis resulting in a ∼28% yield decline (Gevrek and Atasoy, 2012; Table 1), indicating the severe impact of drought during the grain filling period.

Furthermore, mild drought during the grain filling stage does not appear to cause a significant reduction in final grain yield (Ding et al., 2018). As noted above, moderate drought during vegetative growth stages may prime plants to acclimate to drought during grain fill; the mechanism involves reduced photo-inhibition in the flag leaves at this later stage associated with increased accumulation of abscisic acid (ABA) (Wang et al., 2015). In addition, drought tolerance during grain fill may be due to the accumulation of dehydrins (Lopez et al., 2002), a family of hydrophilic, thermostable proteins produced during dehydration that provide protection from a yet unknown mechanism (Yu Z. et al., 2018).



PHENOTYPING ABOVE GROUND PHYSIO-MORPHOLOGICAL TRAITS ASSOCIATED WITH DROUGHT TOLERANCE AT DIFFERENT GROWTH STAGES

In the previous section, the impact of drought during specific growth stages of wheat was described. For these observations to be used in a breeding program, it is important to identify phenotypic target traits for selection at each of the growth stages. Phenotypic-based selection is already a common practice in breeding for drought-tolerant wheat varieties. To further improve the efficiency of breeding, researchers have identified many more useful physio-morphological traits that influence drought tolerance, and these candidate traits for selection are summarized in Figure 4 and detailed below.
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FIGURE 4. Summary of physio-morphological traits associated with different growth stages and phenotyping methods in wheat.



Germination and Seedling Growth Stages


Coleoptile Length and Gibberellic Acid (GA3) Sensitivity

The coleoptile of wheat is a pointed protective sheath, which covers the emerging shoot or the first leaf during germination (Farhad et al., 2014). When a seed germinates, the coleoptile pushes through the soil and protects the young shoot. Coleoptile length is measured from the scutellum to the tip of the coleoptile sheath (Rebetzke et al., 2005) when the coleoptile is completely visible, typically within 1–2 weeks after germination. The length of the coleoptile varies among different genotypes, and this has special importance to wheat cultivation in drought environments. The concept of deep planting is more subjective as the depth seeding may be defined based on the soil moisture availability. Although coleoptile length may not be the sole factor responsible for emergence after deep sowing (Mohan et al., 2013), the frequency of emergence under these conditions, when combined with the threat of surface desiccation, is greater in genotypes with longer coleoptiles than those with shorter coleoptiles (Rebetzke et al., 2005, 2007; Farhad et al., 2014). Poor plant establishment can, therefore, result from shorter coleoptiles under stressed conditions (Schillinger et al., 1998), especially in dry environments. All of these studies establish that there is potential to use coleoptile length as a surrogate trait to screen drought-tolerant wheat varieties. However it is not appropriate to select for coleoptile length solely based on its impact on early-season drought tolerance. Nevertheless, the above evidence suggest that it is a trait that carries potential while breeding wheat for early-season drought tolerance.

It is noteworthy that the dwarfing genes in wheat have important associations with coleoptile length. Specifically, over the past few decades of modern wheat breeding, the dwarfing genes Rht-B1b (Rht1) and Rht-D1b (Rht2) derived from “Norin-10,” a Japanese wheat variety, have been widely used to develop dwarf and semi-dwarf wheat varieties around the world (Borojevic and Borojevic, 2005; Waddington et al., 2010). The Rht1 and Rht2 genes made the plants insensitive to internal gibberellic acid (Keyes et al., 1989) leading to shorter coleoptiles and reduced plant height as a result of reduced cell elongation (Rebetzke et al., 2001). There are other dwarfing genes apart from Rht-B1 and Rht-D1 that are sensitive to endogenous gibberellins, which reduce plant height but have less or no effect on coleoptile length and leaf surface area (Rebetzke et al., 1999, 2005; Ellis et al., 2005). The dwarfing gene Rht8, derived from the Japanese variety “Aka Komugi” (Grover et al., 2018), allows for the development of a long coleoptile (Rebetzke et al., 2005). The Rht8 gene has been employed in commercial varieties in some Mediterranean countries including Italy. According to Grover et al. (2018), coleoptile length and plant height were reduced by only 6.75 and 2.84%, respectively, in the lines carrying the Rht8 gene compared to 21.64 and 23.35% reductions in lines containing the Rht1 gene.

Growing seeds on filter paper or germination paper under dark conditions (Purchase et al., 1992) is a common practice while the “cigar-roll method” (Bai et al., 2013) is another method more into use. The coleoptile measurements are also taken after growing seeds in soil media (Mohan et al., 2013). Measurement of coleoptile length is commonly done manually when the seedlings are 7–10 days old, and it is a time taking activity. Recently, Zhang C. et al. (2018) analyzed coleoptile images using custom-developed image processing algorithms which were significantly correlated (r = 0.69–0.91, p < 0.0001) with manual measurement of coleoptile length.



Seedling Vigor

Among phenotypic targets for selection, seedling vigor is considered as a candidate trait for evaluating wheat for drought tolerance at the early growth stage (Rebetzke et al., 1999; Reynolds et al., 2005). The four-leaf stage is the appropriate stage to study seedling vigor (Hafid et al., 1998). This trait is characterized by the extent of ground cover and establishment, and can be measured using a visual rating score (Mullan and Garcia, 2012). Also, the use of digital imaging techniques such as using an RGB camera is also a common way to assess seedling vigor, though this requires technical skills to process the images using different software programs. One of the reasons why this is a promising trait is the large number of genotypes that can be screened quickly and cost effectively (Dhanda et al., 2004). Dodig et al. (2015) found a significant association (r = 0.31, p ≤ 0.01) between a stress tolerance index (STI) at the seedling stage and the STI associated with grain yield in wheat. Furthermore, early seedling vigor has been reported to have a positive correlation (r = 0.28–0.63, p < 0.01) with grain yield (Kandic et al., 2009). Vigorous, healthy seedlings are water and nutrient use efficient and can compete against weeds (Zhang et al., 2014). A handful of scientists have recently emphasized the use of seedling vigor as part of variety selection: for example, Ahmad et al. (2015) evaluated 50 wheat genotypes for different seedling traits including seedling vigor and successfully identified eight potentially drought-tolerant genotypes. Such evidence highlights the importance of this trait in breeding wheat for drought tolerance. Recent studies (Zhang C. et al., 2018; Walter et al., 2019) showed that digital imaging using an RGB camera that recognizes color-based traits may be an alternative to visual assessment which is more subjective. These studies have highlighted that digital imaging may increase the throughput rate and precision of measuring seedling traits. The images can be analyzed by using open source software such as ImageJ (Schillinger et al., 2010). Therefore, application of high throughput imaging technologies can create opportunities to more efficiently use this trait for screening in breeding programs.



Vegetative Growth to Post-anthesis Growth Stages


Number of Tillers

Different studies have reported that drought reduces the number of tillers (Maqbool et al., 2015; Abid et al., 2018). Since each tiller has the potential to initiate a spike, then the tiller number directly affects grain yield in wheat. Tiller initiation in wheat is asynchronous, and the tillering stage encompasses newly initiating tillers as well as older tillers undergoing reproductive transition. Therefore, the tillering stage determines both the tiller number and also the development of reproductive primordia (spike, spikelets, and florets) (Figure 3). Indeed, moisture stress during this stage reduces tiller number which is compounded by a reduction in the number of kernels per spike (Blum et al., 1990). The extent to which moisture stress reduces tiller number varies among genotypes depending on the intensity and duration of stress (Sarto et al., 2017). The genotypes that maintain a higher rate of photosynthesis and other physiological parameters such as leaf water potential, and exhibit rapid recovery after re-supplying moisture, promote drought tolerance at the tillering stage (Abid et al., 2018). In many cases, the number of tillers may not be reduced significantly if the moisture is supplied before the end of the tillering stage, but in such cases, the tillers have a low biomass and kernel weight (Blum et al., 1990). There are also arguments that the number of tillers may not always be a good indicator of yield in wheat. Duggan et al. (2000) showed that under drought, vigorous tillers each with a high number of large kernels were more important than the numbers of tillers per se in terms of grain yield. Although many researchers do not measure tiller number, it is an important trait that should be considered in breeding for drought tolerance in wheat. This trait is commonly scored at maturity by counting the number of tillers per unit area in a representative part of each plot.



Chlorophyll Content

The green area of plant leaves specifies a plant’s photosynthetic capacity and provides valuable information associated with crop productivity, and the physiological and phenological status of the plant (Kira et al., 2015; Ramya et al., 2016). Chlorophyll content positively correlates with grain yield (Talebi, 2011; Kumari et al., 2012). Abiotic stresses lead to changes in the amount of chlorophyll content in plant leaves. Drought susceptible wheat varieties showed losses in chlorophyll content, while tolerant varieties exhibited higher chlorophyll content (Khayatnezhad et al., 2011). Similarly, a 13–15% reduction in chlorophyll content was observed in wheat varieties due to limited water supply (Nikolaeva et al., 2010). This loss in chlorophyll content is due to decreased expression of genes encoding enzymes for chlorophyll biosynthesis (Liu et al., 2018). By contrast, the stay-green trait in which chlorophyll persists, and which signifies the delayed senescence of leaves, is another important indicator of stress tolerance (Rosyara et al., 2009; Lopes et al., 2012) and is discussed in more detail below. Talukder et al. (2014) state that stress during anthesis results in a significant drop in flag leaf chlorophyll content and yield-related traits such as grain number, grain mass and duration of grain filling. Khayatnezhad et al. (2011) observed that the durum wheat varieties that had a significantly higher chlorophyll content during the reproductive phase were higher yielding and more tolerant to end-season drought. Other studies have also revealed that drought-tolerant wheat genotypes maintain higher chlorophyll content during water stress compared to drought susceptible varieties (Talebi, 2011; Bowne et al., 2012; Rehman et al., 2016; Ahmed et al., 2019). All of these examples delineate that crop varieties with higher chlorophyll content and slow chlorophyll degradation, are potentially more drought-tolerant. Therefore, chlorophyll content is an important trait that can be used as a proxy for drought tolerance and higher grain yield, and it is a simple trait to phenotype.

The Soil Plant Analysis and Development (SPAD) meter can rapidly measure SPAD values as a proxy for chlorophyll content (Rosyara et al., 2009; Lopes et al., 2012) and is widely used. The SPAD meter has diodes that emit red and near infra-red wavelengths that pass through the leaf; chlorophyll absorbance is determined at 650 nm while non-chlorophyll absorbance is calculated using a wavelength peaking at 940 nm (Lopes et al., 2012). In wheat, SPAD measurements are taken from the flag leaf when evaluating varieties for selection (Paul et al., 2016). SPAD measurements can be taken starting at the emergence of flag leaves until early senescence at a desired time interval (e.g., a week or 10 days). This allows a breeder to assess the association of chlorophyll content at different growth stages with other target traits such as grain yield (Rosyara et al., 2009).



Normalized Difference Vegetative Index

The normalized difference vegetative index (NDVI) is a metric for vegetation based on the difference between the reflection of near-infrared light (which vegetation strongly reflects) and red light (which vegetation strongly absorbs) (Sultana et al., 2014). Values of NDVI range from −1 to +1, and are calculated using the following formula:
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Where:

NDVI = Normalized difference vegetative index;

RNIR = Near-infrared radiation;

RR = Visible red spectrum.

NDVI is extensively used as a trait to report the greenness and ground cover of the vegetation, and therefore, to infer the photosynthetic strength of the crop canopy, using measurements taken from the ground level up to satellite altitudes (Pietragalla and Vega, 2012). It is now widely accepted as a proxy for drought adaptive traits (Lopes and Reynolds, 2012), having a positive association with grain yield (Ramya et al., 2016; Condorelli et al., 2018), and it has also shown potential for estimating growth rate, seedling vigor and senescence patterns in wheat (Pietragalla and Vega, 2012). For example, selection for yield parameters based on NDVI along with other chlorophyll measurements resulted in a yield increase by 17.1% in a half-sib population of bread wheat (Ramya et al., 2016).

The GreenSeeker spectral sensor (Trimble, CA, United States) is an NDVI tool that has been used to measure the greenness of a plant and is commonly used to estimate the greenness of an entire field plot. The use of GreenSeeker has been considered more integrative than SPAD as it is mostly helpful in determining the pattern of senescence from the whole crop canopy, while SPAD uses only one leaf at a time to record the greenness. However, GreenSeeker is unique as it only measures the reflectance of the modulated red and NIR light that it provides, not the ambient light. The accuracy of the measurement depends upon the number of NDVI measurements taken (Lopes et al., 2012). Therefore, recording NDVI throughout the crop season at defined intervals is essential to improve the accuracy of the measurements taken and to evaluate the pattern of change in greenness throughout the season. Although NDVI is a commonly used index, its sensitivity to genetic and environmental diversity has been criticized (Christopher et al., 2016). Therefore, caution should be used when using NDVI to predict wheat grain yield when a diverse genetic population is involved and when the environmental conditions are highly variable. While NDVI can be the first choice for many breeders, the use of other vegetative indices such as Normalized Difference Red Edge (NDRE) may be another option. The performance of NDRE is better compared to NDVI, overcoming the limitations of NDVI associated with absorptance by the upper canopy and saturation at its maximum value during later growth stages of the crop (Fu et al., 2020).



Chlorophyll Fluorescence

Chlorophyll fluorescence measurements can be used to non-destructively determine a wide variety of leaf-level parameters related to the functional status of Photosystem II (PSII), the first protein complex in the light-dependent reactions of photosynthesis. For example, in illuminated leaves, chlorophyll fluorometry can be used to calculate the rate of photosynthetic electron transport through PSII (Genty et al., 1989; Earl and Tollenaar, 1998), or to quantify the activity of non-photochemical quenching processes associated with the safe dissipation of excess light energy (Laisk et al., 1997).

More commonly, chlorophyll fluorescence is measured on dark-adapted leaves (e.g., pre-dawn, or after placing plants in darkness for a defined period, generally 30 min to a few hours). Dark-adapted measurements provide estimates of maximum efficiency of PSII, which can be reduced due to damage or down-regulation occurring in response to prior stress (Lu et al., 2003; Baker, 2008). Because PSII efficiency is so sensitive to any stress affecting photosynthesis, evaluation of chlorophyll fluorescence can be used as a quick indicator in any crop (Jansen et al., 2014). The parameters of chlorophyll fluorescence measured on dark-adapted leaves, namely the initial fluorescence (F0; the signal when all functional PSII centers are “open”), maximum fluorescence (FM; the signal when all PSII centers are “closed” by a brief pulse of saturating light), variable fluorescence (FV = FM – F0) and efficiency potential (FV/FM) are affected by unfavorable environmental factors like drought (Zhang et al., 2010; Sharma et al., 2014a). Under drought conditions, F0 may increase or decrease, while FM, FV and FV/FM all decrease. These parameters of chlorophyll fluorescence kinetics (PCFKs) and imaging are considered as very powerful and reliable indicators of the impact of various abiotic stresses, including drought, on plant physiological processes (Paknejad et al., 2007; Khayatnezhad et al., 2011; Jansen et al., 2014; Sharma et al., 2014b). Under drought conditions, crop varieties that maintain high FV/FM under water-limited conditions are considered to be stress tolerant (Zlatev, 2009), and indicate efficient protection of PSII activity. Chlorophyll fluorescence has been used in a diversity of plant species including wheat (Zlatev, 2009; Khayatnezhad et al., 2011; Rahbarian et al., 2011; Kamanga et al., 2018; Yao et al., 2018). Similarly, analysis of PCFKs in winter wheat seedlings indicated that the variety that maintained FV/FM was tolerant to water stress, able to maintain high photosynthetic activity (Zlatev, 2009). Despite the potential usefulness of PCFKs in drought tolerance studies, there are some limitations associated with the measurement of these parameters. In particular, the high-throughput measurement of PCFKs is mostly useful during the seedling stage and can be a difficult task later in development (Furbank and Tester, 2011). Another issue is that these parameters may have limited applicability to breeding programs if the population size is very large, although emerging high throughput phenotyping technologies may overcome this challenge. The best application of PCFKs in breeding may be at the advanced breeding stages where the number of genotypes may not be a limiting factor.



Shoot Waxiness

Cuticle, the outermost layer of the plant shoot, is made up of cutin and waxes. The amount of wax present on the leaves differs among species and genotypes within a species. Waxiness, also known as glaucousness, is a shoot morphological trait that is vital from the perspective of environmental stress tolerance (Bi et al., 2017). In wheat breeding, waxiness is used to select drought-tolerant genotypes. The composition of the wax and the changes in wax composition influence water loss from the cuticular surface, leading to drought tolerance, though it is not the sole indicator (Jäger et al., 2014; Bi et al., 2017). In a study consisting of three wheat varieties, Bowne et al. (2012) reported that the variety with the most waxiness yielded the highest under both mild and severe drought conditions, supporting that waxiness reduces the loss of water from plant surfaces. Waxiness is usually quantified visually based on the proportion of visible bluish-white colored wax on the plant shoot surface including spikes when phenotyping in the field. A 0–10 visual rating scale is commonly used, where 0 indicates no or low waxiness, and 10 indicates high waxiness (Torres and Pietragalla, 2012). Qualitatively, analyses of cuticular waxes have shown that genotypes with higher β-diketones, one of the two major components of wax along with alkanes, are more drought-tolerant (Bi et al., 2016, 2017). More recently, it has been shown that considerable changes occur in the composition of carbonyl ester in cuticular wax of wheat leaves when exposed to water stress suggesting the possibility of having a new biochemical marker for drought tolerance (Willick et al., 2018). Considering its influence on drought tolerance, and given that it is easy to score visually, waxiness is a valuable trait to include when breeding wheat for drought tolerance.



Carbon Isotope Discrimination

Water use efficiency (WUE), known as transpiration efficiency, is the ratio of above ground (aerial) biomass yield (carbon) to the total amount of water used by a plant (Condon et al., 1992; Rebetzke et al., 2002). Direct measurement of WUE is very complicated and also time exhausting. Therefore, utilization of carbon isotope discrimination (Δ), which is a proxy for the ratio of intercellular (Ci) and the atmospheric (Ca) partial pressure of CO2, i.e., Ci/Ca, has been exploited as an indirect measurement of WUE (Farquhar et al., 1982, 1989; Ehdaie et al., 1991). CO2 exists in the atmosphere mostly as 12CO2, but also as the rarer, heavier isotope 13CO2. During CO2 fixation, plants discriminate between these two isotopes, favoring 12C since 12CO2 diffuses more freely into leaves than does the heavier isotope, and also because RuBisCO fixes 12CO2 more readily than 13CO2. However, the magnitude of discrimination (and therefore the measurable 13C/12C ratio in the final crop biomass) varies depending on the type of crop, genotype, environment and other factors (Kumar and Singh, 2009). If Ci was in perfect equilibrium with Ca, then discrimination against 13C would be constant. However, because stomatal conductance is not infinite, photosynthesis reduces leaf internal CO2 (i.e., Ci/Ca < 1), and the air inside the leaf becomes more depleted in 12C relative to 13C, which reduces the opportunity for further discrimination in favor of 12C. Thus, plants that have had lower Ci over their lifetimes will have higher 13C/12C in their final biomass. Since lower Ci is associated with higher WUE (Farquhar et al., 1982), carbon isotope discrimination serves as a time-integrated proxy for WUE. Consistent with this well-established theory, Δ has been shown experimentally to be negatively associated with WUE (Ehdaie et al., 1991; Medrano et al., 2015). The Δ metric has been used to assess WUE and its association with grain yield in many different crops including wheat (Austin et al., 1990; Blum, 2005; Akhter et al., 2008; Kumar and Singh, 2009; Luckett et al., 2011). Interestingly, Δ has high heritability (the narrow-sense heritability is ∼0.63) under limited water conditions (Rebetzke et al., 2002, 2006), and thus, it is a potential indirect method to select high yielding wheat varieties for dry environments (Rebetzke et al., 2006). To determine Δ, finely ground dried shoot tissue is analyzed using an isotope ratio mass spectrometer (Optima, VG Instruments, United Kingdom) (Becker and Schmidhalter, 2017; Bachiri et al., 2018). It has been assessed using the flag leaf in durum wheat under drought conditions by Merah and Monneveux (2001) and in Triticale by Munjonji et al. (2016). The throughput rate for determination of Δ may not be high but it is a reliable trait to assess drought tolerance in wheat. The trait may be best evaluated when the wheat breeding lines are at an advanced stage.



Leaf Rolling

When plants are under limited water conditions, turgor pressure adjustment in the cells is one of the biochemical mechanisms that helps plants acclimate to dry conditions (Price, 2002; Fang and Xiong, 2015). Leaf rolling is one of the consequences of turgor pressure adjustment observed in diverse plants when they are exposed to limited water environments (Kadioglu and Terzi, 2007; Fleury et al., 2010). During the stress period, leaf rolling reduces the leaf area, which in turn reduces the effective area for evapotranspiration (Fang and Xiong, 2015; Lamaoui et al., 2018) and hence represents a drought acclimation response. In wheat, like other cereals, leaf rolling is a typical symptom when there is water deficit in the soil (Clarke, 1986; Kadioglu et al., 2012). Since leaf rolling is associated with water loss in cultivated wheat, it is a potential proxy trait for screening wheat genotypes up to a certain level of water loss from the leaves (Condorelli et al., 2018). Although the heritability of leaf rolling was found to be high (narrow-sense heritability ∼0.83), Sirault et al. (2008) suggest further investigation to exploit the usefulness of this trait for breeding. In wheat, leaf rolling can be easily scored visually in the field using qualitative scales (Torres and Pietragalla, 2012; Condorelli et al., 2018) at the vegetative and reproductive growth stages. Despite leaf rolling not being widely used, it has the potential to improve the efficiency of breeding for drought tolerance in wheat.



Canopy Temperature

Canopy temperature (CT) is a physiological trait that indicates crop water status (Mason and Singh, 2014) and is an established proxy trait for stomatal conductance (Deery et al., 2019). CT has the potential to be a very useful tool for indirect selection of tolerant genotypes for heat and drought stress tolerance (Reynolds et al., 2009b). In such environments, genotypes that maintain cooler canopies are more likely to thrive. It has been observed that in deep-rooted genotypes, CT is usually lower, as the crop can extract moisture from a deeper soil depth (Lopes et al., 2012). The CT is affected by various confounding factors such as solar radiation, soil moisture, wind speed, temperature, and relative humidity (Reynolds et al., 2012; Mason and Singh, 2014), and hence caution should be used when interpreting CT data. CT can be measured from post-tillering to physiological maturity using an infrared thermometer (Pask and Reynolds, 2013), thermal imaging (Costa et al., 2013), and ArduCrop wireless infrared thermometers (Rebetzke et al., 2016b; Deery et al., 2019). Since the frequency of drought and heat stress are expected to increase in the near future, the development of wheat genotypes with cooler canopies should be one of the targets of a wheat breeding program.



Days to Heading and Anthesis

According to Singh (1981), there are three very critical phenological stages in wheat, based on the soil moisture requirement: the early vegetative stage, booting to the heading stage, and the flowering and grain filling stage. Many studies suggest that plants are more sensitive to water limitation from heading to flowering than the other stages (Nezhadahmadi et al., 2013; Farooq et al., 2014; Sarto et al., 2017). Evapotranspiration reaches a maximum at this growth phase (Sarto et al., 2017). Therefore, maintenance of optimum soil moisture at this interval is critical to ensure higher wheat yield and yield stability (Senapati et al., 2019). Drought at heading has been found to affect spike weight negatively (Ding et al., 2018). Similarly, in winter wheat, Varga et al. (2015) reported that water stress during the heading period, or the growth stages after heading, resulted in a higher yield penalty. Drought at the onset of flowering results in sterility and a reduced number of grains per spike, which is primarily due to reduced pollen viability and ovule abortion as a consequence of limited moisture (Su et al., 2013). With respect to genetic variation in this trait, in a study that evaluated the response to drought during the reproductive stage, Senapati et al. (2019) observed a 13.4% higher mean yield in drought-tolerant wheat genotypes compared to susceptible genotypes across 13 major wheat growing regions of Europe. One additional study showed that early heading and anthesis can be escape mechanisms for terminal drought (Shavrukov et al., 2017), perhaps more applicable to geographic regions that suffer from late-season water deficit. Phenotyping a genotypically diverse set of plants at heading and anthesis stages is time-consuming, requiring daily visits to a field site, because of the corresponding diversity in flowering times. Recently, an automated phenotyping method for these stages has been tested in wheat, involving computer software analyzing digital images; the method has achieved a >85% accuracy for both stages (Sadeghi-Tehran et al., 2017). Based on its reproducibility and cost effectiveness, such a method has potential for adoption in wheat breeding programs.



Flag Leaf Senescence

It is proposed that a delay in flag leaf senescence greatly influences grain yield in cereal crops (Thomas and Howarth, 2000; Borrill et al., 2015). In wheat, early flag leaf senescence has been found to affect grain yield negatively (Gregersen et al., 2013) including under dryland conditions (Liang et al., 2018), while delayed flag leaf senescence is positively associated with higher grain yield (Verma et al., 2004) and harvest index (Carmo-Silva et al., 2017). Drought-tolerant varieties have a higher CO2 uptake rate in the flag leaves which contributes to yield stability (Paul et al., 2016). During the senescence phase, protein complexes in chloroplasts including PSII, break down which leads to changes in the structure, metabolism and gene expression of photosynthetic cells, ultimately resulting in loss of cellular chlorophyll content (Thomas and Howarth, 2000; Podzimska-Sroka et al., 2015). Therefore, to maintain translocation of assimilates from leaves and stems to the grain and maintain grain yield, genotypes with delayed leaf senescence are preferred (Hafsi et al., 2013). Delayed senescence and persistence of greenness were introduced above as the stay-green trait and are associated with altered cytokinin and ethylene activities (Thomas and Ougham, 2014). This evidence implies that delayed flag leaf senescence can be a key parameter for selecting genotypes in areas with end season drought stress (Campos et al., 2004). Flag leaf senescence can be recorded visually by using qualitative leaf color scores (Pask and Pietragalla, 2012). There are some studies with wheat which reveal that the contribution of ear photosynthesis to grain yield is relatively greater than that of the flag leaf in optimal and drought environments (Abbad et al., 2004; Bragado et al., 2010; Yun-qi et al., 2016). Nonetheless, the significance of delayed flag leaf senescence for drought tolerance should not be underestimated. Since flag leaf senescence is easy to record and has close association with chlorophyll decline, the trait can be targeted in wheat breeding programs for drought tolerance. Confounding effects may be observed, however, when the genotypes under study are extremely diverse with respect to days to maturity.



Grain Filling Rate and Duration

In cereals, the grain filling period is one of the most sensitive growth stages to water stress (Barnabás et al., 2008; Alghabari and Ihsan, 2018) and commonly affects many wheat growing regions of the world including semi-arid regions (Saeidi and Abdoli, 2015). Grain yield loss depends on the severity of the stress during this interval (Farooq et al., 2014; Tabassam et al., 2014; Saeidi and Abdoli, 2015). This loss in grain yield could be due to a reduction in the duration of grain filling (Alghabari and Ihsan, 2018) which is associated with early senescence (Farooq et al., 2014; Bogale and Tesfaye, 2016). Monpara (2011) stated that the grain filling period is positively correlated (r = 0.51, p < 0.05) with grain yield in wheat, which was confirmed under water-limited condition (Kilic and Yagbasanlar, 2010; Bogale and Tesfaye, 2016). Ihsan et al. (2016) observed that a drought-tolerant wheat genotype had a 38% longer grain filling period compared to a drought susceptible genotype. Other researchers such as Nass and Reiser (1975) and Borrill et al. (2015) argue that the rate of grain filling or grain filling capacity is more critical than the grain filling duration. Madani et al. (2010) and Baillot et al. (2018) showed that the rate of translocation of photosynthates to the grain contributes to grain weight and is a major component of grain yield in wheat, which supports the statement that grain filling rate is more fundamental to grain yield than grain filling duration. There is also an argument that stressed plants may have a higher rate of grain filling, and this, combined with a shorter grain filling period, cause improper assimilate translocation which ultimately leads to reduced grain yield (Ihsan et al., 2016; Alghabari and Ihsan, 2018). Therefore, it may be useful to screen genotypes that have a longer interval from anthesis to grain maturity and/or a higher rate of grain biomass increase in a time course. Selection for a higher rate of grain biomass increase may be more useful than delayed grain maturity in climates where short duration wheat varieties are grown.



Awn Length

Wheat genotypes vary for having spikes with no awns to those with differing awn lengths. Awn length is measured from the tip of the spike to the tip of the longest awn but can also be scored qualitatively (Torres and Pietragalla, 2012). A significant positive association was observed between awn length and grain yield, and between awn length and spike length, under water deficit conditions (Blum, 2005; Taheri et al., 2011; Khamssi and Najaphy, 2012; Ali et al., 2015). A significant correlation (r = 0.43, p ≤ 0.01) between awn length with drought stress tolerance index was also observed (Taheri et al., 2011). Similarly, it was observed that awns maintained a higher relative water content and photosynthetic electron transport rate compared to the flag leaf under drought, indicating tolerance to soil moisture deficit (Maydup et al., 2014). Awns are green and contribute to the photosynthetic area, and positively influence grain yield (Rebetzke et al., 2016a). Maydup et al. (2010) reported that the contribution to grain yield by spike photosynthesis was up to 42% while the contribution was even greater in varieties having longer awns. The results from another study (Towfiq and Noori, 2016) showed that the awns increased the photosynthetic spike surface area by 36–59% and increased grain yield by 10–16%. Morphologically, moisture stress causes a significant reduction in awn dry weight but not length (Khamssi and Najaphy, 2012). This result may be related to awns competing for assimilates during ovary growth, and represents another issue that requires further investigation. Furthermore, awns are associated with larger but fewer grains, which is another topic that needs to be further investigated (Rebetzke et al., 2016a). Integrating the information discussed above (Taheri et al., 2011; Ali et al., 2015) and its high to moderate level of heritability (broad-sense heritability ∼0.95) (Bhatta et al., 2018), awn length is an interesting trait to consider for assessment of wheat genotypes for drought tolerance. Awn length is measured from the tip of the spike to the tip of the longest awn after physiological maturity (Torres and Pietragalla, 2012).



Plant Height

Plant height is one of the critical traits affected by drought in wheat. Low moisture reduces photosynthesis and metabolite/nutrient translocation in wheat, especially during the stem elongation stage, resulting in reduced height (Sarto et al., 2017). The reduction in plant height is due to altered carbon partitioning as the plants undergo osmotic adjustment under moisture stress (Blum and Sullivan, 1997). The proportion of reduction in plant height depends on both the intensity of drought and the genotype. Reductions in wheat plant height of 2–24% and 1–16%, respectively, due to drought stress applied at 30 and 70% field capacity during the stem elongation stage, have been reported (Qadir et al., 2016). Similarly, in another study (Mirbahar et al., 2009), a ∼25% reduction in wheat plant height was observed due to drought. The drought tolerant plants tend to maintain shorter plant height and plant area index to reduce the moisture demand and prevent moisture loss due to transpiration (Su et al., 2019). Therefore, proportionally, the growth reduction observed in smaller plants is less than larger plants indicating that smaller plants are less sensitive to moisture stress (Blum and Sullivan, 1997). With respect to this concept, selection for a higher root to shoot ratio appears to be a more appropriate strategy for drought-prone environments (e.g., Ahmed et al., 2019). Plant height in wheat is commonly measured manually using a ruler after maturity. However, sensor-based tools have been recently tested in other crops for the measurement of plant canopy height (Andrade-Sanchez et al., 2014) which can be transferred to wheat breeding programs to reduce time and labor.



PHENOTYPING ROOT ARCHITECTURAL TRAITS

Aside from the above-ground traits described above, root system architecture (RSA) also plays a vital role in the growth, development and overall productivity of crop plants (Wasaya et al., 2018). In general, RSA of a plant largely depends upon the environment within which it grows and the types of abiotic stresses associated with soil and water that it experiences (Wang and Frei, 2011). When water is the major constraint, then root characters have an equally important role as shoot traits in promoting drought tolerance (Manavalan et al., 2010). Some of the important root traits, such as root angle, primary root length (Comas et al., 2013; Forde, 2014), the number of lateral roots (Zhan and Lynch, 2015), and average root diameter (Comas et al., 2013; Haling et al., 2013), contribute to regulating water uptake which is critical under drought stress. It is stated that plants with root systems having a smaller root diameter and long fine roots are more suited to drought environments.

In wheat, the RSA consists of two different types of roots, the early initiating seminal roots, sometimes regarded as embryonic roots, and the later nodal roots, commonly known as a crown or adventitious roots (Manske and Vlek, 2002; Kirby, 2002). The wheat embryo develops ∼6 root primordia: during germination, the primary root and 4–5 seminal roots emerge out of the coleorhiza which ultimately develops into the seminal root system (Perry and Belford, 2000; Kirby, 2002). The later nodal roots, which emerge at the nodes, develop as tillering progresses (Kirby, 2002; Manske and Vlek, 2002). The seminal roots can grow up to 2 m deep into the soil, while the nodal roots are thicker and scavenge from the upper surface of the soil in a more horizontal orientation, to the middle layers (Kirby, 2002). Both seminal and nodal roots branch to form lateral roots.

Similar to other crops, root traits are also associated with drought tolerance in wheat (Lopes and Reynolds, 2010). Root angle is a trait that explains some mechanisms related to soil-root interactions (Chen et al., 2017, 2018). The seminal and nodal roots of genotypes with a narrow root angle tend to grow deeper compared to those with a wider root angle at the early growth stages (Manschadi et al., 2008; Wasson et al., 2012; Richard et al., 2015). Similarly, a high density of lateral roots at a narrow angle (steeper) are considered better for wheat since such roots have more access to soil moisture at a deeper soil depth (Manschadi et al., 2008; Wasson et al., 2012; Chen et al., 2017, 2018). Root angle in wheat shows high heritability (broad-sense heritability ∼0.82), and thus, it is an important trait to consider when breeding wheat for drought tolerance (Hassouni et al., 2018). Although evidence suggests that root angle is a vital trait especially for end season drought tolerance in wheat (Gesimba et al., 2004), it is important to note that wheat root systems that have a high number of nodal and seminal roots in the crown region located close to the surface of the soil are more drought-tolerant at the early growth stages.

The limited number of studies on RSA morphology is primarily due to a lack of efficient high throughput phenotyping methods. Conventional methods of root study include excavation of roots from the field which is labor intensive and time-consuming; such methods are mostly limited to phenotyping young roots under controlled conditions. For example, Goron et al. (2015) established a growth system consisting of fertigation of coarse Turface clay, rather than fine sand or soil which damages roots upon excavation, to phenotype root hairs in wheat, millet, and maize. The study demonstrated that this approach could be an alternative method to characterize finer root traits like root hair number and length. However, as stated above, this method requires considerable time, human and financial resources, which limits its application in plant breeding. Some low-cost and simplified high throughput phenotyping methods have been developed recently. Richard et al. (2015) used two different methods, the clear pot method, and the transparent growth pouch method, to study wheat seedling RSA using two proxy traits, root angle and the number of seminal roots associated with root surface area. In the clear pot method, the pots are transparent, and seeds are sown at the edge of the pots to permit RSA observation; the pots are placed in dark pots to prevent light exposure. Hassouni et al. (2018) also used the clear pot method to study the seminal roots of durum wheat. The use of root digital imaging techniques has also facilitated RSA studies in recent years. Platforms that are capable of automatic washing of the roots are available, as well as machines that can scan the root samples and different software that can analyze the root scanned images (Lobet et al., 2011). Digital imaging of root traits (DIRT) (Bucksch et al., 2014) is an example of such methods, which is useful in characterizing the roots of both dicot and monocot crop species. The use of WinRhizo Tron MF software (Regent Instrument Inc., Quebec, Canada) is another method that has been used to analyze seedling root traits. Tomar et al. (2016) used WinRhizo software to study wheat seedling root traits targeting drought tolerance which included root length, surface area of root, and root volume.

Recently other rapid methods have been developed such as X-ray tomography that provide 3-D images of root systems, which shows significant potential for studying RSA without disturbing the root system (Wasaya et al., 2018). Furthermore, structural root models are also coming into use to analyze RSA traits while model generated images are used to improve the precision of root trait estimation (Lobet et al., 2017). Studies of root foraging, the process by which RSA adapts to changes in the environment, is also another area that is gaining attention (Tian and Doerner, 2013; Chen et al., 2018).

In general, phenotyping mature roots is much more complex and demands more labor than juvenile roots, which limits selection strategies. Selection based on phenotyping seedling roots in a controlled environment may be unreliable, as the traits may not translate into mature RSA under field conditions (Wasson et al., 2012) and hence should be evaluated on a case by case basis (Comas et al., 2013). A method for nodal root phenotyping often referred to as “shovelomics” (Trachsel et al., 2011), where roots are excavated from the soil as already noted above, is in wide use for field phenotyping of root systems, including wheat (Kadioglu and Terzi, 2007). Thus, despite the above mentioned advancements in root phenotyping, the challenge that persists is the lack of cost-effective, high resolution, efficient, simple, and reproducible high-throughput methods that can be readily employed in plant breeding programs (Chen et al., 2018).



IMPROVING THE EFFICIENCY OF PHENOTYPING PHYSIO-MORPHOLOGICAL TRAITS

To make use of a wide range of physio-morphological traits of interest while selecting drought-tolerant wheat varieties, numerous drought screening methods have been developed and tested for use in crop breeding programs (Siddig et al., 2013; Gómez-Luciano et al., 2014; Zu et al., 2017). In the following sections, we review some of the advancements that have been made to improve phenotyping.


Application of Controlled Physical Structures

One of the greatest challenges in breeding crops for drought tolerance is the simulation of drought at a larger scale. Conducting drought experiments in open field conditions requires a long-term data set as there is a large variation in precipitation and soil moisture conditions (Kant et al., 2017). Additional environmental factors like light intensity, temperature, and canopy cover are also critical in open field experiments, but these factors are highly variable temporally and spatially. Therefore, multi-season, multi-treatment experiments, which enable the understanding of the complex nature of drought, are required (Hoover et al., 2018). Physical structures that overcome the unpredictability of weather while attempting to mimic actual field environments have already shown great potential in drought studies. For example, rainout/rainwater shelters, which are structures established in the field to protect against rainfall, can be used to conduct controlled water experiments over a short span of time (Yahdjian and Sala, 2002; Trillo and Fernández, 2005; Mwadzingeni et al., 2016; Kundel et al., 2018). Rainwater shelters have been successfully tested in different crops including wheat (Zu et al., 2017; Kundel et al., 2018; Wimmerová et al., 2018). Rainwater shelters can be mobile (Wimmerová et al., 2018) or geographically fixed (Kundel et al., 2018) and either manual, semi-automated or fully automated (Ries and Zachmeier, 1985). Custom-designed, automated and portable shelters are very efficient for stress tolerance phenotyping (Kant et al., 2017). For improving the precision of these shelters, it is important that they are equipped with standard soil moisture sensors, motion cameras, and other tools which essentially add value to precise data recording (Mwadzingeni et al., 2016; Kant et al., 2017). One technical issue is that rainwater shelters exclude solar radiation (Wimmerová et al., 2018). Therefore, Vogel et al. (2013) suggested the use of control treatments to assess any confounding effects of these closed structures. The use of these artificial structures for drought tolerance studies is still scrutinized as they do not entirely reflect the real field environment, and very high investments are required to maintain and manage these structures. Despite these limitations, rainout shelters continue to hold promise in efforts to breed for drought tolerance in wheat. This method appears to be the best option available for the study of drought tolerance under field conditions.



High-Throughput Phenotyping Platforms (HTPPs)

With recent advances in genomics, efficient phenotyping has become limiting (Salas Fernandez et al., 2017). Although it has been common practice to conduct high throughput phenotyping under environmentally controlled conditions (greenhouses, growth rooms, and growth chambers) using single plant measurements, translation of the quantitative trait loci (QTLs) identified under such conditions to the final field-level performance of the crop has been low (White et al., 2012). Since the actual field environment is highly heterogeneous, canopy level phenotypic measurements are considered more accurate. In such a situation, utilization of HTPPs are needed that are precise, labor-, and cost-effective, to phenotype complex physio-morphological traits associated with biotic and abiotic stresses (Rutkoski et al., 2016) as they bridge the gap between genomics and phenomics (Araus and Cairns, 2014; Fahlgren et al., 2015; Bai et al., 2016; Zhang et al., 2017). Innovations in remote sensing, aeronautics and computing have largely contributed to the development of several phenotyping platforms including both ground-based and aerial systems (White et al., 2012; Araus and Cairns, 2014). However, highly sophisticated HTPPs with fully automated functions for canopy level studies are available only in a limited but growing number of institutions such as the United States Department of Agriculture (USDA), the Australian Plant Phenomics Facility and European Plant Phenotyping Network (Araus and Cairns, 2014). Thus, the current situation at many institutions demands judicious selection and proper use of HTPPs that are easily accessible (Cobb et al., 2013; Junker et al., 2015). Management of the high-volume of data generated by these HTPPs also presents a challenge in analysis and interpretation (Shi et al., 2016; Singh et al., 2016; Coppens et al., 2017). In the following two sections, we discuss two high throughput phenotyping approaches that have been gaining attention recently.


Proximal High-Throughput Phenotyping Platforms

The use of proximal or ground-level sensors to permit measurements of plant traits at the canopy level has shown potential in terms of replacing current labor-intensive methods. The proximal sensing and imaging approach includes three basic techniques: visible/near-infrared (VIS-NIR) spectroradiometry, infrared thermometry and thermal imaging including conventional digital photography (Araus and Cairns, 2014). These platforms are usually handheld or mounted on vehicles (Qiu et al., 2018). Bai et al. (2016) tested a manually operated multi-sensor system capable of carrying many sensors to measure more than one trait in a wheat breeding program. A strong correlation was observed between grain yield and early and late growth stage sensor-based traits, indicating the significance of using proximal sensing in plant breeding. Similarly, measurement of the vegetative index, NDVI, using a handheld GreenSeeker and a passive bi-directional reflectance sensor, showed similar results in wheat, suggesting that these indices can be used for selection even during early breeding cycles (Walsh et al., 2013; Barmeier and Schmidhalter, 2016). An infrared thermometer has been used to measure CT in wheat (Lopes and Reynolds, 2010), which is very helpful in drought and heat stress studies. Conventional digital cameras have also been used to estimate green biomass, canopy soil cover and plant color (Casadesus et al., 2007; Araus and Cairns, 2014). Some digital cameras with charge-coupled device (CCD) silicon sensors, capable of detecting not only color but also the texture of the objects, are useful in interpreting vegetative indices as well (Qiu et al., 2018). For example, Casadesus et al. (2007) observed a high correlation between vegetation indices from the pictures taken by the digital camera and grain yield in wheat under drought conditions. Comar et al. (2012) developed and successfully tested a semi-automatic system to study the dynamics of change in vegetation index, based on the green fraction (GF), which calculates the fraction of green area per ground area for wheat cultivars grown in micro-plots under field conditions. This system has a hyperspectral radiometer and two RGB cameras that are used to observe the canopy from approximately 1.5 m from the top of the canopy, and it is supported by a tractor that is driven across the plots to collect data from individual plot canopies.

Field-based phenotyping platforms used with other crops may also hold potential for wheat. For example, Andrade-Sanchez et al. (2014) mounted three sensors on a vehicle to measure canopy height, temperature, and reflectance of cotton (Gossypium barbadense L.) varieties grown under irrigated and water-limited conditions. Significant differences were observed among the varieties for the traits recorded by the sensors, indicating the reproducibility of the method. Very recently, Phenobot 1.0, a field-based HTPP, equipped with an auto-steered and self-propelled system, has been developed and tested for crops such as sorghum, which have tall and dense canopies (Salas Fernandez et al., 2017). Phenobot 1.0 has RGB cameras that are used to take measurements of plant height and stem diameter very efficiently. The challenge now is to increase the global accessibility of these new technologies.



Remote Sensing for High Throughput Phenotyping

Low-cost unmanned aerial vehicles (UAVs) or drones are remote sensing technologies for high throughput phenotyping (HTP) which have already demonstrated significant potential for precision agriculture as they can be used to quantify crop health, and effects of soil moisture and nutrients on crop growth and development (Holman et al., 2016; Khan et al., 2018). These UAVs are capable of providing high resolution images of small experimental plots from distances as high as 30–100 m above ground (Shi et al., 2016; Tattaris et al., 2016). In wheat, aerial measurements of secondary traits such as CT and NDVI, have been successfully used to improve the precision of genomic prediction models for grain yield (Rutkoski et al., 2016). A highly significant association (r = 0.76, p < 0.05) was observed between vegetative indices extracted from an unmanned aerial system with the ground-truthing data recorded by a spectroradiometer applied to advanced wheat breeding lines (Haghighattalab et al., 2016). Similarly, Tattaris et al. (2016) observed that CT and NDVI measurements in wheat recorded by UAVs were better correlated with yield and biomass compared to the data recorded by proximal measurement under both irrigated and water-limited conditions. Khan et al. (2018) also observed a close association between vegetative indices from aerial images with RGB images in a wheat breeding program. Furthermore, optimized UAVs have been tested in crop growth rate studies. Apart from this, UAVs have been used to assess the growth rate of winter wheat as a response to different rates of fertilizer application (Holman et al., 2016). Very recently, integration of Light Detection And Range (LiDAR), a powerful tool which can acquire precise 3D measurements for crop phenotyping and remote sensing (Madec et al., 2017), has been successfully used in wheat phenotyping studies (Madec et al., 2017; Jimenez-Berni et al., 2018). In China, Crop 3D, an HTP tool developed to integrate LiDAR and UAV, is capable of measuring many plant traits such as plant height, leaf width, leaf length, leaf angle, and leaf area (Guo et al., 2018). Development of improved drought monitoring systems such as the remote sensing drought monitoring system (RSDMS) can have a significant impact on future agricultural research as it was devised based on a model that permits flexibility and increased coverage (Dong et al., 2017). The use of satellite data can also be used to prepare hazard maps that display the distribution of drought risk across a specific region and is being explored for its application to drought tolerance research in crops (Skakun et al., 2016). The pace and progress of new remote sensing technologies potentially offer improvements in selection efficiency, but challenges remain such as poor access to these technologies (e.g., cost) and the need to manage large volumes of data.



CONCLUSION AND FUTURE PERSPECTIVES

In this paper, we have presented evidence-based information related to the negative impacts of drought stress on the productivity of wheat, in the past few decades. Drought affects the physiology of wheat plants resulting in reduced grain yield. The paper highlights the importance of the selection environment for developing high yielding, stable wheat varieties for drought-prone regions. Furthermore, the indirect selection of physiological traits contributing to grain yield shows tremendous potential in terms of improving the efficiency of breeding for drought resilience. Drought may prevail at any growth stage, and the intensity and type of drought can vary for different wheat growing regions. Therefore, here we emphasized the benefits of phenotyping growth stage-based physio- morphological traits. We have also reported the availability of different HTPPs that are capable of measuring these traits.

As we have demonstrated, in many wheat growing environments, the development of drought-tolerant wheat varieties is going to be critical to address the growing food demand. A major challenge associated with the use of physiological traits in plant breeding is that such traits are sensitive to environmental variation (Zarei et al., 2013; Kosová et al., 2014). As this review has highlighted, a multidisciplinary physio-morphological approach is a very promising way forward to enable breeding of wheat varieties for drought-stressed environments (Ortiz et al., 2008). To achieve this goal, a comprehensive effort is needed to establish more efficient platforms for phenotypic selection as described in the sections above, combined with biochemical and marker-assisted and genomic selection. These strategies need to be integrated into a well-organized and comprehensive breeding program (Figure 5) to accelerate the development of new high yielding drought-tolerant wheat varieties. As indicated in Figure 5, utilization of appropriate existing genetic resources, advanced phenotypic and genomic approaches and robust data handling tools potentially improve the efficiency of a breeding program, resulting in a higher genetic gain. To create a breeding program that is capable of generating high yielding and adaptive varieties, smart planning from the beginning is crucial. For example, adopting a “few cross” strategy or smart crossing (Witcombe et al., 2005) could be beneficial; this strategy includes careful selection of parents as per the breeding target and allows opportunities for higher genetic gain. The approach also stresses the benefits of phenotyping physiological traits associated with drought tolerance and testing of breeding materials in diverse environments including under controlled conditions. Dissecting the growth stages further into sub-stages may further improve the genetic gain. As a part of the strategy in Figure 5, data management is also a major part of a breeding program. Newly available open-source software programs have been developed for the benefit of biological research including plant breeding databases such as BrAPI (Selby et al., 2019) and Planteome (Cooper et al., 2018). These programs represent the programming interface for plant breeding and the integrated ontology resource, respectively. The integration of such platforms can improve the adeptness of a breeding program further. The target of the breeding strategy discussed here is to improve the genetic gain while also generating and maintaining new diversity created in the breeding program. In summary, Figure 5 presents an all-inclusive approach for breeding drought tolerant wheat.


[image: image]

FIGURE 5. A proposed comprehensive strategy for breeding wheat for drought tolerance.


Genomic tools such as genome-wide association studies (GWAS), used to identify QTLs associated with physio-morphological traits, benefit substantially from improved phenotypic data. Further adoption of novel molecular technologies such as genome editing (Wang et al., 2018) may open new avenues with respect to breeding for drought tolerance. For example, to enable the development of stress tolerant varieties, Zafar et al. (2020) proposed targeting of regulatory and structural genes responsible for stress tolerance in plants using the CRISPR/Cas9 system. But as has been emphasized, the success of molecular and genomic technologies lies in the quality and quantity of phenotypic data available. In other words, the significance of phenomics is ever increasing. Therefore, more efficient, cost-effective, simple, viable and straightforward platforms for phenotyping morphological, physiological, and phenological traits, and those that reduce the impacts of environmental variation, can have a significant impact on drought tolerance research in wheat.

One challenge that is mounting is the massive volume of data that is generated from high throughput phenotyping (Araus et al., 2018; Yang et al., 2020). This observation highlights the need for platforms to handle the data generated to facilitate the sustained adoption of these techniques. The Minimum Information About a Plant Phenotyping Experiment (MIAPPE) is an example of such platforms that helps in data standardization to promote standard data management practices (Bolger et al., 2019). Similarly, the Consultative Group for International Agricultural Research (CGIAR) centers developed Crop Ontology, a platform to promote proper use of genotypic and phenotypic data through data annotation (Shrestha et al., 2012). However, greater investments are needed to develop tools as well as expertise in bioinformatics for data management and processing along with technologies that offer secure storage of large volumes of data. Training of experts in phenomics, genomics, and data management is as important as technical advancements in these disciplines (Yang et al., 2020). Finally, successful breeding for drought-tolerant wheat varieties will be made possible through collaborations between different institutions or communities across academia, public research institutions, industry, and CGIAR centers. The Heat and Drought Wheat Improvement Consortium (HeDWIC) coordinated by the International Maize and Wheat Improvement Center (CIMMYT), is a great example of a network that includes a wide range of partners and aims to develop climate-resilient wheat varieties. The over 40 year long China-CIMMYT partnership is a notable example of collaboration that has been highly successful in improving wheat (He et al., 2019). However, any such partnerships can only be sustained through long term investments in human resources and visionary project initiatives.



AUTHOR CONTRIBUTIONS

KK led the development of this review manuscript. AN, MR, and HE provided the manuscript inputs. MR did the comprehensive editing.



FUNDING

This work was supported by a grant to MR from the Canadian International Food Security Research Fund (CIFSRF), jointly funded by the Global Affairs Canada and the International Development Research Centre (IDRC, Ottawa) as well as grants to AN from the Agricultural Adaptation Council (Canada), the Grain Farmers of Ontario (Canada), and the SeCan (Canada).



ACKNOWLEDGMENTS

We dedicate this review manuscript to AN, the lead author’s Ph.D. supervisor who passed away during the preparation of this article due to pancreatic cancer. We acknowledge Dr. Mina Kaviani for her input to improve Figure 3.



REFERENCES

Abbad, H., Jaafari, S., El Bort, J., and Araus, J. L. (2004). Comparison of flag leaf and ear photosynthesis with biomass and grain yield of durum wheat under various water conditions and genotypes. Agronomie 24, 19–28. doi: 10.1051/agro:2003056

Abhinandan, K., Skori, L., Stanic, M., Hickerson, N. M. N., Jamshed, M., and Samuel, M. A. (2018). Abiotic stress signaling in wheat – An inclusive overview of hormonal interactions during abiotic stress responses in wheat. Front. Plant Sci. 9:734. doi: 10.3389/fpls.2018.00734

Abid, M., Ali, S., Qi, L. K., Zahoor, R., Tian, Z., Jiang, D., et al. (2018). Physiological and biochemical changes during drought and recovery periods at tillering and jointing stages in wheat (Triticum aestivum L.). Sci. Rep. 8:4615. doi: 10.1038/s41598-018-21441-21447

Ahmad, I., Khaliq, I., Mahmood, N., and Khan, N. (2015). Morphological and physiological criteria for drought tolerance at seedling stage in wheat. J. Anim. Plant Sci. 25, 1041–1048.

Ahmed, H. G. M. D., Sajjad, M., Li, M., Azmat, M. A., Rizwan, M., Maqsood, R. H., et al. (2019). Selection criteria for drought-tolerant bread wheat genotypes at seedling stage. Sustainability 11:2584. doi: 10.3390/su11092584

Akhter, J., Sabir, S. A., Lteef, Z., Ashraf, M. Y., and Haq, M. A. (2008). Relationships between carbon isotope discrimination and grain yield, water-use efficiency and growth parameters in wheat (Triticum aestivum L.) under different water regimes. Pakistan J. Bot. 40, 1441–1454.

Akram, M. (2011). Growth and yield components of wheat under water stress of different growth stages. Bangladesh J. Agric. Res. 36, 455–468. doi: 10.3329/bjar.v36i3.9264

Alghabari, F., and Ihsan, M. Z. (2018). Effects of drought stress on growth, grain filling duration, yield and quality attributes of barley (Hordeum vulgare L.). Bangladesh J. Bot. 47, 421–428. doi: 10.3329/bjb.v47i3.38679

Ali, M., Jensen, C. R., Mogensen, V. O., Andersen, M. N., and Henson, I. E. (1999). Root signalling and osmotic adjustment during intermittent soil drying sustain grain yield of field grown wheat. Food Crop. Res. 62, 35–52. doi: 10.1016/S0378-4290(99)00003-9

Ali, M. A., Zulkiffal, M., Anwar, J., Hussain, M., Farooq, J., and Khan, S. H. (2015). Morpho-physiological diversity in advanced lines of bread wheat under drought conditions at post-anthesis stage. J. Anim. Plant Sci. 25, 431–441.

Andrade-Sanchez, P., Gore, M., Heun, J., Thorp, K., Carmo-silva, A., French, A., et al. (2014). Development and evaluation of a field-based high- throughput phenotyping platform. Funct. Plant Biol. 41, 68–79.

Anjum, S., Xie, X., Wang, L., Saleem, M., Man, C., and Lei, W. (2011). Morphological, physiological and biochemical responses of plants to drought stress. African J. Agric. Res. 6, 2026–2032. doi: 10.5897/AJAR10.027

Antonaci, L., Demeke, M., and Vezzani, A. (2014). The Challenges Of Managing Agricultural Price And Production Risks In Sub-Saharan Africa. ESA Working Paper. Available online at: www.fao.org/economic/esa (accessed March 25, 2020).

Araus, J., Slafer, G. A., Reynolds, M. P., and Royo, C. (2002). Plant breeding and drought in C3 cereals: What should we breed for? Ann. Bot. 89, 925–940. doi: 10.1093/aob/mcf049

Araus, J. L., and Cairns, J. E. (2014). Field high-throughput phenotyping: the new crop breeding frontier. Trends Plant Sci. 19, 52–61. doi: 10.1016/j.tplants.2013.09.008

Araus, J. L., Kefauver, S. C., Zaman-Allah, M., Olsen, M. S., and Cairns, J. E. (2018). Translating high-throughput phenotyping into genetic gain. Trends Plant Sci. 23, 451–466. doi: 10.1016/j.tplants.2018.02.001

Ataei, R., Gholamhoseini, M., and Kamalizadeh, M. (2017). Genetic analysis for quantitative traits in bread wheat exposed to irrigated and drought stress conditions. Int. J. Exp. Bot. 86, 228–235.

Austin, R. B., Craufurd, P. Q., Hall, M. A., Acevedo, E., Pinheiro, B. D. S., and Ngugi, E. C. K. (1990). Carbon isotope discrimination as a means of evaluating drought resistance in barley, rice and cowpeas. Bull. La Soc. Bot. Actual. Bot. 137, 21–30. doi: 10.1080/01811789.1990.10826983

Bachiri, H., Djebbar, R., Mekliche, A., Djenadi, C., and Ghanim, A. M. A. (2018). Carbon isotope discrimination as physiological marker to select tolerant wheat genotypes (Triticum aestivum L.) under water limited conditions. Am. J. Plant Physiol. 13, 1–7. doi: 10.3923/ajpp.2018.1.7

Bai, C., Liang, Y., and Hawkesford, M. J. (2013). Identification of QTLs associated with seedling root traits and their correlation with plant height in wheat. J. Exp. Bot. 64, 1745–1753. doi: 10.1093/jxb/ert041

Bai, G., Ge, Y., Hussain, W., Baenziger, P. S., and Graef, G. (2016). A multi-sensor system for high throughput field phenotyping in soybean and wheat breeding. Comput. Electron. Agric. 128, 181–192. doi: 10.1016/j.compag.2016.08.021

Baillot, N., Girousse, C., Allard, V., Piquet-Pissaloux, A., and Le Gouis, J. (2018). Different grain-filling rates explain grain- weight differences along the wheat ear. PLoS One 13:e0209597. doi: 10.1371/journal.pone.0209597

Baker, N. R. (2008). Chlorophyll fluorescence: a probe of photosynthesis in vivo. Annu. Rev. Plant Biol. 59, 89–113. doi: 10.1146/annurev.arplant.59.032607.092759

Balla, K., Rakszegi, M., Li, Z., and Bencze, S. (2011). Quality of winter wheat in relation to heat and drought shock after anthesis. Czech J. Food Sci. 29, 117–128. doi: 10.17221/227/2010-cjfs

Barmeier, G., and Schmidhalter, U. (2016). High-throughput phenotyping of wheat and barley plants grown in single or few rows in small plots using active and passive spectral proximal sensing. Sensors 16:1860. doi: 10.3390/s16111860

Barnabás, B., Jäger, K., and Fehér, A. (2008). The effect of drought and heat stress on reproductive processes in cereals. Plant Cell Environ. 31, 11–38. doi: 10.1111/j.1365-3040.2007.01727.x

Becker, E., and Schmidhalter, U. (2017). Evaluation of yield and drought using active and passive spectral sensing systems at the reproductive stage in wheat. Front. Plant Sci. 8:379. doi: 10.3389/fpls.2017.00379

Bhatta, M., Morgounov, A., Belamkar, V., and Baenziger, P. S. (2018). Genome-wide association study reveals novel genomic regions for grain yield and yield-related traits in drought-stressed synthetic hexaploid wheat. Int. J. Mol. Sci. 19:3011. doi: 10.3390/ijms19103011

Bi, H., Kovalchuk, N., Langridge, P., Tricker, P. J., Lopato, S., and Borisjuk, N. (2017). The impact of drought on wheat leaf cuticle properties. BMC Plant Biol. 17:85. doi: 10.1186/s12870-017-1033-1033

Bi, H., Luang, S., Li, Y., Bazanova, N., Morran, S., Song, Z., et al. (2016). Identification and characterization of wheat drought-responsive MYB transcription factors involved in the regulation of cuticle biosynthesis. J. Exp. Bot. 67, 5363–5380. doi: 10.1093/jxb/erw298

Blum, A. (1998). Improving wheat grain filling under stress by stem reserve mobilisation. Euphytica 100, 77–83.

Blum, A. (2005). Drought resistance, water-use efficiency, and yield potential - Are they compatible, dissonant, or mutually exclusive? Aust. J. Agric. Res. 56, 1159–1168. doi: 10.1071/AR05069

Blum, A. (2011). Drought resistance - is it really a complex trait? Funct. Plant Biol. 38, 753–757. doi: 10.1071/FP11101

Blum, A., Ramaiah, S., Kanemasu, E. T., and Paulsen, G. M. (1990). Wheat recovery from drought stress at the tillering stage of development. F. Crop. Res. 24, 67–85. doi: 10.1016/0378-4290(90)90022-90024

Blum, A., and Sullivan, C. Y. (1997). The effect of plant size on wheat response to agents of drought stress. I. Root drying. Aust. J. Plant Physiol. 24, 35–41. doi: 10.1071/PP96022

Bogale, A., and Tesfaye, K. (2016). Relationship between grain yield and yield components of the Ethiopian durum wheat genotypes at various growth stages. Trop. Subtrop. Agroecosyst. 19, 81–91.

Bolger, A. M., Poorter, H., Dumschott, K., Bolger, M. E., Arend, D., Osorio, S., et al. (2019). Computational aspects underlying genome to phenome analysis in plants. Plant J. 97, 182–198. doi: 10.1111/tpj.14179

Borojevic, K., and Borojevic, K. (2005). The transfer and history of ‘reduced height genes’ (Rht) in wheat from Japan to Europe. J. Hered. 96, 455–459. doi: 10.1093/jhered/esi060

Borrill, P., Fahy, B., Smith, A. M., and Uauy, C. (2015). Wheat grain filling is limited by grain filling capacity rather than the duration of flag leaf photosynthesis: a case study using NAM RNAi plants. PLoS One 10:e0134947. doi: 10.1371/journal.pone.0134947

Bowne, J. B., Erwin, T. A., Juttner, J., Schnurbusch, T., Langridge, P., Bacic, A., et al. (2012). Drought responses of leaf tissues from wheat cultivars of differing drought tolerance at the metabolite level. Mol. Plant 5, 418–429. doi: 10.1093/mp/ssr114

Bragado, R. S., Elazab, A., Zhou, B., Serret, M. D., Bort, J., Nieto-Taladriz, M., et al. (2010). Contribution of the ear and the flag leaf to grain filling in durum wheat inferred from the carbon isotope signature: genotypic and growing conditions effects. J. Integr. Plant Biol. 56, 444–454. doi: 10.1111/jipb.12106

Bruckner, P. L., and Frohberg, R. C. (1987). Stress tolerance and adaptation in spring wheat. Crop Sci. 27, 31–36. doi: 10.2135/cropsci1987.0011183X002700010008x

Bucksch, A., Burridge, J., York, L. M., Das, A., Nord, E., Weitz, J. S., et al. (2014). Image-based high-throughput field phenotyping of crop roots. Plant Physiol. 166, 470–486. doi: 10.1104/pp.114.243519

Campos, H., Cooper, M., Habben, J. E., Edmeades, G. O., and Schussler, J. R. (2004). Improving drought tolerance in maize: a view from industry. Food Crop. Res. 90, 19–34. doi: 10.1016/j.fcr.2004.07.003

Carmo-Silva, E., Andralojc, P. J., Scales, J. C., Driever, S. M., Mead, A., Lawson, T., et al. (2017). Phenotyping of field-grown wheat in the UK highlights contribution of light response of photosynthesis and flag leaf longevity to grain yield. J. Exp. Bot. 68, 3473–3486. doi: 10.1093/jxb/erx169

Casadesus, J., Kaya, Y., Bort, J., Nachit, M. M., Araus, J. L., Amor, S., et al. (2007). Using vegetation indices derived from conventional digital cameras as selection criteria for wheat breeding in water-limited environments. Ann. Appl. Biol. 150, 227–236. doi: 10.1111/j.1744-7348.2007.00116.x

Cattivelli, L., Rizza, F., Badeck, F. W., Mazzucotelli, E., Mastrangelo, A. M., Francia, E., et al. (2008). Drought tolerance improvement in crop plants: an integrated view from breeding to genomics. F. Crop. Res. 105, 1–14. doi: 10.1016/j.fcr.2007.07.004

Ceccarelli, S. (1987). Yield potential and drought tolerance of segregating populations of barley in contrasting environments. Euphytica 36, 265–273. doi: 10.1007/BF00730673

Ceccarelli, S., Grando, S., and Impiglia, A. (1998). Choice of selection strategy in breeding barley for stress environments. Euphytica 103, 307–318. doi: 10.1023/A:1018647001429

Chen, X., Ding, Q., Blłaszkiewicz, Z., Sun, J., Sun, Q., He, R., et al. (2017). Phenotyping for the dynamics of field wheat root system architecture. Sci. Rep. 7:37649. doi: 10.1038/srep37649

Chen, X., Li, Y., He, R., and Ding, Q. (2018). Phenotyping field-state wheat root system architecture for root foraging traits in response to environment × management interactions. Sci. Rep. 8:2642. doi: 10.1038/s41598-018-20361-w

Choudhary, A. K., Sultana, R., Vales, M. I., Bhushan, K., Ranjan, R., and Ratnakumar, P. (2018). Integrated physiological and molecular approaches to improvement of abiotic stress tolerance in two pulse crops of the semi-arid tropics. Crop J. 6, 99–114. doi: 10.1016/j.cj.2017.11.002

Christopher, J. T., Christopher, M. J., Borrell, A. K., Fletcher, S., and Chenu, K. (2016). Stay-green traits to improve wheat adaptation in well-watered and water-limited environments. J. Exp. Bot. 67, 5159–5172. doi: 10.1093/jxb/erw276

CIMMYT (2017). The Wheat And Nutrition Series: A Compilation Of Studies On Wheat And Health. Mexico: CIMMYT.

Clarke, J. M. (1986). Effect of leaf rolling on leaf water loss in Triticum spp. Can. J. Plant Sci. 66, 885–891. doi: 10.4141/cjps86-111

Cobb, J. N., DeClerck, G., Greenberg, A., Clark, R., and McCouch, S. (2013). Next-generation phenotyping: requirements and strategies for enhancing our understanding of genotype-phenotype relationships and its relevance to crop improvement. Theor. Appl. Genet. 126, 867–887. doi: 10.1007/s00122-013-2066-2060

Comar, A., Burger, P., De Solan, B., Baret, F., Daumard, F., and Hanocq, J. F. (2012). A semi-automatic system for high throughput phenotyping wheat cultivars in-field conditions: description and first results. Funct. Plant Biol. 39, 914–924. doi: 10.1071/FP12065

Condon, A. G., Richards, R. A, and Farquhar, G. D. (1992). The effect of variation in soil water availability, vapour pressure deficit and nitrogen nutrition on carbon isotope discrimination in wheat. Aust. J. Agric. Res. 56, 935–947. doi: 10.1071/AR9920935

Comas, L. H., Becker, S. R., Cruz, V. M. V., Byrne, P. F., and Dierig, D. A. (2013). Root traits contributing to plant productivity under drought. Front. Plant Sci. 4:442. doi: 10.3389/fpls.2013.00442

Condorelli, G. E., Maccaferri, M., Newcomb, M., Andrade-sanchez, P., White, J. W., French, A. N., et al. (2018). Comparative aerial and ground based high throughput phenotyping for the genetic dissection of NDVI as a proxy for drought adaptive traits in durum wheat. Front. Plant Sci. 9:893. doi: 10.3389/fpls.2018.00893

Cooper, L., Meier, A., Laporte, M. A., Elser, J. L., Mungall, C., Sinn, B. T., et al. (2018). The Planteome database: an integrated resource for reference ontologies, plant genomics and phenomics. Nucleic Acids Res. 46, D1168–D1180. doi: 10.1093/nar/gkx1152

Coppens, F., Wuyts, N., Inzé, D., and Dhondt, S. (2017). Unlocking the potential of plant phenotyping data through integration and data-driven approaches. Curr. Opin. Syst. Biol. 4, 58–63. doi: 10.1016/j.coisb.2017.07.002

Costa, J. M., Grant, O. M., and Chaves, M. M. (2013). Thermography to explore plant-environment interactions. J. Exp. Bot. 64, 3937–3949. doi: 10.1093/jxb/ert029

Curtis, T., and Halford, N. G. (2014). Food security: the challenge of increasing wheat yield and the importance of not compromising food safety. Ann. Appl. Biol. 164, 354–372. doi: 10.1111/aab.12108

Dai, A. (2011). Drought under global warming: a review. Wiley Interdiscip. Rev. Clim. Chang. 2, 45–65. doi: 10.1002/wcc.81

Daryanto, S., Wang, L., and Jacinthe, P. A. (2016). Global synthesis of drought effects on maize and wheat production. PLoS One 11:e0156362. doi: 10.1371/journal.pone.0156362

Deery, D. M., Rebetzke, G. J., Jimenez-Berni, J. A., Bovill, W. D., James, R. A., Condon, A. G., et al. (2019). Evaluation of the phenotypic repeatability of canopy temperature in wheat using continuous-terrestrial and airborne measurements. Front. Plant Sci. 10:875. doi: 10.3389/fpls.2019.00875

Dhanda, S. S., Sethi, G. S., and Behl, R. K. (2004). Indices of drought tolerance in wheat genotypes at early stages of plant growth. J. Agron. Crop Sci. 190, 6–12. doi: 10.1111/j.1439-037x.2004.00592.x

Ding, J., Huang, Z., Zhu, M., Li, C., Zhu, X., and Guo, W. (2018). Does cyclic water stress damage wheat yield more than a single stress? PLoS One 13:e0195535. doi: 10.1371/journal.pone.0195535

Dodig, D., Zoriæ, M., Joviæ, M., Kandiæ, V., Stanisavljeviæ, R., and Šurlan-Momiroviæ, G. (2015). Wheat seedlings growth response to water deficiency and how it correlates with adult plant tolerance to drought. J. Agric. Sci. 153, 466–480. doi: 10.1017/S002185961400029X

Dolferus, R., Thavamanikumar, S., Sangma, H., Kleven, S., Wallace, X., Forrest, K., et al. (2019). Determining the genetic architecture of reproductive stage drought tolerance in wheat using a correlated trait and correlated marker effect model. G3 Genes Genomes Genet. 9, 473–489. doi: 10.1534/g3.118.200835

Dong, H., Li, J., Yuan, Y., You, L., and Chen, C. (2017). A component-based system for agricultural drought monitoring by remote sensing. PLoS One 12:e0188687. doi: 10.1371/journal.pone.0188687

Duggan, B. L., Domitruk, D. R., and Fowler, D. B. (2000). Yield component variation in winter wheat grown under drought stress. Can. J. Plant Sci. 80, 739–745. doi: 10.4141/P00-006

Earl, H. J., and Tollenaar, M. (1998). Relationship between thylakoid electron transport and photosynthetic CO2 uptake in leaves of three maize (Zea mays L.) hybrids. Photosynth. Res. 58, 245–257. doi: 10.1023/A:1006198821912

Ehdaie, B., Hall, A. E., Farquhar, G. D., Nguyen, H. T., and Waines, J. G. (1991). Water-use efficiency and carbon isotope discrimination in wheat. Crop Sci. 31, 1282–1288. doi: 10.2135/cropsci1991.0011183X003100050040x

Ellis, M. H., Rebetzke, G. J., Azanza, F., Richards, R. A., and Spielmeyer, W. (2005). Molecular mapping of gibberellin-responsive dwarfing genes in bread wheat. Theor. Appl. Genet. 111, 423–430. doi: 10.1007/s00122-005-2008-2006

Eriyagama, N., Smakhtin, V., and Gamage, N. (2009). Mapping Drought Patterns And Impacts: A Global Perspective. Colombo: International Water Management Institute.

Fahad, S., Bajwa, A. A., Nazir, U., Anjum, S. A., Farooq, A., Zohaib, A., et al. (2017). Crop production under drought and heat stress: plant responses and management options. Front. Plant Sci. 8:1147. doi: 10.3389/fpls.2017.01147

Fahlgren, N., Gehan, M. A., and Baxter, I. (2015). Lights, camera, action: high-throughput plant phenotyping is ready for a close-up. Curr. Opin. Plant Biol. 24, 93–99. doi: 10.1016/j.pbi.2015.02.006

Fang, Y., and Xiong, L. (2015). General mechanisms of drought response and their application in drought resistance improvement in plants. Cell. Mol. Life Sci. 72, 673–689. doi: 10.1007/s00018-014-1767-1760

FAO (2018a). Crop Prospects And Food Situation. Quarterly Global Report. Rome: Food and Agriculture Organization of the United Nations.

FAO (2018b). Food Outlook: Biannual Report On Global Food Markets. Rome: Food and Agriculture Organization of the United Nations.

FAO (2018c). The State Of Food Security And Nutrition In The World. Rome: Food and Agriculture Organization of the United Nations.

Farhad, M., Hakim, M. A., Alam, M. A., and Barma, N. C. D. (2014). Screening wheat genotypes for coleoptile length: a trait for drought tolerance. Am. J. Agric. Forest 2, 237–245. doi: 10.11648/j.ajaf.20140206.11

Farooq, M., Hussain, M., and Siddique, K. H. M. (2014). Drought stress in wheat during flowering and grain-filling periods. CRC Crit. Rev. Plant Sci. 33, 331–349. doi: 10.1080/07352689.2014.875291

Farquhar, G. D., Ehleringer, J. R., and Hubick, K. T. (1989). Carbon isotope discrimination and photosynthesis. Annu. Rev. Plant Biol. 40, 503–537.

Farquhar, G. D., O’Leary, M. H., and Berry, J. A. (1982). On the relationship between carbon isotope discrimination and the intercellular carbon dioxide concentration in leaves. Aust. J. Plant Physiol. 9, 121–137.

Fleury, D., Jefferies, S., Kuchel, H., and Langridge, P. (2010). Genetic and genomic tools to improve drought tolerance in wheat. J. Exp. Bot. 61, 3211–3222. doi: 10.1093/jxb/erq152

Forde, B. G. (2014). Nitrogen signalling pathways shaping root system architecture: an update. Curr. Opin. Plant Biol. 21, 30–36. doi: 10.1016/j.pbi.2014.06.004

Fu, Z., Jiang, J., Gao, Y., Krienke, B., Wang, M., Zhong, K., et al. (2020). Wheat growth monitoring and yield estimation based on multi-rotor unmanned aerial vehicle. Remote Sens. 12:508. doi: 10.3390/rs12030508

Furbank, R. T., and Tester, M. (2011). Phenomics - technologies to relieve the phenotyping bottleneck. Trends Plant Sci. 16, 635–644. doi: 10.1016/j.tplants.2011.09.005

GCARD (2012). “Breakout session P1.1 national food security – the wheat initiative – an international research initiative for wheat improvement context – the problems being addressed,” in Proceedings of the GCARD - Second Global Conference on Agricultural Research for Development, Uruguay.

Genty, B., Briantais, J. M., and Baker, N. R. (1989). The relationship between the quantum yield of photosynthetic electron transport and quenching of chlorophyll fluorescence. Biochim. Biophys. Acta Gen. Subj. 990, 87–92. doi: 10.1016/S0304-4165(89)80016-80019

Gesimba, R., Njoka, E., and Kinyua, M. (2004). Root characteristics of drought-tolerantbread wheat (Triticum aestivum) genotypes at seedling stage. Asian J. Plant Sci. 3, 512–515. doi: 10.3923/ajps.2004.512.515

Gevrek, M. N., and Atasoy, G. D. (2012). Effect of post anthesis drought on certain agronomical characteristics of wheat under two different nitrogen. Turkish J. Field Crop. 17, 19–23.

Gómez-Luciano, L. B., Su, S., and Wu, C. (2014). Establishment of a rapid screening method for drought tolerance of rice genotypes at seedling stage. J. Int. Coop. 7, 107–122.

Goron, T. L., Watts, S., Shearer, C., and Raizada, M. N. (2015). Growth in Turface® clay permits root hair phenotyping along the entire crown root in cereal crops and demonstrates that root hair growth can extend well beyond the root hair zone. BMC Res. Notes 8:143. doi: 10.1186/s13104-015-1108-x

Gregersen, P. L., Culetic, A., Boschian, L., and Krupinska, K. (2013). Plant senescence and crop productivity. Plant Mol. Biol. 82, 603–622. doi: 10.1007/s11103-013-0013-18

Grover, G., Sharma, A., Gill, H. S., Srivastava, P., and Bains, N. S. (2018). Rht8 gene as an alternate dwarfing gene in elite Indian spring wheat cultivars. PLoS One 13:e0199330. doi: 10.1371/journal.pone.0199330

Guo, Q., Wu, F., Pang, S., Zhao, X., Chen, L., Liu, J., et al. (2018). Crop 3D — a LiDAR based platform for 3D high-throughput crop phenotyping. Sci. China Life Sci. 61, 328–329.

Hafid, R., El Smith, D. H., Karrou, M., and Samir, K. (1998). Physiological attributes associated with early-season drought resistance in spring durum wheat cultivars. Can. J. Plant Sci. 78, 227–237. doi: 10.4141/P97-070

Hafsi, M., Hadji, A., Guendouz, A., and Maamari, K. (2013). Relationship between flag leaf senescence and grain yield in durum wheat grown under drought conditions. J. Agron. 12, 69–77. doi: 10.3923/ja.2013.69.77

Haghighattalab, A., Pérez, L. G., Mondal, S., Singh, D., Schinstock, D., Rutkoski, J., et al. (2016). Application of unmanned aerial systems for high throughput phenotyping of large wheat breeding nurseries. Plant Methods 12:35. doi: 10.1186/s13007-016-0134-136

Haling, R. E., Brown, L. K., Bengough, A. G., Young, I. M., Hallett, P. D., White, P. J., et al. (2013). Root hairs improve root penetration, root – soil contact, and phosphorus acquisition in soils of different strength. J. Exp. Bot. 64, 3711–3721. doi: 10.1093/jxb/ert200

Hassouni, K., El Alahmad, S., Belkadi, B., Hickey, L. T., and Bassi, F. M. (2018). Root system architecture and its association with yield under different water regimes in durum wheat. Crop Sci. 58, 2331–2346. doi: 10.2135/cropsci2018.01.0076

He, G., Wang, Z., Ma, X., He, H., Cao, H., Wang, S., et al. (2017). Wheat yield affected by soil temperature and water under mulching in dryland. Agron. J. 109, 2998–3006. doi: 10.2134/agronj2017.04.0208

He, Z., Xia, X., Zhang, Y., Zhang, Y., Xiao, Y., Chen, X., et al. (2019). China-CIMMYT collaboration enhances wheat improvement in China. Front. Agric. Sci. Eng. 6:233. doi: 10.15302/J-FASE-2019254

Holman, F. H., Riche, A. B., Michalski, A., Castle, M., Wooster, M., and Hawkesford, M. J. (2016). High throughput field phenotyping of wheat plant height and growth rate in field plot trials using UAV based remote sensing. Remote Sens. 8:1031. doi: 10.3390/rs8121031

HongBo, S., ZongSuo, L., MingAn, S., ShiMeng, S., and ZanMin, H. (2005). Investigation on dynamic changes of photosynthetic characteristics of 10 wheat (Triticum aestivum L.) genotypes during two vegetative-growth stages at water deficits. Coll. Surf. B Biointerf. 43, 221–227. doi: 10.1016/j.colsurfb.2005.05.005

Hoover, D. L., Wilcox, K. R., and Young, K. E. (2018). Experimental droughts with rainout shelters: a methodological review. Ecosphere 9:e02088. doi: 10.1002/ecs2.2088

Ihsan, M. Z., El-nakhlawy, F. S., Ismail, S. M., Fahad, S., and Daur, I. (2016). Wheat phenological development and growth studies as affected by drought and late season high temperature stress under arid environment. Front. Plant Sci. 7:795. doi: 10.3389/fpls.2016.00795

IPCC (2013). “Summary for policymakers,” in Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the International Panel on Climate Change, eds T. Stocker, D. Qin, G. Plattner, M. Tignor, S. Allen, J. Boschung, et al. (Cambridge: Cambridge University Press).

Jäger, K., Fábián, A., Eitel, G., Szabó, L., Deák, C., Barnabás, B., et al. (2014). A morpho-physiological approach differentiates bread wheat cultivars of contrasting tolerance under cyclic water stress. J. Plant Physiol. 171, 1256–1266. doi: 10.1016/j.jplph.2014.04.013

Jansen, M., Pinto, F., Nagel, K., van Dusschoten, D., Fiorani, F., Rascher, U., et al. (2014). “‘Non-invasive phenotyping methodologies enable the accurate characterization of growth and performance of shoots and roots’,” in Genomics of Plant Genetic Resources, eds R. Tuberosa, A. Graner, and E. Frison (Dordrecht: Springer), 467–487. doi: 10.1007/978-94-007-7575-6

Ji, X., Shiran, B., Wan, J., Lewis, D. C., Jenkins, C. L. D., Condon, A. G., et al. (2010). Importance of pre-anthesis anther sink strength for maintenance of grain number during reproductive stage water stress in wheat. Plant Cell Environ. 33, 926–942. doi: 10.1111/j.1365-3040.2010.02130.x

Jimenez-Berni, J. A., Deery, D. M., Rozas-Larraondo, P., Condon, A., and Rebetzke, G. J. (2018). High throughput determination of plant height, ground cover, and above-ground biomass in wheat with LiDAR. Front. Plant Sci. 9:237. doi: 10.3389/fpls.2018.00237

Johnson, G. R., and Frey, K. J. (1967). Heritabilities of quantitative attributes of oats (Avena sp.) at varying levels of environmental stress. Crop Sci. 7, 43–46. doi: 10.2135/cropsci1967.0011183X000700010016x

Junker, A., Muraya, M. M., Weigelt-Fischer, K., Arana-Ceballos, F., Klukas, C., Melchinger, A. E., et al. (2015). Optimizing experimental procedures for quantitative evaluation of crop plant performance in high throughput phenotyping systems. Front. Plant Sci. 5:770. doi: 10.3389/fpls.2014.00770

Kadioglu, A., and Terzi, R. (2007). A dehydration avoidance mechanism: leaf rolling. Bot. Rev. 73, 290–302. doi: 10.1663/0006-8101(2007)73[290:adamlr]2.0.co;2

Kadioglu, A., Terzi, R., Saruhan, N., and Saglam, A. (2012). Current advances in the investigation of leaf rolling caused by biotic and abiotic stress factors. Plant Sci. 182, 42–48. doi: 10.1016/j.plantsci.2011.01.013

Kamanga, R. M., Mbega, E., and Ndakidemi, P. (2018). Drought tolerance mechanisms in plants: physiological responses associated with water deficit stress in Solanum lycopersicum. Adv. Crop Sci. Technol. 6, 1–8. doi: 10.4172/2329-8863.1000362

Kandic, V., Dodig, D., Jovic, M., Nikolic, B., and Prodanovic, S. (2009). The importance of physiological traits in wheat breeding under irrigation and drought stress. Genetika 41, 11–20. doi: 10.2298/GENSR0901011K

Kant, S., Thoday-Kennedy, E., Joshi, S., Vakani, J., Hughes, J., Maphosa, L., et al. (2017). Automated rainout shelter’s design for well-defined water stress field phenotyping of crop plants. Crop Sci. 57, 327–331. doi: 10.2135/cropsci2016.08.0677

Keyes, G. J., Paolillo, D. J., and Sorrells, M. E. (1989). The effects of dwarfing genes Rht1 and Rht2 on cellular dimensions and rate of leaf elongation in wheat. Ann. Bot. 64, 683–690. doi: 10.1093/oxfordjournals.aob.a087894

Keyvan, S. (2010). The effects of drought stress on yield, relative water content, proline, soluble carbohydrates and chlorophyll of bread wheat cultivars. J. Anim. Plant Sci. 8, 1051–1060.

Khakwani, A. A., Dennett, M. D., Munir, M., and Abid, M. (2012). Growth and yield response of wheat varieties to water stress at booting and anthesis stages of development. Pakistan J. Bot. 44, 879–886.

Khamssi, N., and Najaphy, A. (2012). Agro-morphological and phenological attributes under irrigated and rain-fed conditions in bread wheat genotypes. African J. Agric. Res. 7, 51–57. doi: 10.5897/AJAR11.1097

Khan, Z., Eichi, V. R., Haefele, S., Garnett, T., and Miklavcic, S. J. (2018). Estimation of vegetation indices for high throughput phenotyping of wheat using aerial imaging. Plant Methods 14:20. doi: 10.1186/s13007-018-0287-286

Khanna-Chopra, R., and Selote, D. S. (2007). Acclimation to drought stress generates oxidative stress tolerance in drought-resistant than -susceptible wheat cultivar under field conditions. Environ. Exp. Bot. 60, 276–283. doi: 10.1016/j.envexpbot.2006.11.004

Khayatnezhad, M., Zaeifizadeh, M., and Gholamin, R. (2011). Effect of end-season drought stress on chlorophyll fluorescence and content of antioxidant enzyme superoxide dismutase enzyme (SOD) in susceptible and tolerant genotypes of durum wheat. African J. Agric. Res. 6, 6397–6406. doi: 10.5897/AJAR11.250

Kilic, H., and Yagbasanlar, T. (2010). The effect of drought stress on grain yield and some quality traits of durum wheat (Triticum turgidum spp. durum) cultivars. Not. Bot. Hort. Agrobot. Cluj 38, 164–170.

Kira, O., Linker, R., and Gitelson, A. (2015). Non-destructive estimation of foliar chlorophyll and carotenoid contents: focus on informative spectral bands. Int. J. Appl. Earth Obs. Geoinf. 38, 251–260. doi: 10.1016/j.jag.2015.01.003

Kirby, E. (2002). “Botany of the wheat plant,” in Bread Wheat: Improvement and Production, eds B. Curtis, S. Rajaram, and H. Gomez Macpherson (Rome: Food and Agriculture Organization).

Kızılgeçi, F., Tazebay, N., Namlı, M., Albayrak, Ö, and Yıldırım, M. (2017). The drought effect on seed germination and seedling growth in bread wheat (Triticum aestivum L.). Int. J. Agric. Environ. Food Sci. 1, 33–37. doi: 10.31015/jaefs.17005

Kondo, M., Pablico, P. P., Aragones, D. V., and Agbisit, R. (2004). Genotypic variations in carbon isotope discrimination, transpiration efficiency, and biomass production in rice as affected by soil water conditions and N. Plant Soil 267, 165–177. doi: 10.1007/s11104-005-4884-4886

Kosová, K., Vítámvás, P., Urban, M. O., Kholova, J., and Prasil, I. (2014). Breeding for enhanced drought resistance in barley and wheat – drought-associated traits, genetic resources and their potential utilization in breeding programmes. Czech. J. Genet. Plant Breed. 50, 247–261. doi: 10.17221/118/2014-cjgpb

Kulukulasuriya, P., and Rosenthal, S. (2003). Climate Change And Agriculture: A Review Of Impacts And Adaptations. Washington DC: The World Bank Environment Department.

Kumar, S., and Singh, B. (2009). Effect of water stress on carbon isotope discrimination and Rubisco activity in bread and durum wheat genotypes. Physiol. Mol. Biol. Plants 15, 281–286. doi: 10.1007/s12298-009-0032-8

Kumari, M., Pudake, R. N., Singh, V. P., and Joshi, A. K. (2012). Association of staygreen trait with canopy temperature depression and yield traits under terminal heat stress in wheat (Triticum aestivum L.). Euphytica 190, 87–97. doi: 10.1007/s10681-012-0780-783

Kundel, D., Meyer, S., Birkhofer, H., Fliessbach, A., Mäder, P., Scheu, S., et al. (2018). Design and manual to construct rainout-shelters for climate change experiments in agroecosystems. Front. Environ. Sci. 6:14. doi: 10.3389/fenvs.2018.00014

Laisk, A., Oja, V., Rasulov, B., Eichelmann, H., and Sumberg, A. (1997). Quantum yields and rate constants of photochemical and nonphotochemical excitation quenching: experiment and model. Plant Physiol. 115, 803–815. doi: 10.1104/pp.115.2.803

Lamaoui, M., Jemo, M., Datla, R., and Bekkaoui, F. (2018). Heat and drought stresses in crops and approaches for their mitigation. Front. Chem. 6:26. doi: 10.3389/fchem.2018.00026

Liang, X., Liu, Y., and Adams, J. C. C. (2018). Late-season photosynthetic rate and senescence were associated with grain yield in winter wheat of diverse origins. J. Agron. Crop Sci. 204, 1–12. doi: 10.1111/jac.12231

Liu, E. K., Mei, X. R., Yan, C. R., Gong, D. Z., and Zhang, Y. Q. (2016). Effects of water stress on photosynthetic characteristics, dry matter translocation and WUE in two winter wheat genotypes. Agric. Water Manag. 167, 75–85. doi: 10.1016/j.agwat.2015.12.026

Liu, X., Li, L., Li, M., Su, L., Lian, S., Zhang, B., et al. (2018). AhGLK1 affects chlorophyll biosynthesis and photosynthesis in peanut leaves during recovery from drought. Sci. Rep. 8:2250. doi: 10.1038/s41598-018-20542-20547

Lobet, G., Koevoets, I. T., Noll, M., Meyer, P. E., Tocquin, P., Pagès, L., et al. (2017). Using a structural root system to evaluate and improve the accuracy of root image analysis pipelines. Front. Plant Sci. 8:447. doi: 10.3389/fpls.2017.00447

Lobet, G., Pages, L., and Draye, X. (2011). A novel image-analysis toolbox enabling quantitative analysis of root system architecture. Plant Physiol. 157, 29–39. doi: 10.1104/pp.111.179895

Lopes, M. S., and Reynolds, M. P. (2010). Partitioning of assimilates to deeper roots is associated with cooler canopies and increased yield under drought in wheat. Funct. Plant Biol. 37, 147–156. doi: 10.1071/FP09121

Lopes, M. S., and Reynolds, M. P. (2012). Stay-green in spring wheat can be determined by spectral reflectance measurements (normalized difference vegetation index) independently from phenology. J. Exp. Bot. 63, 3789–3798. doi: 10.1093/jxb/ers071

Lopes, M. S., Reynolds, M. P., Jalal-Kamali, M. R., Moussa, M., Feltaous, Y., Tahir, I. S. A., et al. (2012). The yield correlations of selectable physiological traits in a population of advanced spring wheat lines grown in warm and drought environments. F. Crop. Res. 128, 129–136. doi: 10.1016/j.fcr.2011.12.017

Lopez, C., Banowetz, G., Peterson, C., and Kronstad, W. (2002). Wheat dehydrin accumulation in response to drought stress during anthesis. Funct. Plant Biol. 29, 1417–1425. doi: 10.1071/FP02098

Lu, C., Jiang, G., Wang, B., and Kuang, T. (2003). Photosystem II photochemistry and photosynthetic pigment composition in salt-adapted halophyte Artimisia anthifolia grown under outdoor conditions. J. Plant Physiol. 408, 403–408. doi: 10.1078/0176-1617-00839

Luckett, D. J., Cowley, R., Moroni, S., and Raman, H. (2011). “Improving water-use efficiency and drought tolerance in canola – potential contribution from improved carbon isotope discrimination (CID),” in Proceedings of the 13th International Rapeseed Congress, Prague.

Madadgar, S., AghaKouchak, A., Farahmand, A., and Davis, S. J. (2017). Probabilistic estimates of drought impacts on agricultural production. Geophys. Res. Lett. 44, 7799–7807. doi: 10.1002/2017GL073606

Madani, A., Rad, A. S., Pazoki, A., Nourmohammadi, G., and Zarghami, R. (2010). Wheat (Triticum aestivum L.) grain filling and dry matter partitioning responses to source: sink modifications under postanthesis water and nitrogen deficiency. Acta Sci. Agron. 32, 145–151. doi: 10.4025/actasciagron.v32i1.6273

Madec, S., Baret, F., de Solan, B., Thomas, S., Dutartre, D., Jezequel, S., et al. (2017). High-throughput phenotyping of plant height: comparing unmanned aerial vehicles and ground LiDAR estimates. Front. Plant Sci. 8:2002. doi: 10.3389/fpls.2017.02002

Mahato, A. (2014). Climate change and its impact on agriculture. Int. J. Sci. Res. Publ. 4, 1–11.

Manavalan, L., Guttikonda, S., Nguyen, V., Shannon, J., and Nguyen, H. T. (2010). Evaluation of diverse soybean germplasm for root growth and architecture. Plant Soil 330, 503–514. doi: 10.1007/s11104-009-0222-228

Manschadi, A. M., Hammer, G. L., Christopher, J. T., and DeVoil, P. (2008). Genotypic variation in seedling root architectural traits and implications for drought adaptation in wheat (Triticum aestivum L.). Plant Soil 303, 115–129. doi: 10.1007/s11104-007-9492-9491

Manske, G., and Vlek, P. (2002). “Root architecture-Wheat as a model plant,” in The Hidden Half, eds Y. Waisel, A. Eshel, and U. Kafkafi (New York, NY: Marcel Dekker, INC), 249–259. doi: 10.1201/9780203909423.ch15

Maqbool, M., Ali, A., Haq, T., Majeed, M., and Lee, D. (2015). Response of spring wheat (Triticum aestivum L.) to induced water stress at critical growth stages. Sarhad. J. Agric. 31, 53–58. doi: 10.23959/sfowj-1000003

Mason, R. E., and Singh, R. P. (2014). Considerations when deploying canopy temperature to select high yielding wheat breeding lines under drought and heat stress. Agronomy 4, 191–201. doi: 10.3390/agronomy4020191

Maydup, M. L., Antonietta, M., Graciano, C., Guiamet, J. J., and Tambussi, E. A. (2014). The contribution of the awns of bread wheat (Triticum aestivum L.) to grain filling: responses to water deficit and the effects of awns on ear temperature and hydraulic conductance. Field Crop. Res. 167, 102–111. doi: 10.1016/j.fcr.2014.07.012

Maydup, M. L., Antonietta, M., Guiamet, J. J., Graciano, C., López, J. R., and Tambussi, E. A. (2010). The contribution of ear photosynthesis to grain filling in bread wheat (Triticum aestivum L.). Field Crop. Res. 119, 48–58. doi: 10.1016/j.fcr.2010.06.014

Medrano, H., Tomás, M., Martorell, S., Flexas, J., Hernández, E., Rosselló, J., et al. (2015). From leaf to whole-plant water use efficiency (WUE) in complex canopies: limitations of leaf WUE as a selection target. Crop J. 3, 220–228. doi: 10.1016/j.cj.2015.04.002

Mehraban, A., Tobe, A., Gholipouri, A., Amiri, E., Ghafari, A., and Rostaii, M. (2019). The effects of drought stress on yield, yield components, and yield stability at different growth stages in bread wheat cultivar (Triticum aestivum L.). Pol. J. Environ. Stud. 28, 739–746. doi: 10.15244/pjoes/85350

Merah, O., and Monneveux, P. (2001). Ash content might predict carbon isotope discrimination and grain yield in durum wheat. New Phytol. 149, 275–282. doi: 10.1046/j.1469-8137.2001.00012.x

Mir, R. R., Zaman-Allah, M., Sreenivasulu, N., Trethowan, R., and Varshney, R. K. (2012). Integrated genomics, physiology and breeding approaches for improving drought tolerance in crops. Theor. Appl. Genet. 125, 625–645. doi: 10.1007/s00122-012-1904-1909

Mirbahar, A., Markhand, G., Mahar, A., Abro, S., and Kanhar, N. (2009). Effect of water stress on yield and yield components of bread wheat (Triticum aestivum L.) varieties. Pakistan J. Bot. 41, 1303–1310.

Mohammadi, R., and Amri, A. (2011). Genotype x environment interaction for durum wheat grain yield and selection for drought tolerance in irrigated and droughted environments in Iran. J. Crop Sci. Biotech. 14, 265–274. doi: 10.1007/s12892-011-0011-9

Mohan, A., Schillinger, W. F., and Gill, K. S. (2013). Wheat seedling emergence from deep planting depths and its relationship with coleoptile length. PLoS One 8:e73314. doi: 10.1371/journal.pone.0073314

Monneveux, P., Jing, R., and Misra, S. C. (2012). Phenotyping for drought adaptation in wheat using physiological traits. Front. Physiol. 3:429. doi: 10.3389/fphys.2012.00429

Monpara, B. A. (2011). Grain filling period as a measure of yield improvement in bread wheat. Crop Improv. 38, 1–5.

Mukherjee, A., Wang, S., and Promchote, P. (2019). Examination of the climate factors that reduced wheat yield in Northwest India during the 2000s. Water 11:343. doi: 10.3390/w11020343

Mullan, D., and Garcia, M. B. (2012). “Chapter 10: crop ground cover,” in Physiological Breeding II: A Field Guide To Wheat Breeding, eds A. Pask, J. Pietragalla, D. Mullan, and M. Reynolds (Mexico: CIMMYT), 46–50.

Munjonji, L., Ayisi, K. K., Vandewalle, B., Haesaert, G., and Boeckx, P. (2016). Combining carbon-13 and oxygen-18 to unravel triticale grain yield and physiological response to water stress. Field Crop. Res. 195, 36–49. doi: 10.1016/j.fcr.2016.06.001

Mwadzingeni, L., Shimelis, H., Dube, E., Laing, M. D., and Tsilo, T. J. (2016). Breeding wheat for drought tolerance: progress and technologies. J. Integr. Agric. 15, 935–943. doi: 10.1016/S2095-3119(15)61102-61109

Nass, H. G., and Reiser, B. (1975). Grain filling period and grain yield relationships in spring wheat. Can. J. Plant Sci. 55, 673–678. doi: 10.4141/cjps75-107

Nezhadahmadi, A., Prodhan, Z. H., and Faruq, G. (2013). Drought tolerance in wheat. Sci. World J. 2013:610721. doi: 10.1155/2013/610721

Nicolas, M., Gleadow, R., and Dalling, M. (1984). Effects of drought and high temperature on grain growth in wheat. Aust. J. Plant Physiol. 11, 553–566. doi: 10.1071/PP9840553

Nigam, S. N., Chandra, S., Rupa Sridevi, K., Bhukta, M., Reddy, A. G. S., Rachaputi, N., et al. (2005). Efficiency of physiological trait-based and empirical selection approaches for drought tolerance in groundnut. Ann. Appl. Biol. 146, 433–439. doi: 10.1111/j.1744-7348.2005.040076.x

Nikolaeva, M. K., Maevskaya, S. N., Shugaev, A. G., and Bukhov, N. G. (2010). Effect of drought on chlorophyll content and antioxidant enzyme activities in leaves of three wheat cultivars varying in productivity. Russ. J. Plant Physiol. 57, 87–95. doi: 10.1134/S1021443710010127

OECD-FAO (2018). OECD FAO Agricultural Outlook 2018 - 2027. Chapter 3: Cereals. Rome: Food and Agriculture Organization of the United Nations, doi: 10.1787/agr-outl-data-en

Ortiz, R., Sayre, K. D., Govaerts, B., Gupta, R., Subbarao, G. V., Ban, T., et al. (2008). Climate change: can wheat beat the heat? Agric. Ecosyst. Environ. 126, 46–58. doi: 10.1016/j.agee.2008.01.019

Paknejad, F., Nasri, M., Moghadam, H. R. T., Zahedi, H., and Alahmadi, M. J. (2007). Effects of drought stress on chlorophyll fluorescence parameters, chlorophyll content and grain yield of wheat cultivars. J. Biol. Sci. 7, 841–847. doi: 10.3923/jbs.2007.841.847

Palta, J. A., and Gregory, P. J. (1997). Drought affects the fluxes of carbon to roots and soil in 13C pulse-labelled plants of wheat. Soil Biol. Biochem. 29, 1395–1403. doi: 10.1016/S0038-0717(97)00050-53

Pask, A., and Pietragalla, J. (2012). “Chapter 12: leaf area, green crop area and senescence,” in Physiological Breeding II: A Field Guide To Wheat Breeding, eds A. Pask, J. Pietragalla, D. Mullan, and M. Reynolds (Mexico: CIMMYT), 58–62.

Pask, A. J. D., and Reynolds, M. P. (2013). Breeding for yield potential has increased deep soil water extraction capacity in irrigated wheat. Crop Sci. 53, 2090–2104. doi: 10.2135/cropsci2013.01.0011

Paul, K., Pauk, J., Deák, Z., Sass, L., and Vass, I. (2016). Contrasting response of biomass and grain yield to severe drought in cappelle desprez and plainsman V wheat cultivars. PeerJ 4:e1708. doi: 10.7717/peerj.1708

Perry, M., and Belford, R. (2000). “The structure and development of the cereal plant,” in The Wheat Book: Principles And Practice, eds W. K. Anderson and J. R. Garlinge (Department of Agriculture and Food: Rome), 23–26.

Pietragalla, J., and Vega, A. M. (2012). “Chapter 8. Normalized difference vegetation index,” in Physiological Breeding II: A Field Guide to Wheat Breeding, eds A. Pask, J. Pietragalla, D. Mullan, and M. Reynolds (Mexico: CIMMYT), 37–40.

Podzimska-Sroka, D., O’Shea, C., Gregersen, P., and Skriver, K. (2015). NAC transcription factors in senescence: from molecular structure to function in crops. Plants 4, 412–448. doi: 10.3390/plants4030412

Pradhan, G. P., Prasad, P. V. V., Fritz, A. K., Kirkham, M. B., and Gill, B. S. (2012). Effects of drought and high temperature stress on synthetic hexaploid wheat. Funct. Plant Biol. 39, 190–198. doi: 10.1071/FP11245

Price, A. H. (2002). Linking drought-resistance mechanisms to drought avoidance in upland rice using a QTL approach: progress and new opportunities to integrate stomatal and mesophyll responses. J. Exp. Bot. 53, 989–1004. doi: 10.1093/jexbot/53.371.989

Purchase, J. L., Le Roux, J., and Van Tonder, H. A. (1992). The effects of various seed treatments on the germination, coleoptile length and emergence of South African winter wheats (Triticum aestivum L.). South Afr. J. Plant Soil 9, 139–143. doi: 10.1080/02571862.1992.10634617

Qadir, S. A., Khursheed, M., and Huyop, F. (2016). Effect of drought stress on morphology, growth and yield of six bread wheat (Triticum aestivum L.) cultivars. ZANCO J. Pure Appl. Sci. 28, 37–48.

Qiu, R., Wei, S., Zhang, M., Li, H., Sun, H., Liu, G., et al. (2018). Sensors for measuring plant phenotyping: a review. Int. J. Agric. Biol. Eng. 11, 1–17. doi: 10.25165/j.ijabe.20181102.2696

Quiggin, J. (2007). Drought, Climate Change And Food Prices In Australia. School of Economics And School Of Political Science And International Studies. Queensland: University of Queensland.

Rahbarian, R., Khavari-Nejad, R., Ganjeali, A., Bagheri, A., and Najafi, F. (2011). Drought stress effects on photosynthesis, chlorophyll fluorescence and water relations in tolerant and susceptible chickpea (Cicer arietinum L.) genotypes. ACTA Biol. Cracoviensia Ser. Bot. 53, 46–56. doi: 10.2478/v10182-011-0007-2

Ramya, P., Singh, G. P., Jain, N., Singh, P. K., Pandey, M. K., Sharma, K., et al. (2016). Effect of recurrent selection on drought tolerance and related morpho-physiological traits in bread wheat. PLoS One 11:e0156869. doi: 10.1371/journal.pone.0156869

Rauf, S., Al-Khayri, J. M., Zaharieva, M., Monneveux, P., and Khalil, F. (2016). “‘Breeding strategies to enhance drought tolerance in crops’,” in Advances in Plant Breeding Strategies: Volume 2: Agronomic, Abiotic And Biotic Stress Traits, eds J. M. Al-Khayri, S. M. Jain, and D. V. Johnson (Cham: Springer), doi: 10.13140/2.1.2343.9682

Ray, R. L., Fares, A., and Risch, E. (2018). Effects of drought on crop production and cropping areas in Texas. Agric. Environ. Lett. 3, 1–5. doi: 10.2134/ael2017.11.0037

Rebetzke, G. J., Appels, R., Morrison, A. D., Richards, R. A., McDonald, G., Ellis, M. H., et al. (2001). Quantitative trait loci on chromosome 4B for coleoptile length and early vigour in wheat (Triticum aestivum L.). Aust. J. Agric. Res. 52, 1221–1234. doi: 10.1071/ar01042

Rebetzke, G. J., Bruce, S. E., and Kirkegaard, J. A. (2005). Longer coleoptiles improve emergence through crop residues to increase seedling number and biomass in wheat (Triticum aestivum L.). Plant Soil 272, 87–100. doi: 10.1007/s11104-004-4040-4048

Rebetzke, G. J., Bonnett, D. G., and Reynolds, M. P. (2016a). Awns reduce grain number to increase grain size and harvestable yield in irrigated and rainfed spring wheat. J. Exp. Bot. 67, 2573–2586. doi: 10.1093/jxb/erw081

Rebetzke, G. J., Jimenez-Berni, J. A., Bovill, W. D., Deery, D. M., and James, R. A. (2016b). High throughput phenotyping technologies allow accurate selection of stay-green. J. Exp. Bot. 67, 4919–4924. doi: 10.1093/jxb/erw301

Rebetzke, G. J., Richards, R. A., Condon, A. G., and Farquhar, G. D. (2006). Inheritance of carbon isotope discrimination in bread wheat (Triticum aestivum L.). Euphytica 150, 97–106. doi: 10.1007/s10681-006-9097-9094

Rebetzke, G. J., Richards, R. A., Fettell, N. A., Long, M., Condon, A. G., Forrester, R. I., et al. (2007). Genotypic increases in coleoptile length improves stand establishment, vigour and grain yield of deep-sown wheat. Field Crop. Res. 100, 10–23. doi: 10.1016/j.fcr.2006.05.001

Rebetzke, G. J., Richards, R. A., Fischer, V. M., and Mickelson, B. J. (1999). Breeding long coleoptile, reduced height wheats. Euphytica 106, 159–168. doi: 10.1023/A:1003518920119

Rebetzke, G. J., Scientific, T. C., Richards, R., Scientific, T. C., and Farquhar, G. D. (2002). Selection of reduced carbon isotope discrimination increases aerial biomass and grain yield of rainfed bread wheat. Crop Sci. 42, 739–745. doi: 10.2135/cropsci2002.0739

Rehman, S. U., Bilal, M., Rana, R. M., Tahir, M. N., Kausar, M., Shah, N., et al. (2016). Cell membrane stability and chlorophyll content variation in wheat (Triticum aestivum L.) genotypes under conditions of heat and drought. Crop Pasture Sci. 67, 712–718. doi: 10.1071/CP15385

Reynolds, M., Foulkes, J., Furbank, R., Griffiths, S., King, J., Murchie, E., et al. (2012). Achieving yield gains in wheat. Plant Cell Environ. 35, 1799–1823. doi: 10.1111/j.1365-3040.2012.02588.x

Reynolds, M., Foulkes, M. J., Slafer, G. A., Berry, P., Parry, M. A. J., Snape, J. W., et al. (2009a). Raising yield potential in wheat. J. Exp. Bot. 60, 1899–1918. doi: 10.1093/jxb/erp016

Reynolds, M., Manes, Y., Izanloo, A., and Langridge, P. (2009b). Phenotyping approaches for physiological breeding and gene discovery in wheat. Ann. Appl. Biol. 155, 309–320. doi: 10.1111/j.1744-7348.2009.00351.x

Reynolds, M. P., Pellegrineschi, A., and Skovmand, B. (2005). Sink-limitation to yield and biomass: a summary of some investigations in spring wheat. Ann. Appl. Biol. 146, 39–49. doi: 10.1111/j.1744-7348.2005.03100.x

Reynolds, M. P., and Trethowan, R. M. (2007). “Physiological interventions in breeding for adaptation to abiotic stress,” in Scale and Complexity in Plant Systems Research: Gene-Plant-Crop Relations, eds J. H. J. Spiertz, P. C. Struik, and H. H. van Laar (Cham: Springer), 129–146. doi: 10.1002/anie.199315241

Richard, C. A., Hickey, L. T., Fletcher, S., Jennings, R., Chenu, K., and Christopher, J. T. (2015). High-throughput phenotyping of seminal root traits in wheat. Plant Methods 11:13. doi: 10.1186/s13007-015-0055-59

Ries, R. E., and Zachmeier, L. G. (1985). Automated rainout shelter for controlled water research. J. Range Manag. 38, 353–357.

Rosenzweig, C., and Parry, M. L. (1994). Potential impact of climate change on world food supply. Nature 367, 133–138. doi: 10.1038/367133a0

Rosyara, U. R., Khadka, K., Subedi, S., Sharma, R. C., and Duveiller, E. (2009). Field resistance to spot blotch is not associated with undesirable physio-morphological traits in three spring wheat populations. J. Plant Pathol. 91, 113–122. doi: 10.4454/jpp.v91i1.631

Rutkoski, J., Poland, J., Mondal, S., Autrique, E., Pérez, L. G., Crossa, J., et al. (2016). Canopy temperature and vegetation indices from high-throughput phenotyping improve accuracy of pedigree and genomic selection for grain yield in wheat. G3 6, 2799–2808. doi: 10.1534/g3.116.032888

Sadeghi-Tehran, P., Sabermanesh, K., Virlet, N., and Hawkesford, M. J. (2017). Automated method to determine two critical growth stages of wheat: heading and flowering. Front. Plant Sci. 8:252. doi: 10.3389/fpls.2017.00252

Saeidi, M., and Abdoli, M. (2015). Effect of drought stress during grain filling on yield and its components, gas exchange variables, and some physiological traits of wheat cultivars. J. Agric. Sci. Technol. 17, 885–898.

Saeidi, M., Ardalani, S., Jalali-Honarmand, S., Ghobadi, M. E., and Abdoli, M. (2015). Evaluation of drought stress at vegetative growth stage on the grain yield formation and some physiological traits as well as fluorescence parameters of different bread wheat cultivars. Acta Biol. Szeged. 59, 35–44.

Salas Fernandez, M. G., Bao, Y., Tang, L., and Schnable, P. S. (2017). A high-throughput, field-Based phenotyping technology for tall biomass crops. Plant Physiol. 174, 2008–2022. doi: 10.1104/pp.17.00707

Sallam, A., Alqudah, A. M., Dawood, M. F. A., Baenziger, P. S., and Börner, A. (2019). Drought stress tolerance in wheat and barley: advances in physiology, breeding and genetics research. Int. J. Mol. Sci. 20:3137. doi: 10.3390/ijms20133137

Sarto, M. V. M., Sarto, J. R. W., Rampim, L., Bassegio, D., da Costa, P. F., and Inagaki, A. M. (2017). Wheat phenology and yield under drought: a review. Aust. J. Crop Sci. 11, 941–946. doi: 10.21475/ajcs17.11.08.pne351

Schillinger, W. F., Donaldson, E., Allan, R. E., and Jones, S. S. (1998). Winter wheat seedling emergence from deep sowing depths. Agron. J. 90, 582–586. doi: 10.2134/agronj1998.00021962009000050002x

Schneider, C., Rasband, W., and Eliceiri, K. (2010). NIH image to ImageJ: 25 years of image analysis. Fundam. Digit. Imaging Med. 9, 185–188. doi: 10.1007/978-1-84882-087-6_9

Selby, P., Abbeloos, R., Backlund, J. E., Basterrechea Salido, M., Bauchet, G., Benites-Alfaro, O. E., et al. (2019). BrAPI - An application programming interface for plant breeding applications. Bioinformatics 35, 4147–4155. doi: 10.1093/bioinformatics/btz190

Senapati, N., Stratonovitch, P., Paul, M. J., and Semenov, M. A. (2019). Drought tolerance during reproductive development is important for increasing wheat yield potential under climate change in Europe. J. Exp. Bot. 70, 2549–2560. doi: 10.1093/jxb/ery226

Shamsi, K., and Kobraee, S. (2011). Bread wheat production under drought stress conditions. Ann. Biol. Res. 2, 352–358.

Shamsi, K., Petrosyan, M., and Noor-Mohammadi, G. (2010). The role of water deficit stress and water use efficiency on bread wheat cultivars. J. Appl. Biosci. 35, 2325–2331.

Sharma, D. K., Andersen, S. B., Ottosen, C.-O., and Rosenqvist, E. (2014a). Wheat cultivars selected for high Fv/Fm under heat stress maintain high photosynthesis, total chlorophyll, stomatal conductance, transpiration and dry matter. Physiol. Plant 153, 284–298. doi: 10.1111/ppl.12245

Sharma, D. K., Fernández, J. O., Rosenqvist, E., Ottosen, C. O., and Andersen, S. B. (2014b). Genotypic response of detached leaves versus intact plants for chlorophyll fluorescence parameters under high temperature stress in wheat. J. Plant Physiol. 171, 576–586. doi: 10.1016/j.jplph.2013.09.025

Shavrukov, Y., Kurishbayev, A., Jatayev, S., Shvidchenko, V., Zotova, L., Koekemoer, F., et al. (2017). Early flowering as a drought escape mechanism in plants: how can it aid wheat production? Front. Plant Sci. 8:1950. doi: 10.3389/fpls.2017.01950

Shi, Y., Thomasson, J. A., Murray, S. C., Pugh, N. A., Rooney, W. L., Shafian, S., et al. (2016). Unmanned aerial vehicles for high- throughput phenotyping and agronomic research. PLoS One 11:e0159781. doi: 10.5061/dryad.65m87

Shiferaw, B., Smale, M., Braun, H. J., Duveiller, E., Reynolds, M., and Muricho, G. (2013). Crops that feed the world 10. Past successes and future challenges to the role played by wheat in global food security. Food Secur. 5, 291–317. doi: 10.1007/s12571-013-0263-y

Shrestha, R., Matteis, L., Skofic, M., Portugal, A., McLaren, G., Hyman, G., et al. (2012). Bridging the phenotypic and genetic data useful for integrated breeding through a data annotation using the Crop Ontology developed by the crop communities of practice. Front. Physiol. 3:326. doi: 10.3389/fphys.2012.00326

Siddig, M. A. E., Baenzigerb, S., Dweikatb, I., and Hussei, A. A. (2013). Preliminary screening for water stress tolerance and genetic diversity in wheat (Triticum aestivum L.) cultivars from Sudan. J. Genet. Eng. Biotechnol. 11, 87–94. doi: 10.1016/j.jgeb.2013.08.004

Singh, A., Ganapathysubramanian, B., Singh, A. K., and Sarkar, S. (2016). Machine learning for high-throughput stress phenotyping in plants. Trends Plant Sci. 21, 110–124. doi: 10.1016/j.tplants.2015.10.015

Singh, S. D. (1981). Moisture-sensitive growth stages of dwarf wheat and optimal sequencing of evapotranspiration deficits. Agron. J. 73, 387–391. doi: 10.2134/agronj1981.00021962007300030001x

Sirault, X., Condon, A., Rebetzke, G., and Farquhar, G. (2008). “Genetic analysis of leaf rolling in wheat,” in Proceedings of the 11th International Wheat Genetics Symposium, eds R. Appels, R. Eastwood, E. Lagudah, P. Langridge, M. Mackay, L. McIntyre, et al. (Sydney: Sydney University Press).

Skakun, S., Kussul, N., Shelestov, A., and Kussul, O. (2016). The use of satellite data for agriculture drought risk quantification in Ukraine. Geomat. Nat. Hazards Risk 7, 901–917. doi: 10.1080/19475705.2015.1016555

Slafer, G. A., and Rawson, H. (1994). Sensitivity of wheat phasic development to major environmental factors: a re-examination of some assumptions made by physiologists and modellers. Aust. J. Plant Physiol. 21, 393–426.

Sserumaga, J., Beyene, Y., Pillay, K., Kullaya, A., Oikeh, S. O., Mugo, S., et al. (2018). Grain-yield stability among tropical maize hybrids derived from doubled-haploid inbred lines under random drought stress and optimum moisture conditions. Crop Pasture Sci. 69, 691–702.

Su, Y., Wu, F., Ao, Z., Jin, S., Qin, F., Liu, B., et al. (2019). Evaluating maize phenotype dynamics under drought stress using terrestrial lidar. Plant Methods 15:11. doi: 10.1186/s13007-019-0396-x

Su, Z., Ma, X., Guo, H., Sukiran, N. L., Guo, B., Assmann, S. M., et al. (2013). Flower development under drought stress: morphological and transcriptomic analyses reveal acute responses and long-term acclimation in Arabidopsis. Plant Cell 25, 3785–3807. doi: 10.1105/tpc.113.115428

Sultana, S. R., Ali, A., Ahmad, A., Mubeen, M., Zia-Ul-Haq, M., Ahmad, S., et al. (2014). Normalized difference vegetation index as a tool for wheat yield estimation: a case study from Faisalabad. Pakistan Sci. World J. 2014, 725326. doi: 10.1155/2014/725326

Tabassam, M., Hussain, M., Sami, A., Shabbir, I., Bhutta, A. N., Mubusher, M., et al. (2014). Impact of drought on the growth and yield of wheat. Sci. Agric. 7, 11–18. doi: 10.15192/PSCP.SA.2014.3.1.1118

Tadesse, W., Bishaw, Z., and Assefa, S. (2018). Wheat production and breeding in Sub-Saharan Africa: challenges and opportunities in the face of climate change. Int. J. Clim. Chang. Strateg. Manag. 11, 696–715. doi: 10.1108/IJCCSM-02-2018-2015

Taheri, S., Saba, J., Shekari, F., and Abdullah, T. L. (2011). Effects of drought stress condition on the yield of spring wheat (Triticum aestivum) lines. Afr. J. Biotechnol. 10, 18339–18348. doi: 10.5897/AJB11.352

Talebi, R. (2011). Evaluation of chlorophyll content and canopy temperature as indicators for drought tolerance in durum wheat (Triticum durum Desf.). Aust. J. Basic Appl. Sci. 5, 1457–1462.

Talukder, S., Babar, M., Vijayalakshmi, K., Poland, J., Prasad, P., Bowden, R., et al. (2014). Mapping QTL for the traits associated with heat tolerance in wheat (Triticum aestivum L.). BMC Genet. 15:97. doi: 10.1186/s12863-014-0097-94

Tattaris, M., Reynolds, M. P., and Chapman, S. C. (2016). A direct comparison of remote sensing approaches for high-throughput phenotyping in plant breeding. Front. Plant Sci. 7:1131. doi: 10.3389/fpls.2016.01131

Thomas, H., and Howarth, C. J. (2000). Five ways to stay green. J. Exp. Bot. 51, 329–337. doi: 10.1093/jexbot/51.suppl_1.329

Thomas, H., and Ougham, H. (2014). The stay-green trait. J. Exp. Bot. 65, 3889–3900. doi: 10.1093/jxb/eru037

Tian, X., and Doerner, P. (2013). Root resource foraging: does it matter? Front. Plant Sci. 4:1379. doi: 10.3389/fpls.2013.00303

Tomar, R. S. S., Tiwari, S., Naik, B. K., Chand, S., Deshmukh, R., Mallik, N., et al. (2016). Molecular and morpho-agronomical characterization of root architecture at seedling and reproductive stages for drought tolerance in wheat. PLoS One 11:e0156528. doi: 10.1371/journal.pone.0156528

Torres, A., and Pietragalla, J. (2012). “Chapter 19: crop morphological traits,” in Physiological Breeding II: A Field Guide To Wheat Breeding, eds A. Pask, J. Pietragalla, D. Mullan, and M. Reynolds (Mexico: CIMMYT), 106–112.

Towfiq, S. I., and Noori, S. H. A. (2016). The role of flag leaf blade and awns on yield and its components of some bread wheat varieties at two locations of sulaimani region. J. Zankoy Sulaimani 18, 65–76. doi: 10.17656/jzs.10452

Trachsel, S., Kaeppler, S. M., Brown, K. M., and Lynch, J. P. (2011). Shovelomics: high throughput phenotyping of maize (Zea mays L.) root architecture in the field. Plant Soil 341, 75–87. doi: 10.1007/s11104-010-0623-628

Trillo, N., and Fernández, R. J. (2005). Wheat plant hydraulic properties under prolonged experimental drought: stronger decline in root-system conductance than in leaf area. Plant Soil 277, 277–284. doi: 10.1007/s11104-005-7493-7495

Tuberosa, R., and Maccaferri, M. (2015). “Genomics approaches to dissect the genetic basis of Drought resistance in Durum wheat”, in Advances in Wheat Genetics: From Genome to Field, eds Y. Ogihara, S. Takumi, and H. Handa (Tokyo: Springer Open), 213–223. doi: 10.1007/978-4-431-55675-6

Varga, B., Vida, G., Varga-László, E., Bencze, S., and Veisz, O. (2015). Effect of simulating drought in various phenophases on the water use efficiency of winter wheat. J. Agron. Crop Sci. 201, 1–9. doi: 10.1111/jac.12087

Verma, V., Foulkes, M. J., Sylvester-Bradley, R., Caligari, P. D. S., and Snape, J. W. (2004). Mapping quantitative trait loci for flag leaf senescence as a yield determinant in winter wheat under optimal and drought stressed environments. Euphytica 135, 255–263. doi: 10.1023/b:euph.0000013255.31618.14

Vogel, A., Fester, T., Eisenhauer, N., Scherer-Lorenzen, M., Schmid, B., Weisser, W. W., et al. (2013). Separating drought effects from roof artifacts on ecosystem processes in a grassland drought experiment. PLoS One 8:e70997. doi: 10.1371/journal.pone.0070997

Waddington, S. R., Li, X., Dixon, J., Hyman, G., and de Vicente, M. C. (2010). Getting the focus right: production constraints for six major food crops in Asian and African farming systems. Food Secur. 2, 27–48. doi: 10.1007/s12571-010-0053-58

Walsh, O. S., Klatt, A. R., Solie, J. B., Godsey, C. B., and Raun, W. R. (2013). Use of soil moisture data for refined GreenSeeker sensor based nitrogen recommendations in winter wheat (Triticum aestivum L.). Precis. Agric. 14, 343–356. doi: 10.1007/s11119-012-9299-9

Walter, J., Edwards, J., Cai, J., McDonald, G., Miklavcic, S. J., and Kuchel, H. (2019). High-throughput field imaging and basic image analysis in a wheat breeding programme. Front. Plant Sci. 10:449. doi: 10.3389/fpls.2019.00449

Wang, K., Riaz, B., and Ye, X. (2018). Wheat genome editing expedited by efficient transformation techniques: progress and perspectives. Crop J. 6, 22–31. doi: 10.1016/j.cj.2017.09.009

Wang, X., Vignjevic, M., Liu, F., Jacobsen, S., Jiang, D., and Wollenweber, B. (2015). Drought priming at vegetative growth stages improves tolerance to drought and heat stresses occurring during grain filling in spring wheat. Plant Growth Regul. 75, 677–687. doi: 10.1007/s10725-014-9969-x

Wang, Y., and Frei, M. (2011). Stressed food – The impact of abiotic environmental stresses on crop quality. Agric. Ecosyst. Environ. 141, 271–286. doi: 10.1016/j.agee.2011.03.017

Wasaya, A., Zhang, X., Fang, Q., and Yan, Z. (2018). Root phenotyping for drought tolerance: a review. Agronomy 8:241. doi: 10.3390/agronomy8110241

Wasson, A. P., Richards, R. A., Chatrath, R., Misra, S. C., Prasad, S. V. S., Rebetzke, G. J., et al. (2012). Traits and selection strategies to improve root systems and water uptake in water-limited wheat crops. J. Exp. Bot. 63, 3485–3498. doi: 10.1093/jxb/ers111

White, J. W., Andrade-Sanchez, P., Gore, M. A., Bronson, K. F., Coffelt, T. A., Conley, M. M., et al. (2012). Field-based phenomics for plant genetics research. Field Crop. Res. 133, 101–112. doi: 10.1016/j.fcr.2012.04.003

Willick, I. R., Lahlali, R., Vijayan, P., Muir, D., Karunakaran, C., and Tanino, K. (2018). Wheat flag leaf epicuticular wax morphology and composition in response to moderate drought stress are revealed by SEM, FTIR-ATR and synchrotron X-ray spectroscopy. Physiol. Plant. 162, 316–332. doi: 10.1111/ppl.12637

Wimmerová, M., Hlavinka, P., Pohanková, E., Kersebaum, K. C., Trnka, M., Klem, K., et al. (2018). Is crop growth model able to rain-out shelters above winter wheat? ACTA Univ. Agric. Silvic. Mendelianae Brun. 66, 225–233. doi: 10.11118/actaun201866010225

Witcombe, J. R., Joshi, K. D., Gyawali, S., Musa, A. M., Johansen, C., Virk, D. S., et al. (2005). Participatory plant breeding is better described as highly client-oriented plant breeding. I. Four indicators of client-orientation in plant breeding. Exp. Agric. 41, 299–319. doi: 10.1017/S0014479705002656

Yahdjian, L., and Sala, O. E. (2002). A rainout shelter design for intercepting different amounts of rainfall. Oecologia 133, 95–101. doi: 10.1007/s00442-002-1024-1023

Yang, W., Feng, H., Zhang, X., Zhang, J., Doonan, J. H., Batchelor, W. D., et al. (2020). Crop phenomics and high-throughput phenotyping: past decades, current challenges, and future perspectives. Mol. Plant 13, 187–214. doi: 10.1016/j.molp.2020.01.008

Yao, J., Sun, D., Cen, H., Xu, H., Weng, H., Yuan, F., et al. (2018). Phenotyping of Arabidopsis drought stress response using kinetic chlorophyll fluorescence and multicolor fluorescence imaging. Front. Plant Sci. 9:603. doi: 10.3389/fpls.2018.00603

You, L., Wood-Sichra, U., Fritz, S., Guo, Z., See, L., and Koo, J. (2014). Spatial Production Allocation Model (SPAM) 2005 v2. 0. Available online at: http://mapspam.info (accessed April 21, 2015).

Yu, C., Huang, X., Chen, H., Huang, G., Ni, S., Wright, J. S., et al. (2018). Earth’s future assessing the impacts of extreme agricultural droughts in China under climate and socioeconomic changes. Earth Futur. 6, 689–703. doi: 10.1002/2017EF000768

Yu, Z., Wang, X., and Zhang, L. (2018). Structural and functional dynamics of dehydrins: a plant protector protein under abiotic stress. Int. J. Mol. Sci. 19, 16–18. doi: 10.3390/ijms19113420

Yun-qi, W., Wen-xing, X. I., Zhi-min, W., Bin, W., Xue-xin, X. U., Mei-kun, H. A. N., et al. (2016). Contribution of ear photosynthesis to grain yield under rainfed and irrigation conditions for winter wheat cultivars released in the past 30 years in North China Plain. J. Integr. Agric. 15, 2247–2256. doi: 10.1016/S2095-3119(16)61408-9

Zafar, S. A., Zaidi, S. S. A., Gaba, Y., Singla-Pareek, S. L., Dhankher, O. P., Li, X., et al. (2020). Engineering abiotic stress tolerance via CRISPR/Cas-mediated genome editing. J. Exp. Bot. 71, 470–479. doi: 10.1093/jxb/erz476

Zarei, B., Naderi, A., Kamali, M. R. J., Lack, S., and Modhej, A. (2013). Determination of physiological traits related to terminal drought and heat stress tolerance in spring wheat genotypes. Int. J. Agric. Crop Sci. 5, 2511–2520.

Zhan, A., and Lynch, J. P. (2015). Reduced frequency of lateral root branching improves N capture from low-N soils in maize. J. Exp. Bot. 66, 2055–2065. doi: 10.1093/jxb/erv007

Zhang, C., Si, Y., Lamkey, J., Boydston, R. A., Garland-Campbell, K. A., and Sankaran, S. (2018). High-throughput phenotyping of seed/seedling evaluation using digital image analysis. Agronomy 8:63. doi: 10.3390/agronomy8050063

Zhang, J., Zhang, S., Cheng, M., Jiang, H., Zhang, X., Peng, C., et al. (2018). Effect of drought on agronomic traits of rice and wheat: a meta-analysis. Int. J. Environ. Res. Public Health 15:839. doi: 10.3390/ijerph15050839

Zhang, J., Jia, W., Yang, J., and Ismail, A. M. (2006). Role of ABA in integrating plant responses to drought and salt stresses. Field Crop. Res. 97, 111–119. doi: 10.1016/j.fcr.2005.08.018

Zhang, L., Richards, R. A., Condon, A. G., Liu, D. C., and Rebetzke, G. J. (2014). Recurrent selection for wider seedling leaves increases early biomass and leaf area in wheat (Triticum aestivum L.). J. Exp. Bot. 66, 1215–1226. doi: 10.1093/jxb/eru468

Zhang, X., Cai, J., Wollenweber, B., Liu, F., Dai, T., Cao, W., et al. (2013). Multiple heat and drought events affect grain yield and accumulations of high molecular weight glutenin subunits and glutenin macropolymers in wheat. J. Cereal Sci. 57, 134–140. doi: 10.1016/j.jcs.2012.10.010

Zhang, X., Huang, C., Wu, D., Qiao, F., Li, W., Duan, L., et al. (2017). High-throughput phenotyping and QTL mapping reveals the genetic architecture of maize. Plant Physiol. 173, 1554–1564. doi: 10.1104/pp.16.01516

Zhang, Z., Bin, L., Xu, P., Jia, J., and Zhou, R. H. (2010). Quantitative trait loci for leaf chlorophyll fluorescence traits in wheat. Aust. J. Crop Sci. 4, 571–579.

Zlatev, Z. (2009). Drought-induced changes in chlorophyll fluorescence of young wheat plants. Biotechnol. Biotechnol. Equip. 23, 438–441. doi: 10.1080/13102818.2009.10818458

Zu, X., Lu, Y., Wang, Q., Chu, P., Miao, W., Wang, H., et al. (2017). A new method for evaluating the drought tolerance of upland rice cultivars. Crop J. 5, 488–498. doi: 10.1016/j.cj.2017.05.002


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Khadka, Earl, Raizada and Navabi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fpls-11-00715-g004.jpg
Growth stages

Germination and seedling stages

LY

Tillering and stem elongation stages

Heading and anthesis

Grain filling

X X & &

A | /j., A DI

A
‘//‘ )

N 5;

Physio-morphological traits and

phenotyping methods

* Seedling vigour: Visual
assessment, RGB camera,
UAVs

* Ground cover: Visual
assessment, RGB camera,
UAVs

* Coleoptile length: Manually
using ruler, mathematical
models

* Root traits: Manual
measurement, imaging

* Seedling vigour: Visual assessment,
RGB camera, UAVs

* SPAD reading: SPAD meter

* NDVI: Proximal- and aerial-based
phenotyping tools

* Leaf rolling: Visual assessment
* Leaf pubescence: Visual assessment

* Canopy temperature: Infrared
thermometer

* Carbon isotope discrimination:
Isotope ratio mass meter

* Days to heading and anthesis:
Visual assessment

* SPAD reading: SPAD meter

* NDVI: Proximal- and aerial-
based phenotyping tools

* Waxiness: Visual assessment and

destructive methods

* Leaf rolling: Visual assessment

* Canopy temperature: Infrared
thermometer

* Root traits: Manual measurement,

imaging

* Flag leaf senescence: Visual
assessment

* SPAD reading: SPAD meter

* NDVI: Proximal- and aerial-
based phenotyping tools

* Canopy temperature: Infrared
thermometer

* Awn length: Manually with a
ruler

* Plant height: Manually with a
ruler, high throughput tool such
as Crop 3D






OPS/images/fpls-11-00715-g005.jpg
Identification of

useful genetic
variation Improved

» Genetic gain

3
=
-
T
=
<
Q

Robust statistical tools






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		A Physio-Morphological Trait-Based Approach for Breeding Drought Tolerant Wheat



		INTRODUCTION



		TARGETS FOR BREEDING DROUGHT-TOLERANT WHEAT



		Selection Environment



		Physio-Morphological Traits







		GROWTH STAGE BASED TARGETS



		Germination and Seedling Stages



		Tillering and Stem Elongation Stages



		Heading and Anthesis Stages



		Grain Filling Stage







		PHENOTYPING ABOVE GROUND PHYSIO-MORPHOLOGICAL TRAITS ASSOCIATED WITH DROUGHT TOLERANCE AT DIFFERENT GROWTH STAGES



		Germination and Seedling Growth Stages



		Coleoptile Length and Gibberellic Acid (GA3) Sensitivity



		Seedling Vigor







		Vegetative Growth to Post-anthesis Growth Stages



		Number of Tillers



		Chlorophyll Content



		Normalized Difference Vegetative Index



		Chlorophyll Fluorescence



		Shoot Waxiness



		Carbon Isotope Discrimination



		Leaf Rolling



		Canopy Temperature



		Days to Heading and Anthesis



		Flag Leaf Senescence



		Grain Filling Rate and Duration



		Awn Length



		Plant Height











		PHENOTYPING ROOT ARCHITECTURAL TRAITS



		IMPROVING THE EFFICIENCY OF PHENOTYPING PHYSIO-MORPHOLOGICAL TRAITS



		Application of Controlled Physical Structures



		High-Throughput Phenotyping Platforms (HTPPs)



		Proximal High-Throughput Phenotyping Platforms



		Remote Sensing for High Throughput Phenotyping











		CONCLUSION AND FUTURE PERSPECTIVES



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		REFERENCES

















OPS/images/cover.jpg
frontiers
In Plant Science

APhysio-Morphological
Trait-Based Approach
for Breeding Drought Tolerant
Wheat









OPS/images/fpls-11-00715-g002.jpg





OPS/images/fpls-11-00715-g003.jpg
Growth stages Germination Seedling growth Tillering Stem elongation Heading Anthesis Grain filling
-1 "
H
£
E
2
£
2
2
El
=
s T Y,
£ KT A R]AAN] P> A AN N
-Radicle emergence | -Emergence of -Development of -Three d bl -Ei e of -Pollination -Milk development
PR -Coleoptile 4-5leaves 4-5 tillers nodes spikelet -Flowering ie. -Dough formation
2 ; ; -First leaf in -Visible flag leaf -Complete anthers can be -Lossin green color
=1 coleoptile -Flag leaf collar visible emergence of head seen coming out of
-Initiation of booting spikelet
= [ Guain seting ][ Grain filing |
°
Pl |
2EE
Odm
-Germination rate -Seedling vigor -Seedling vigor -SPAD reading -Days to heading -Days to anthesis -Flag leaf senescence
e -Germination % -Ground cover -Ground cover -NDVI -SPAD reading -SPAD reading -SPAD reading
@ g 5 -Leaf rolling -NDVI -NDVI -NDVI
TS _g -Leaf pubescence ~Waxiness -Leaf rolling -Awn length
=R -Leaf rolling -Plant height






OPS/images/logo.jpg
' frontiers
in Plant Science





OPS/images/fpls-11-00715-e001.jpg
R — Rp

R
NDVI = ———
Ryir — Rp





OPS/images/fpls-11-00715-g001.jpg
Observed change in annual precipitation over land
1951-2010

[ L [
-100 -50 -25 -10 -5 -2.5 0 2.5 5 10 25 50 100

(mm yr! per decade)





OPS/images/fpls-11-00715-t001.jpg
Growth stages

Germination and seediing
stages

Tillering

Stem elongation

Stem elongation to anthesis

Booting, heading and
anthesis

Heading

Anthesis

Grain filing

Stress
level®

Moderate

Severe
Moderate

Severe

Moderate

Severe
Mild

Severe
Moderate

Severe

Severe

Severe

Moderate
Mild

Severe

Severe

Severe
Mild

Severe

Severe

Moderate

Moderate

Severe

Severe

Severe

Severe

Severe

Severe

Severe
Moderate
Mild

Moderate

Grain Yield
reduction

7%

6-16%
2-13%

52%

4-13%

53%
0%

16-24%
5-11%

2-45%

54%

11-3%

7-10%
0-4%

46-82%

47%

38%
1%

25-78%

69%

1%

19-42%

57%

24-87%

15%

31%

26%

28.2%

13-3%
7-12%
0-1%

24-48%

Notes

One variety

Water withheld for 7 days at spikelet initiation stage (3 leaf stage)
Rapid recovery after re-watering

One drought tolerant and one drought susceptible variety: 6%
vs. 16% reduction (severe stress), 2% vs. 13% reduction
(moderate stress)

Drought treatments were 10 days at 35-40% (severe) and
55-60% (moderate) vs. 75-80% (control) field capacity
Drought tolerant variety had small yield reduction by maintaining
high photosynthetic rate during drought and had rapid recovery
Vield averaged over 10 varieties

Water withheld during tilering (duration not reported)

Number of grains significantly reduced

Three local varieties

Water withheld at up to 50% of the optimal gravimetric soil water
content (44.32 g H,0/25 Kg diry soil)

Recovery after re-watering

One variety

Relative soll moisture content at 40% (severe drought), 60%
(mild drought) and 75% (control)

o Decrease in spikes per plant and kernel weight

« Drought reduced kermel number, but compensated by increased
kernel weight for mild stress

One drought tolerant and one drought susceptible variety: 15%
vs. 24% reduction (severe stress), 5% vs. 11% reduction
(moderate stress)

Drought treatments were 10 days at 35-40% (severe) and
55-60% (moderate) vs. 75-80% (control) field capacity

Yield observations noted above

Five varieties including 2 drought tolerant varieties

Water withheld for 7-10 days: volumetric water content (v %)
3.5% (drought) vs. 20-25% (control).

Reduced kernel number

Yield averaged across four varieties

Treatments were 50% (drought) vs. 100% (control) field capacity
Number of grains per spike

One drought tolerant and one drought susceptible variety: 11%
vs. 13%, 7% vs. 10% 0% vs. 4% reductions for severe,
moderate and mild stress, respectively

Drought treatments were 40-45% (severe), 55-60% (moderate),
65-70% (mild) vs. 75-80% (full irigation) of field capacity
Reduced canopy photosynthesis and translocation

Six varieties

Grown at 100% field capacity then water withheld for 20 days
(drought) after booting and anthesis

Reduotion in kernel number

Vield averaged across three varieties

Water withheld after the onset of the growth stage (duration not
reported)

Reduced kernel number and kernel weight

One variety

« Drought treatments were: relative soil moisture content
maintained at 40% (severe), 0% (mild) vs. 75% (control)
Reduction in number of spikes per plants, kernel weight and
number

Five varieties including 2 drought tolerant varieties

Water withheld for 7-10 days: volumetric water content (vAv %)
3.5% (drought) vs. 20-25% (control).

Reduced kernel weight and number

Yield averaged across 4 synthetic hexaploids and 2 standard
checks

Water withheld for 16 days

Reduction in kernel number and grain weight

One variety

Water withheld for 6 days just after heading

Slight reduction i kernel number per spike

Three local varieties

Water withheld at up to 50% of the optimal gravimetric soil water
content (44.32 g Hp0/25 Kg dry soil)

Reduced number of kernels per spike

Yield averaged across 5 varieties

Drought reported as 40-45% of the natural water content vs.
60-70% for the control, starting 12 days after heading (duration
not reported)

Significant reduction in kernel weight and number

Five varieties including 2 drought tolerant varieties

Water withheld for 7-10 days: volumetric water content (vAv %)
3.5% (drought) vs. 20-25% (control).

Reduced kernel weight

Yield averaged over 10 varieties

Water withheld during grain filing (duration not reported)
Reduced kernel weight

Yield averaged across three varieties

Water withheld after the onset of grain filing stage (duration ot
reported)

Reduced kernel weight

Yield averaged across 4 synthetic hexaploids and 2 standard
checks

Water withheld for 21 days after anthesis

Kernel weight reduced

Yield of one variety averaged over 2 years

Drought imposed by rain-out shelter after anthesis until maturity;
control was rainfed (~47 and 95 mm rainfallin 2 years)
Reduction in kernel weight and number

One drought tolerant and one drought susceptible variety: 13%
Vs. 13%, 7-12%, 0-1% reductions for severe, moderate, and
mild stress, respectively

Drought treatments were 40-45% (severe), 55-60% (moderate),
65-70% (mild) vs. 75-80% (full irigation) of field capacity
Reduced canopy photosynthesis and translocation

Three local varieties

Water withheld at up to 50% of the optimal gravimetric soil water
content (44.32 g H20/25 Kg dry soil)

Reduced kernel weight

Source™

Zhang et al., 2013

Abid et al., 2018

Mehraban et al., 2019

Magbool et al., 2015

Ding et al., 2018

Abid et al., 2018

Varga et al., 2015

Saeidi et al., 2015

Livetal., 2016

Khakwani et al,, 2012

Shamsi et al., 2010

Ding et al., 2018

Varga et al., 2015

Pradhan et al., 2012

Zhang et al., 2013

Magbool et al., 2015

Ballaetal., 2011

Varga etal,, 2015

Mehraban et al., 2019

Shamsi et al., 2010

Pradhan et al., 2012

Gevrek and Atasoy, 2012

Livetal, 2016

Maqbool et al,, 2015
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