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Drought events or the combination of drought and heat conditions are expected to become more frequent due to global warming, and wheat yields may fall below their long-term average. One way to increase climate-resilience of modern high-yielding varieties is by their genetic improvement with beneficial alleles from crop wild relatives. In the present study, the effect of two beneficial QTLs introgressed from wild emmer wheat and incorporated in the three wheat varieties BarNir, Zahir and Uzan was studied under well-watered conditions and under drought stress using non-destructive High-throughput Phenotyping (HTP) throughout the life cycle in a single pot-experiment. Plants were daily imaged with RGB top and side view cameras and watered automatically. Further, at two time points, the quantum yield of photosystem II was measured with a top view FluorCam. The QTL carrying near isogenic lines (NILs) were compared with their corresponding parents by t-test for all non-invasively obtained traits and for the manually determined agronomic and yield parameters. Data quality of phenotypic traits (repeatability) in the controlled HTP experiment was above 85% throughout the life cycle and at maturity. Drought stress had a strong effect on growth in all wheat genotypes causing biomass reduction from 2% up to 70% at early and late points in the drought period, respectively. At maturity, the drought caused 47–55% decreases in yield-related traits grain weight, straw weight and total biomass and reduced TKW by 10%, while water use efficiency (WUE) increased under drought by 29%. The yield-enhancing effect of the introgressed QTLs under drought conditions that were previously demonstrated under field/screenhouse conditions in Israel, could be mostly confirmed in a greenhouse pot experiment using HTP. Daily precision phenotyping enabled to decipher the mode of action of the QTLs in the different genetic backgrounds throughout the entire wheat life cycle. Daily phenotyping allowed a precise determination of the timing and size of the QTLs effect (s) and further yielded information about which image-derived traits are informative at which developmental stage of wheat during the entire life cycle. Maximum height and estimated biovolume were reached about a week after heading, so experiments that only aim at exploring these traits would not need a longer observation period. To obtain information on different onset and progress of senescence, the CVa curves represented best the ongoing senescence of plants. The QTL on 7A in the BarNir background was found to improve yield under drought by increased biomass growth, a higher photosynthetic performance, a higher WUE and a “stay green effect.”
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Introduction

Wheat is one of the three most important staple foods worldwide and is consumed daily in the form of baked goods or pasta. Baked goods such as bread and flat bread are an important source of carbohydrates and protein for a large part of the human population (Shiferaw et al., 2013). The ongoing climate change threatens wheat yields, as with every degree of temperature, world wheat production decreases by 6% (Asseng et al., 2015). In 2020 the global wheat production was 760 million tons according to the FAOSTAT (2020), a warming of 1.5°C would mean a loss of 68 million tons. As the climate warms, droughts or dry and hot conditions are expected to become the norm by mid-century in major growing regions such as parts of Europe, the USA and Canada, and wheat production will accordingly fall below its long-term average (Leng and Hall, 2019; Toreti et al., 2019).

Drought is an extreme, prolonged condition in which less water or precipitation is available than is necessary for the plants’ needs. Due to the parched soil, transpiration needs are not met, so less water and nutrients can be taken up by mass flow or diffusion and development processes are severely impaired (Barzana et al., 2020). Photosynthesis requires CO2 as well as water and light. CO2 flows through the stomata into the mesophyll at a rate described by stomatal conductance, which is related to turgor pressure and osmotic potential (Buckley and Mott, 2013). Plants close their stomata with increasing drought stress to reduce water loss. If dry conditions prevail, water is lost through the stomata openings due to physical compensation. The osmotic pressure within the plant cell decreases and the resulting osmotic stress, a disturbance of the ion balance, damages the cell membrane and large molecules. Strategies to osmotically adjust or open stomata regulate intercellular solute levels under water limitation, promoting maintenance of turgor and integrity of metabolic functions (Blum, 2017).

In Mediterranean climates, of which Israel is one, water deficit and high temperatures are common during the final stage of wheat growth, hence the grain filling phase is mainly affected (Saranga et al., 2008). Escape from drought is a common strategy to prevent the effects of such terminal drought. The strategy involves rapid plant development with a high metabolic rate. The stomata are open to allow the necessary high gas exchange. This leads to a moderate but effective photosynthetic rate, low water use efficiency (WUE) and rapid expansion and division of cells (Wang et al., 2017).

Phenotyping is known to be a time-consuming and partly subjective procedure. Non-invasive high-throughput phenotyping (HTP) offers a precise and rapid way to study genotypes in an objective and standardized manner (Chen et al., 2014). It can be carried out in the field or in the greenhouse, with greenhouse experiments under controlled conditions being particularly suitable for climate change scenarios such as drought stress (Langstroff et al., 2022). Modern phenotyping technology provides better experimental opportunities to identify key loci and mechanisms for the complex stress response (Langridge and Reynolds, 2021). Precision phenotyping has allowed a deep characterisation of individual drought tolerance components in barley with high phenotypic data quality even under drought and thus the breakdown of their genetic architecture (Neumann et al., 2015; Dhanagond et al., 2019; Pham et al., 2019).

However, up to now, HTP experiments have only been conducted until about flowering time. Insight into the senescence phase could previously be obtained by mobile field phenotyping from flowering to final maturity (Christopher et al., 2016) during some days between anthesis and final maturity (Kipp et al., 2014; Christopher et al., 2016). Nevertheless, the entire life cycle from plant establishment to final maturity has not yet been assessed by non-destructive phenotyping.

Wild species represent an important genetic resource to identify beneficial alleles from landraces and wild relatives and incorporate these into modern varieties (Mascher et al., 2019). Wild emmer wheat is the ancestor of bread and durum wheat. It is well adapted to the dry climate of the levant and thus represents a valuable source of genetic diversity to improve drought resilience (Nevo and Beiles, 1989; Peleg et al., 2005; Krugman et al., 2018).

In a recombinant inbred line (RIL) population derived from a cross between durum wheat (cv. Langdon) and wild emmer wheat (acc. G18-16), two beneficial QTLs originating from wild emmer wheat were identified (Peleg et al., 2009; Fatiukha et al., 2021). A QTL on chromosome 2B confers higher grain yield under drought stress and control conditions and a QTL on chromosome 7A confers higher total and spike dry matter under drought stress, referred to hereafter as higher productivity (Merchuk-Ovnat et al., 2016a). Near isogenic lines (NILs) carrying these QTL regions have been developed for the 2B and 7A QTLs by marker assisted breeding backcross procedure to three Israeli cultivars. The advantageous effect on yield components in the elite cultivar background has been confirmed previously under well-watered and drought conditions (Merchuk-Ovnat et al., 2016a,b).

In the current study, we investigated the NILs carrying the two wild emmer QTLs along with the parental cultivars in an HTP experiment using the previously established protocol to simulate drought stress (Dhanagond et al., 2019). For the first time, a HTP experiment captured the whole plant life cycle. The study aimed to validate the QTL effects during drought stress observed in the field/screenhouse, in a pot experiment and to specify the spatio-temporal effects of wild emmer wheat QTLs on growth and drought resilience across the entire life cycle.



Materials and methods


Plant material

A marker-assisted backcross program was employed for the introgression of the wild donor (T. turgidum ssp. dicoccoides, acc. G18-16) alleles in selected QTL regions into durum and bread wheat cultivar., as described previously by Merchuk-Ovnat et al. (2016a). All the recurrent parents were elite Israeli cultivars, widely used commercially and well adapted to the Israeli semi-arid condition. The parental lines have very similar heading times, with only few days differences (Merchuk-Ovnat et al., 2016a). We studied three Near-Isogenic Lines (NIL) at a stage of BC3F7 and their recurrent parental cultivars: NIL-B-7A-2 and NIL-Z-7A-5 both carrying the 7A QTL with a size of 46 cM in the background of bread wheat cultivars BarNir and Zahir, respectively, and NIL-U-2B-3 carrying the 2B QTL comprises 43,5 cM the background of durum wheat cultivar Uzan (Table 1). In a new genetic map generated by 15 K SNP array (TraitGenetics, Gatersleben) the 7A QTL is designated as QVegdm.huj. uh-7A and the 2B QTL is designated as QGy.huj. uh-2B.1 (Fatiukha et al., 2021). Furthermore, the size of the QLT on chromosome B7A in BarNir measures 115Mbp (Deblieck et al., 2020).



TABLE 1 Overview of used plant material.
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The name of the NIL is derived from the first letter of the parental variety, the number of the chromosome containing the introgression, and the line number.

These lines were previously evaluated in two consecutive years, under contrasting water regimes in a field/screenhouse experiment in Israel and were found advantageous under drought for the respective traits (Merchuk-Ovnat et al., 2016a).



HTP system

The High-throughput Phenotyping (HTP) system (LemnaTec-Scanalyzer 3D) used in the current study is installed in an environmentally controlled greenhouse at IPK Gatersleben (51°49′23″ N, 11°17′13″ E, altitude 112 m). On this system, each plant is transported by conveyor belts to the imaging chambers equipped with top and side view RGB and fluorescence cameras, where the lifter allows imaging from different angles in side view. The balance-watering station enables controlled watering and thereby defined drought setups. The system has been upgraded with a chlorophyll fluorescence camera (FluorCam) from PSI to measure photosynthetic performance from top view (Tschiersch et al., 2017).



HTP experiment

All wheat lines were phenotyped on the HTP platform under contrasting water supply with 10 biological replicates per line in each treatment. The HTP experiment took place from July 2019 to November 2019 and covered the entire life cycle of the wheat plants from sowing until maturity. Seeds were provided by Prof. Y. Saranga, the Hebrew University of Jerusalem, Israel. To ensure the presence of one plant in each pot even, two seeds per pot were sown and thinned after germination to leave one seedling per pot. Each pot (18.5 cm height x 14.9 cm diameter) was filled in with Klasman substrate no. 2 and supplemented with 7 g fertilizer, containing 19% total nitrogen, 9% P2O5, and 10% K2O. Below each pot is a container to collect water in case not all water during automated watering can be fully absorbed immediately. Since the growing conditions are not homogenous within a greenhouse, all pots were randomized by the modus “Random 208,” which exchanges randomly positions of 208 plants with the position of another plant, included in the operating software of the commercial system, several times a week. Plants were imaged and watered daily, imaging was performed from three side view angles (0, 45 and 90°) and top view. In the well-watered treatment, plants were always watered to 90% plant available water content according to Dhanagond et al. (2019). The day length of supplementary greenhouse lights was set to 15 h per day during the whole experiment. The chosen temperature and watering setup during the HTP experiment aimed to mimic the Israeli field situation where temperatures increase over time and a drought period is slowly establishing and progressing. However, it should be noted that technical limitations of the greenhouse climatization prevent to match the exact temperatures as in Merchuk-Ovnat et al. (2016a) or the daily temperature gradients. Here, maximal temperatures of around 47 degrees were achieved in the field/screenhouse, which is not feasible in a greenhouse. Until 30 days after sowing (DAS), plants grew without any stress for plant establishment. The temperature during this first phase was 12°C at night and 16°C during the day. To induce drought stress, the irrigation of the plants in stress treatment was reduced to 30% plant available water content on DAS 31. This level that does not cause plant wilting or visual stress symptoms, but results in reduced growth and is therefore considered a mild drought level. With the onset of drought, the temperature was increased to 20°C during the day and 16°C at night. At DAS 62 (about a week after heading), a further temperature increase was made to 24°C during the day and 20°C at night. From DAS 64 onwards, irrigation was further reduced to 20% plant available water content to induce severe drought in the grain filling phase based on the barley threshold from Dhanagond et al. (2019). Drought level and temperature regime were persisted until maturity.

Measurements of chlorophyll fluorescence were made with the FluorCam at two time points during severe drought stress (DAS 69 and 74). Regular plant recordings and irrigation were carried out at night, starting at midnight. The first saturating light flash (4,000 μmol/m2/s) is used to measure the working efficiency of photosystem two under strong light influence (800μmo/m2/s), shortly followed by a second light flash to measure the quantum yield after a lower light intensity (80 μmol/m2/s) (Grieco et al., 2020). If the quantum yields of the second and the first light flash are put in relation to each other, one can measure how the photosystem can adapt to the changing light flashes, i.e., what plasticity it possesses.

Several additional traits were measured during the HTP experiment. Number of tillers were counted at DAS 28 before the drought, at DAS 53 (about 3 weeks of mild drought) and at DAS 70 about one week after the onset of severe drought (Supplementary material 1). Heading time (BBCH55) was determined by visual inspection of the raw images, when half of the first developing ear protrudes from the flag leaf (Witzenberger et al., 1989). At DAS 67 flag leaf of the main tiller from each plant was measured for length and width at the widest point to calculate flag leaf area (length*width*0.75 = area). Then the distal half of the same flag leaf was sampled to determine osmolality (Osmotic Potential MPa; Table 2) using a vapor pressure osmometer (model 5520; Wescor Inc., Logan, UT, USA) as described by Merchuk-Ovnat et al. (2016a).



TABLE 2 Non-imaging traits measured before and at maturity.
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At the ripening phase, plants were inspected and taken off the system for harvest when having reached full maturity. The first plants were removed from the system at DAS 96, while the last mature plants were removed at DAS 121. The day of final maturity, called final estimated biovolume (EB), was considered to be the day when, for the last time, seven out of ten biological replicas were still on the platform. As plant appearance only slowly changed in the ripening period, images were only taken every 2 days from DAS 96 onwards, while watering was still continued daily. At plant maturity, several growth and yield parameters were recorded manually (Table 2). We determined plant height (PH) without awns, culm length (CL) was from the soil surface to the base of the three first spikes, ear length, peduncle length and the length of the last internode below the flag leaf. In addition, the total number of spikes and the number of fertile spikes were counted. The above-ground plant biomass, the grain, and the straw weight were determined, and the harvest index (HI) was calculated. The main ear was harvested separately. Thousand kernel weight (TKW) was determined for the seeds of the main ear and for the seeds from the rest of the plant. Since the water sum for each pot is recorded by the system, the water use efficiency (WUE) for the entire biomass was calculated from the ratio of final biomass to water sum.



Comparison of the HTP experiment with the screenhouse/field experiment

In order to evaluate to what extent, the data from the HTP studies correspond to the results in the two field/screenhouse experiments, the comparable traits were used: Culm Length (cm; CL), Days Planting to Heading (here referred to BBCH55), Grains per Ear, Grain Yield (g), Harvest Index, Osmotic Potential (Mia), Number of Spikes per Plant, TKW and Plant Biomass (g; Merchuk-Ovnat et al., 2016a). The absolute values with significance between the parents and the NIL were compared. Additionally, the average value of each individual NIL was compared to the corresponding parent in percentage (NIL/Parent*100).



Image analysis

The image analysis was carried out with the Integrated Analysis Platform (IAP; Klukas et al. 2014). Due to the long observation time, the data set was more than two Terabyte and could initially not be handled by IAP. This problem was overcome with the release of IAP version 2.3.0. The FluorCam data were analyzed using the manufacturer’s software.

Our focus in image data processing was on parameters from the RGB camera: the EB [voxel], plant height (PH) [mm] and the mean color value (CVa) [hue] from the side view. This average color value is part of the HSV color space, which is described by the hue, saturation and value of a color. To simplify the analysis of colors, different hue values are combined in a 20-bin model. Based on this model, an average hue of 0.23 corresponds to an image of a green plant. The EB is calculated based on images from top view and three different angles of side view.

[image: image]



Statistical analysis

For the statistical analysis of the HTP experimental data, R Studio was used as described by Dhanagond et al. (2019). For the estimation of variance components and Best Linear Unbiased Estimations (BLUEs), the R package ASReml was used and consequently a mixed model with Residual Maximum Likelihood applied. In terms of plant establishment, all plants grew under identical conditions until DAS 31. Consequently, there was still no stress or control treatment, so all 20 biological replicates for each parent and each corresponding NIL were considered for subsequent data analysis. From DAS 31, the start of the mild drought treatment, the two treatments drought and well-watered were analyzed separately.

The outlier test was performed according to the Tukey method (Anscombe and Tukey, 1963). BLUE values were calculated for each day and treatment separately using the model Y = (μ + G + e), where Y is the vector of observed phenotypic values, μ is the intercept, G is the effect of genotype and e is the residual value for each plant. μ and G were treated as fixed effects.

The variance components were calculated using the mixed linear model Y = G + e, where G is the effect of genotype and e is that of residual. There is also the assumption that all effects are random effects. Since this is a single experiment, repeatability is calculated from the variance of the genotype the error variance and ten biological replicates.

[image: image]

R Repeatability

VG genotypic variance

Ve error variance

nRep number of biological replicates.

Values for the EB were analyzed with the downscaling factor of 106 during all calculations. Further, due to a management error, the FluorCam was forgotten to pull back and therefore blocked the view of the RGB top view camera from DAS 28 to 32. Therefore, these days were excluded for EB that is calculated from side and top view areas but could be analyzed for PH (from side view images) and side view CVa. As FluorCam measurement on the first time point before the onset of drought was not successful, we did not consider this day in the analysis and only used the data from DAS 69 and 74.




Results


High repeatability of biomass related traits under drought stress

Data quality, represented by repeatability, was very high throughout the life cycle for PH and EB, i.e., above 85%. Except for a few days between DAS 60 and 80, repeatability was also higher than 80% for CVa (Figure 1).

[image: Figure 1]

FIGURE 1
 (A) Repeatability of the Estimated Biovolume. (B) Repeatability of the Plant Height. (C) Repeatability of the Color Value.


To determine how well EB predicts the true value of plant biomass and its components, final EB was correlated with straw weight, grain weight, and biomass parameters measured manually at maturity (Figure 2). With a coefficient of determination of 92%, the correlation of EB with total plant biomass was the highest, closely followed by the correlation with straw weight, where the coefficient of determination was 91%. For Grain weight (GW), the correlation was slightly lower than the other two parameters, i.e.85%.

[image: Figure 2]

FIGURE 2
 Coefficient of determination (R2) of manually measured traits at maturity with final estimated biovolume for all 120 plants. (A) Coefficient of determination with plant straw weight. (B) Coefficient of determination with plant grain weight. (C) Coefficient of determination with plant biomass.




Impact of drought stress on evaluated traits

Drought stress treatment had a strong effect on growth in all wheat lines. Regarding EB and PH significant differences between the control and the stress treatment were observed after one week of drought, from DAS 38 to harvest (Supplementary material 2). The reduction of the traits varied for selected days during mild stress (DAS 33, 40, 47 and 54) and severe stress (DAS 70, 80 and 90) from 4 to70% (Supplementary material 3). The CVa differed between treatments only during the maturation period from DAS 67 to harvest, indicating a faster maturation under drought stress (Supplementary material 2). At maturity, drought-induced losses were most severe, amounting to 47–55% decreases in biomass-related traits such as total biomass, grain weight and straw weight (Supplementary material 4).

The mean time to reach BBCH55 under stress conditions was DAS 48, 2 days earlier compared to control (Supplementary materials 4, 5). BarNir, NIL-U-2B-3, and Uzan showed a slightly but significantly earlier heading under stress conditions than under control conditions. However, significant differences between the NILs and the parental lines within the stress treatment were only present for BarNir and NIL-B-7A-2 which headed significantly 1 day later than BarNir.

The effect of drought stress was also evident for the trait “time to maturity.” The stressed plants matured on average 18 days earlier than control plants with larger variation in stress treatment compared to control (Supplementary material 6).



QTL effects on traits measured before and at maturity


Effect of QTL on chromosome 7A

For the traits recorded before maturity, significant differences were found between the parents and the corresponding NILs in a few traits (Table 3). Against the background of BarNir, the QTL on chromosome 7A in NIL-B-7A-2 proved to be superior in terms of flag leaf size both under control conditions with an increase of 18% and under drought conditions with 12%. Moreover, the 7A QTL in BarNir background improved the efficiency of photosystem II in both treatments under high light conditions (Quantum Yield under High light QY-H) on both time points under severe drought (DAS 69 and 74), while the QY in the transition to low light conditions (Quantum Yield under Low light QY-L), was only higher in the NIL on DAS 74 in the well-watered treatment. The QY-LH ratio, which describes the plasticity of photosystem II, was lower on both days, indicating a lower stress effect in the NIL. However, NIL-Z-7A-5 containing the same QTL in the background of Zahir, showed no difference compared to Zahir for all these traits. In both backgrounds, no influence of the 7A-QTL on the osmotic potential was detected.



TABLE 3 Averages and standard deviation and significant differences (t-test) between parents and corresponding NIL of traits measured before maturity.
[image: Table3]

The treatment has a significant effect on the time of heading (BBCH55; Table 3, Supplementary material 5). For the control treatment, the median of all six lines is at DAS 48 and for the stress treatment at DAS 50. However, this effect also depended on the genetic background and the treatment. NIL-B-7A-2 showed a significantly later heading of 1 day under stress conditions (Table 3). In contrast, in the NIL-Z-7A-5, also carrying the QTL 7A but in the Zahir background, a significantly earlier heading was observed in the control treatment. In the line NIL-U-2B-3 a significantly earlier heading under stress was detected compared to Uzan. For the osmotic potential, no significant differences were found for any of the lines (Table 3).

The 7A-QTL segment introduced in BarNir, NIL-B-7A-2, conferred significantly 25% higher plant biomass in the control and 33% higher plant biomass in the drought stress treatment at maturity (Table 4). In addition to increased PH, the 7A QTL in BarNir background increased also awn length, peduncle length and the length of the last internode in both treatments, while the ear length was decreased in well-watered conditions. In the Zahir background, no effect of the 7A QTL on height, awn length and ear length was detected, while the peduncle was longer only in well-watered conditions but the last internode was longer only in drought conditions in the respective NIL. In the BarNir background, the QTL caused increased grain and straw weight in both treatments, while HI was unaffected. These traits were not affected in the Zahir background (Table 4). Moreover, in the BarNir background, the 7A QTL significantly improved WUE, TKW and seed size parameters in both treatments. In the Zahir background improved WUE and TKW was observed only under drought stress, the higher TKW resulted from a higher seed area, or seed length.



TABLE 4 Averages and standard deviation and significant differences (t-test) between parents and corresponding NIL of traits manually measured at maturity.
[image: Table4]



Effect of QTL on chromosome 2B

The wild emmer wheat QTL on chromosome 2B in NIL-U-2B-3 caused a more pronounced tiller number of 35% more tillers under stress compared to the recurrent parent Uzan (Table 3). Furthermore, a small effect on heading was found, the NIL-U-2B-3 headed about 1 day earlier under drought stress compared to Uzan. No effect of the 2B QTL was detected for the osmotic potential. At maturity, the NIL-U-2B-3 plants were smaller in both treatments (Table 4). In accordance with the higher tillering during growth, a higher number of fertile spikes was also observed under drought stress, along with an improved WUE. Besides, a higher HI in both treatments was obtained. However, the higher number of tillers was linked with a lower TKW and its components and a lower grain number per ear.




Comparison of HTP experiment with the field/screenhouse experiment

The QTL effects for common traits between the HTP study and the field/screenhouse experiments from Merchuk-Ovnat et al. (2016a) were compared by calculating the relative percentage difference of the respective NIL and the corresponding parent in the HTP and each of the two field/screenhouse experiments and by looking at the phenotypic mean values in HTP and the two field/screenhouse experiments (Supplementary material 7; Table 5). Mostly, the advantageous effect of the QTL was visible in HTP and in at least one of the field/screenhouse experiments. However, the magnitude of the effects differed, sometimes the effect was more pronounced in the HTP experiment, in some cases more in the field/screenhouse. Most consistent were the results of both studies for the QTL effect in NIL-B-7A-2 compared to BarNir, while for the 7A QTL in the background of Zahir, more significant differences for yield-related traits were found in the field/screenhouse that were not detected in the HTP experiment. Notably, also the QTL effects between the 2 years of field/screenhouse experiments varied. Considering the absolute values, the BBCH55 stage occurred 10–15 days earlier in the controlled environment of the HTP experiment. Compared to the field, plants in the HTP experiment were smaller and had a lower grain yield and lower values for other grain-yield related parameters across all genotypes and treatments such as TKW or HI (Table 5).



TABLE 5 Comparison of the absolute values (mean) of the NILs and the parents of common traits of the HTP experiment and field/screenhouse experiments.
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Significant differences between parents and NILs were found for several traits across the environments. For example, NIL-B-7A-5 was significantly larger than BarNir in all environments, as measured by culm length. NIL-U-2B-3 was significantly smaller in the HTP experiment and significantly larger in the field experiment. The increased grain yield and plant biomass for NIL-B-7A-5 was also significantly greater for all environments between 43 and 69%. For TKG, the difference between the first field/screenhouse experiment and the HTP experiment was equally significant. In both environments, NIL-U-2B-3 showed a number of spikes, but it was only significant under control for both environments.



Dynamic phenotyping revealed effect of wild emmer wheat QTLs on drought resilience


Effect of QTL on chromosome 7A for NIL-B-7A-2

Significant differences were found for EB between BarNir and NIL-B-7A-2 for the period from DAS 45–102 in the control treatment and DAS 33–102 in stress treatment (Figure 3; Supplementary materials 8, 9). Thus, differences were observed in both treatments, but they occurred earlier under drought. In both treatments, the NIL showed a higher EB. Furthermore, when testing whether the treatment had a significant effect on the EB of each genotype, NIL-B-7A-2 showed a six-day later response to drought stress treatment than BarNir (Supplementary materials 10).

[image: Figure 3]

FIGURE 3
 A Estimated biovolume of BarNir and NIL-B-7A-2 based on the calculated BLUEs values. DAS, days after sowing; BBCH55, heading day. The last DAS for each genotype was chosen for the DAS where the last time 60% of the plants were imaged (as mature plants were taken off subsequently). The shadows describe the confidence interval; as long as the shadows of the individual lines (parent and corresponding NIL) do not overlap, the significance level of a = 0.05 is not reached and therefore a significant difference exists.


Consistent with the observations at maturity, plants of NIL-B-7A-2 were significantly taller than those of the parent BarNir throughout the entire life cycle under both conditions (Figure 4; Supplementary materials 11–14). Similar to EB, the PH in the NIL showed a response to drought stress 7 days later than in BarNir (Supplementary material 14).

[image: Figure 4]

FIGURE 4
 Plant height of BarNir and NIL-B-7A-2 based on the calculated BLUEs values. DAS, days after sowing; BBCH55, heading day. The last DAS for each genotype was chosen for the DAS where the last time 60% of the plants were imaged (as mature plants were taken off subsequently). The shadows describe the confidence interval; as long as the shadows of the individual lines do not overlap, the significance level of a = 0.05 is not reached and therefore a significant difference exists.


The QTL 7A affected the CVa. Until around DAS 60, the NIL in the BarNir background had a significantly slightly lower CVa in both treatments in the BarNir background. However, in the severe drought treatment during the late ripening phase, plants of the NIL had a significantly higher CVa from DAS 90 onwards, showing a slower ripening of the NIL (Figure 5; Supplementary material 15).
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FIGURE 5
 Color value of BarNir and NIL-B-7A-2 based on the calculated BLUEs values. DAS, days after sowing; BBCH55, heading day. The last DAS for each genotype was chosen for the DAS where the last time 60% of the plants were imaged (as mature plants were taken off subsequently). The shadows describe the confidence interval; as long as the shadows of the individual lines do not overlap, the significance level of a = 0.05 is not reached and therefore a significant difference exists.


The differences between the treatments were significant from DAS 70 and 71 onwards for the NIL-B-7A-2 and BarNir, respectively (Supplementary materials 16–18).



Effect of QTL on chromosome 7A for NIL-Z-7A-5

NIL-Z-7A-5 produced less EB in both treatments compared to Zahir, with this effect being more pronounced in the control treatment than in the stress treatment. However, the difference between NIL and parent was significant only for a few DAS, such as DAS 10 to 13 in the plant establishment phase and during the mild stress phase from DAS 33 to 43 (Figure 6; Supplementary materials 8, 11). However, the standard deviation for EB under control was high for Zahir and NIL, which might have confounded a larger EB effect of the QTL (Supplementary material 9). Nevertheless, also in the stress treatment, the two genotypes had a very similar EB. Only in the late ripening phase, during DAS 90–96, the EB was significantly higher under drought in NIL-Z-7A-5, showing a positive effect of the 7A QTL (Supplementary material 8). Moreover, when testing if the treatment had a significant influence on EB for each genotype, NIL-Z-7A-5 showed a seven-days later reaction to the drought compared to Zahir, similar as seen in the BarNir background (Supplementary material 10).
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FIGURE 6
 Estimated biovolume of Zahir and NIL-Z-7A-5 based on the calculated BLUEs values. DAS, days after sowing; BBCH55, heading day. The last DAS for each genotype was chosen for the DAS where the last time 60% of the plants were imaged (as mature plants were taken off subsequently). The shadows describe the confidence interval; as long as the shadows of the individual lines do not overlap, the significance level of a = 0.05 is not reached and therefore a significant difference exists.


In the Zahir background in both treatments, Zahir and NIL-Z-7A-5 did not differ in PH throughout the life cycle, which is in accordance with the absent difference for PH at maturity (Figure 7; Supplementary materials 11–14). The differences in PH between the treatments became significant for Zahir from DAS 62 onwards and for NIL-Z-7A-5 from DAS 57 on, so the QTL carrying NIL reduced PH 5 days earlier compared to the parental line (Supplementary material 17), which contrasts with the observed later response to drought of EB of NIL-Z-7A-5.
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FIGURE 7
 Plant height of Zahir and NIL-Z-7A-5 based on the calculated BLUEs values. DAS, days after sowing; BBCH55, heading day. The last DAS for each genotype was chosen for the DAS where the last time 60% of the plants were imaged (as mature plants were taken off subsequently). The shadows describe the confidence interval; as long as the shadows of the individual lines do not overlap, the significance level of a = 0.05 is not reached and therefore a significant difference exists.


In Zahir background, the 7A QTL showed no effect on CVa until the ripening stage and the treatment effect was significant from DAS 69 onwards for Zahir and from DAS 72 for NIL-Z-7A-5 (Figure 8; Supplementary materials 16–18). However, NIL-Z-7A-5 had significantly higher CVa from DAS 98–121 in the control treatment and DAS 82 - DAS 92 in the stress treatment (Figure 9; Supplementary material 15), showing a slower ripening arising from the 7A QTL.
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FIGURE 8
 Color value of Zahir and NIL-Z-7A-5 based on the calculated BLUEs values. DAS, days after sowing; BBCH55, heading day. The last DAS for each genotype was chosen for the DAS where the last time 60% of the plants were imaged (as mature plants were taken off subsequently). The shadows describe the confidence interval; as long as the shadows of the individual lines do not overlap, the significance level of a = 0.05 is not reached and therefore a significant difference exists.
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FIGURE 9
 Color value of Uzan and NIL-U-2B-3 based on calculated BLUEs values.DAS, days after sowing; BBCH55, heading day. The last DAS for each genotype was chosen for the DAS where the last time 60% of the plants were imaged (as mature plants were taken off subsequently). The shadows describe the confidence interval; as long as the shadows of the individual lines do not overlap, the significance level of a = 0.05 is not reached and therefore a significant difference exists.




Effect of QTL on chromosome 2B for NIL-U-2B-3

Regarding the effect of the 2B-QTL in the genetic background of Uzan, NIL-U-2B-3 produced significantly more EB compared to Uzan in the stress treatment during DAS 33–79 (Figure 10; Supplementary materials 8, 9). In the control treatment, the NIL also showed more EB, especially at DAS 48–90, but this difference was not significant. A treatment effect, i.e., a later response to drought in the biomass differences between control and stress treatment, of the 2B-QTL was also visible for the 2B-QTL, but less pronounced than in the 7A-QTL. From DAS 33 to 38 and from DAS 46 to harvest, the EB of NIL-U-2B-3 3 differed significantly in the two treatments, while in Uzan a significant difference between control and stress EB was observed from DAS 37 onwards (Supplementary material 10).
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FIGURE 10
 Estimated biovolume of Uzan and NIL-U-2B-3 based on the calculated BLUEs values. DAS, days after sowing; BBCH55, heading day. The last DAS for each genotype was chosen for the DAS where the last time 60% of the plants were images (as mature plants were taken off subsequently). The shadows describe the confidence interval; as long as the shadows of the individual lines do not overlap, the significance level of a = 0.05 is not reached and therefore a significant difference exists.


In accordance with reduced PH at maturity (Table 4), the NIL-U-2B-3 remained smaller than its parent Uzan, especially in the period after heading (Figure 11; Supplementary materials 11–13). In the control treatment, the difference between the genotypes in PH was significant from DAS 58 onwards and in the stress treatment from DAS 53 on (Supplementary material 14). PH in Uzan differed significantly between control and stress treatment from DAS 40 onwards, while in the NIL this difference occurred 4 days later from DAS 44 onwards (Supplementary material 14), so the NIL responded later to drought concerning PH.
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FIGURE 11
 Plant height of Uzan and NIL-U-2B-3 based on calculated BLUEs values. DAS, days after sowing; BBCH55, heading day. The last DAS for each genotype was chosen for the DAS where the last time 60% of the plants were imaged (as mature plants were taken off subsequently). The shadows describe the confidence interval; as long as the shadows of the individual lines do not overlap, the significance level of a = 0.05 is not reached and therefore a significant difference exists.


The 2B QTL showed a minor effect on the CVa. Uzan had a higher CVa during the mild drought phase than NIL-U-2B-3 (Figure 9; Supplementary materials 15, 16, 18). In the control treatment this difference was significant until DAS 90 and in stress treatment until DAS 76 (Supplementary material 15). The effect between the control and the stress treatment is for both Uzan and NIL-U-2B-3 significant from DAS 68 onwards (Supplementary material 17).





Discussion

In the present study, the detailed effects of two QTLs introduced from wild emmer wheat for higher productivity with respect to spike and total dry matter under drought (chromosome 7A) or productivity with respect to grain yield across drought and control environments (chromosome 2B) were examined under well-watered and drought stress conditions using non-destructive HTP, for the first time throughout the whole plant life cycle. Our daily phenotyping results confirm advantageous effects of yield or yield parameters of the QTLs which were identified under field/screenhouse conditions in Israel and enabled us to determine the QTL effects on growth and their timing.


Suitability of HTP phenotyping for evaluation of yield characteristics

The phenotyping platform used in this study has been used previously and has proven useful for estimating plant biomass up to the flowering stage under well-watered and drought stress conditions in barley (Neumann et al., 2015). As the plant material was from Israel, the chosen setup and greenhouse conditions aimed at mimicking the field situation in Israel, with a rising temperature gradient corresponding to the seasonal pattern and a slowly progressing drought reaching severe stress during grain filling.

With the application of an established standardized phenotyping protocol, high repeatability was achieved for EB and PH for each day throughout the life cycle under both, well-watered and drought stress conditions. Except for a few days, the data quality of the CVa was also high. The results of this study are in line with the high data quality throughout the vegetative growth period in well-watered and drought stress conditions on the same HTP system (Neumann et al. 2017; Dhanagond et al., 2019). The suitability of EB as a true proxy of biomass was also evident, in agreement with previous studies that were restricted to vegetative growth stages, though (Munns et al., 2010; Golzarian et al., 2011; Dhanagond et al., 2019; Shorinola et al., 2019). The results demonstrate the usefulness of this proxy over the entire plant life cycle. Based on the high-quality data set, statistical analyses to reveal the QTL effects throughout the life cycle could be performed.

Further, the data set allows to make statements about which imaging traits provide relevant information during or until which cereal developmental stage for HTP experiments. The EB increased dynamically until the milk ripening stage, while final PH was reached already shortly after flowering. After that, PH remained constant, while EB decreased with the ripening process due to the increase in mature plant parts, as these contain less water and thus the visible area is smaller. The CVa can be used to visualize and quantify the process of senescence of the plant by the changing plant color from green to yellow (Mikołajczak et al., 2020). If there is sufficient water available, the color of a plant is green and only changes with progressing senescence. However, drought stress can cause severe effects on plant pigments and changed the color of the plant when leaves were wilting during vegetative growth (Neumann et al., 2015). In the chosen setup of the current study of a slowly intensifying drought until maturity, the drought stressed plants started ripening earlier compared to the well-watered plants but showed no color changes during the vegetative phase with mild drought stress. The individual ripening curves reflected by the CVa of single plants are so clear that they represent a promising resource for the application of mathematic models. Curve modeling can add valuable insights into growth dynamics and allows the estimation of further traits. By growth curve modelling of vegetative biomass formation in barley, time points of maximal growth or start of wilting under drought could be estimated and resulted in the detection of corresponding QTL (Chen et al., 2014; Neumann et al. 2017; Dhanagond et al., 2019). By modeling the ripening curve based on CVa, it may be possible to quantify the ripening speed, which differed between genotypes and treatments and will shed more light into this phenology phase.



General effects of drought stress during HTP experiment

The timing of drought significantly affects plant development. If drought stress occurs during the tillering stage, biomass, and the number of tillers per plant are reduced (Dhanagond et al., 2019). PH is affected when drought occurs during stem elongation (Ihsan et al., 2016) and the seed set is negatively affected by drought stress at the flowering stage (Sehgal et al., 2018). When drought stress occurs in the grain filling phase, TKW is reduced (V et al., 2019). As drought in our study started at the tillering stage and lasted until maturity, all these components were affected by progressing drought stress. Similar observations were made in a recent study in spring wheat (Fadoul et al., 2021).

In this HTP experiment, the plants of control and stress treatment started to show significant differences for EB and PH 7 days after the onset of drought. This is in accordance with previous observations in barley on the same HTP system, where biomass in control and drought treatment differed after 5 to 7 days (Neumann et al., 2015). The slower growth was accompanied by a decrease in tillering. Notably, the 10% loss in PH measured on DAS 47 was less than the 20–30% loss in tillering. Thus, the reduced EB may be mainly explained by reduced tillering rather than smaller plants. Similar losses caused by drought were also described in comparable HTP experiments (Honsdorf et al., 2014; Dhanagond et al., 2019; Pham et al., 2019). For the first time, a drought HTP experiment was conducted until maturity to simulate a natural progressing and intensifying drought. The long-term drought caused reductions of all yield components such as number of seeds, TKW and number of tillers and lead to faster maturity of stressed plants. Further, image capturing allowed to determine the heading date of each plant. Heading time is known to be affected by drought. Depending on the timing of the stress and its intensity, it can cause a delay in flowering (Chen et al., 2020; Gol et al., 2020) or lead to earlier flowering as a possible stress escape mechanism (Shavrukov et al., 2017). In the current study, there was only a small effect on heading time. This could be attributed to the fact that only mild drought was applied until flowering. However, a significant delay in the maturation date was observed in the NILs of 7A QTL, indicating that these plants are more resilient to drought. In addition, the Israeli plant material is already adapted to terminal drought and hardly changes their flowering time (Nevo et al., 2012).



Comparison of HTP experiment with the field/screenhouse experiment

Heading time occurred much earlier in the greenhouse compared to the field. A significantly earlier flowering of up to 15 days in controlled environments compared to the field has recently been described in wheat (Sales et al., 2022). Still, the small but significant increasing effect of the 7A QTL in the BarNir background on heading time was detected also in the HTP experiment. The observed general lower yield parameters for single plants in pots compared to plants grown in plant stands in the field/screenhouse were to be expected. However, when averaging the two field years and comparing across all genotypes and both treatments, we reach between 62% (spikes per plant) and 87% (TKW) of the average trait values in the field for the yield parameters and 80% for culm length.

Besides the obvious differences of single plant growth in pots to growth in plant stands in a field soil, the growing conditions in terms of temperature, light quantity and quality, humidity and water availability are not the same. Though the HTP study incorporated a temperature gradient over the growing period, temperatures during day and night are stable in the climate-controlled greenhouse and do not show fluctuations as in the field and also the maxima in temperature reached in the two field years are technically not possible to reach in our greenhouse. Water availability is also difficult to compare between pot and field, due to the different ways of measuring in liters per pot in HTP and mm of precipitation in the field, which are two entirely different systems. According to Merchuk-Ovnat et al. (2016a), the applied water in the control treatment was 690–710 mm and in the water-limited 290-320 mm, which is about 42% lower precipitation in drought stress. In this HTP study, an average of 9 liters was watered to control plants and 3.2 liters to the drought stressed plants, corresponding to one third of the well-watered amount.

Strikingly, NIL-U2-B-3 in the Uzan background had an increasing effect on plant height, while having a decreasing effect in the HTP study in contrast. In general, the plant density in a pot experiment is much lower than in a field experiment. Poorter et al. (2016) analyzed in a meta-analysis of 100 trials how plant height is affected by the different plant densities in the different environments of pot and field. Genotypes planted in different environments showed no consistent trend in their height with respect to environment (Poorter et al., 2016). Thus, the difference in the 2B-QTL effect on plant height could attributed to the genotype and environment interaction. While the NIL-B-7A-2 was significantly taller than the parent BarNir in both HTP and field study, the effect was more pronounced in the HTP study. Similarly, the other observed differences in QTL effect occurrence and size can be interpreted as genotype x environment interaction effects.



Dissection of wild emmer wheat QTL effects on shoot growth

In general, we could successfully reproduce the positive effects of the wild emmer wheat QTLs as had been observed in the previous field experiments. This demonstrates the suitability of the system and the applied setup to study complex traits such as drought resilience. The increased flag leaf area, photosynthesis and WUE of NIL-B-7A-2 in the HTP experiment have already been observed under stress and control treatments in the greenhouse and under control conditions in the field/screenhouse (Merchuk-Ovnat et al., 2016b). Furthermore, photosynthesis was measured both via gas exchange and with a portable device via photochemical quenching during sprouting and grain filling, and inferences were also made about WUE via carbon isotopes. In addition, the higher grain yield, TKW, and total dry matter of NIL-B-7A-2 (Merchuk-Ovnat et al., 2016a) were confirmed in the present experiment. However, the higher grain yield of NIL-Z-7A-2 in the control treatment in the field/screenhouse experiment (Merchuk-Ovnat et al., 2016a) was not observed in the HTP experiment, where TKW was increased under drought stress conditions.

The effect of the wild emmer wheat QTL on chromosome 7A revealed a mixed pattern in BarNir and Zahir backgrounds. For some traits it differed in both cultivars, while for others similar effects were observed. Thus, in both backgrounds a higher TKW was detected under drought stress conditions. In addition, a significant delay in the timing of senescence was observed in both based on CVa. This effect, known as ‘stay-green’ is advantageous under drought stress as it extends the photosynthetic activity, thus providing more assimilates for grain filling (Kamal et al., 2019). While ‘stay-green’ had a positive effect on TKW and yield in wheat mutants (Spano et al., 2003), a negative correlation of the late onset of senescence with yield was observed by Kipp et al. (2014). Non-invasive imaging methods such as those applied here, can visualize the ‘stay-green’ effect. In the field, the Normalized Difference Vegetation Index (NDVI) turned out to be suitable for its detection and could be modeled by a logistic model (Christopher et al., 2014). In a drought stress study it was possible to establish a clear relationship between higher yield and delayed senescence in wheat (Christopher et al., 2016; Rebetzke et al. 2016). The ‘stay-green’ effect was recently investigated in a GWAS study with sorghum based on several years of experiments with field-based drought stress in ten environments (Faye et al., 2021). It was detected that orthologs of the flowering genes in maize underlie the effect and thus cause an increased grain weight. HTP experiments until plant maturity offer the chance to investigate this effect in conjunction with other important traits to gain a holistic understanding of potential trade-offs.

The effect of the 7A-QTL may bear on the production and distribution of hormones at the time of grain filling. In the study of the ‘stay green’ phenotype in wheat, an association with altered cytokinin metabolism and the hormone ABA has already been established (Wang et al., 2016). In a previous transcriptome study of drought effect in drought resilient vs. susceptible wild emmer wheat accessions, the involvement of plant hormones, mainly ABA, GA, IAA, and prolonged metabolic activity were associated with drought resilience (Krugman et al., 2010, 2011).

In the background of BarNir the 7A QTL also resulted in significantly greater EB in both treatments from the seedling stage on, which was connected with larger plants, higher photosynthetic rate, and an improved WUE. The slightly lower CVa observed during a phase when all other plants appeared normally green could be related to epicuticle growth. A link between leaf color and wax content has been demonstrated in oilseed rape by overexpressing the lipid transfer protein gene BraLTP1 and in Spanish juniper (Juniperus thurifera) by measuring the leaf reflectance of green and glaucous leaves with a spectroradiometer (Esteban et al., 2014; Liu et al., 2014). Several studies have identified a relationship between epicuticular waxes and reduced transpiration and higher photosynthesis under drought stress (Guo et al., 2016; Bi et al., 2017). Future studies should evaluate epicuticular waxes on the leaf surface in more detail in addition to plant hormones in BarNir and NIL-B-7A-2.

Since these effects in the BarNir background were not found in the Zahir background, the origin of the QTL was scrutinized. The QTLs were selected from a RIL population originating from a cross between wild emmer wheat and the durum wheat cultivar Langdon. The selection of flanking markers for the QTLs was based on a DArT map (Peleg et al. 2008; Merchuk-Ovnat et al., 2016a). In 2020, another genetic map was created based on 15 K SNP array for the RIL 12 and NIL-B-7A-2 (Deblieck et al., 2020; Fatiukha et al., 2021). Based on this new map, that included 4,015 SNPs, it was found that genetic material from Langdon is also present in the selected QTL region.

Therefore, there is the potential that the differences of the QTL effects in NIL-B-7A-2 compared to NIL-Z-7A-5 arise from the Langdon fragment. Different effects of introgressed QTLs in different genetic backgrounds are not only caused by genotype-environment interactions, but are also due to the different backgrounds (Muellner et al., 2020; Ollier et al., 2020).

The 2B QTL showed a positive effect on the development of EB from flowering to maturity in stress treatment. In principle, there is a clear correlation between a higher number of tillers and a higher yield (Naruoka et al., 2011). However, under stress conditions, increased tillering can be a disadvantage for the plants because not all shoots form fertile ears (Wang Z. et al., 2016; Fábián et al., 2019). Nevertheless, NIL-U-2B-3, also showed a higher number of spikes in both treatments and a higher number of fertile spikes under drought. Higher grain weight, as observed in the field/screenhouse, could not be confirmed here, which may be due to genotype-environment interactions (Merchuk-Ovnat 2016a). Although the plant grain weight was not higher under any treatment in NIL-U-2B-3 in the HTP experiment, the WUE and the HI were increased under drought. The higher tillering and WUE may be related to abscisic acid (ABA; Wang et al., 2018; Itam et al., 2020). The plant hormone ABA is involved in many metabolic pathways. It is an important regulator of water use because it directly regulates stomatal aperture, thereby affecting transpiration (Dunn et al., 2019; Mega et al., 2019). CIPK genes play an important role as they mediate between the ABA signaling pathway and drought stress responses (Cui et al., 2018). Sensitivity for ABA should be tested in the future.

The fact that a higher grain weight was not achieved despite the increased number of fertile ears may be explained by the source-sink relationship. Although more EB or leaf area is available as a source and more fertile ears as sinks, the process of filling the grains was nevertheless interrupted by drought stress or earlier onset of senescence, which interrupts photosynthesis.

Presumably, many resources were invested in tillering, which is far higher for single plants than for plants in field stands, leaving fewer resources in the form of water-soluble carbohydrates available for grain filling (Abdelrahman et al., 2020).




Conclusion

This study demonstrates that non-invasive imaging under controlled conditions and a well-chosen setup can shed light on complex traits such as yield formation under drought even with the drawbacks of a pot experiment. For the first time, an HTP experiment was conducted over the whole plant life cycle in wheat and was able to not only confirm the effect of improved yield and dry matter of two wild emmer wheat QTLs introgressed into Israeli wheat cultivars but also resulted in further insights of their effects during plant development and their temporal dynamics. Thus, it is clear that HTP and field experiments can be combined to complement elucidation of intogressed QTLs in NILs, as in this study, and serve to further decipher mechanisms. Lessons from this experiment can also be drawn with respect to the useful phenotyping period for traits such as PH and EB. Maximum PH and EB were reached about a week after heading, so experiments that only aim at exploring these traits can be stopped at that time. To obtain information on different onset and progress of senescence, the evaluation period should be extended, accordingly. Here, the CVa curves represented best the ongoing senescence of plants. This process can be subjected to modelling of growth curves to obtain parameters for the rate of maturation as the curves of CVa of individual plants are very clear at that time.

The effects of beneficial QTLs of wild emmer wheat in drought and also in control conditions demonstrate the importance of using wild alleles for crop improvement. The differences in the effect of the 7A QTL in the two genetic backgrounds need to be further evaluated in the future. Since the effect of wild emmer wheat QTLs was confirmed in field/screenhouse and pot trials, the NILs were recently crossed with elite German cultivars for future research.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author contributions

YS and KN designed the study. KN conducted the experiment. ML analyzed the precision phenotyping data and was together with KN the major contributor in writing the manuscript. YS supported in statistical analysis of the phenotypic data. CK supported in image analysis and developed an update of the image analysis software IAP. YS and TK developed the material and together with AG, MD, DP, and FO supported in interpretation of the results about QTL effects. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by the Israel Ministry of Agriculture and Rural Development, Chief Scientist Foundation (Grants 837-0079-10, 837-0162-14) and the German Federal Ministry of Food and Agriculture (FKZ: 2813IL03). YS is the incumbent of the Haim Gvati Chair in Agriculture. This work was conducted as part of the STARGATE project funded by the European Union’s Horizon 2020 Research and Innovation Program under grant agreement number 952339.



Acknowledgments

The authors thank Ingo Mücke, Ute Krajewski, Katrin Trnka, and the gardener team of Kathrin Gramel-Koch for support with experimental work. Special thanks to Yusheng Zhao and Dennis Psaroudakis for the support with the statistical analysis.



Conflict of interest

CK was employed by company BASF SE.

The remaining 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.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.965287/full#supplementary-material



References

 Abdelrahman, M., Burritt, D. J., Gupta, A., Tsujimoto, H., Tran, L. S. P., and Foyer, C. (2020). Heat stress effects on source-sink relationships and metabolome dynamics in wheat. J. Exp. Bot. 71, 543–554. doi: 10.1093/jxb/erz296 

 Anscombe, F. J., and Tukey, J. W. (1963). The examination and analysis of residuals. Technometrics 5, 141–160. doi: 10.1080/00401706.1963.10490071

 Asseng, S., Ewert, F., Martre, P., Rötter, R. P., Lobell, D. B., Cammarano, D., et al. (2015). Rising temperatures reduce global wheat production. Nat. Clim. Chang. 5, 143–147. doi: 10.1038/nclimate2470

 Barzana, G., Rios, J. J., Lopez-Zaplana, A., Nicolas-Espinosa, J., Yepes-Molina, L., Garcia-Ibañez, P., et al. (2020). Interrelations of nutrient and water transporters in plants under abiotic stress. Physiol. Plant. 171, 595–619. doi: 10.1111/ppl.13206 

 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, 85–13. doi: 10.1186/s12870-017-1033-3 

 Blum, A. (2017). Osmotic adjustment is a prime drought stress adaptive engine in support of plant production. Plant Cell Environ. 40, 4–10. doi: 10.1111/pce.12800 

 Buckley, T. N., and Mott, K. A. (2013). Modelling stomatal conductance in response to environmental factors. Plant Cell Environ. 36, 1691–1699. doi: 10.1111/pce.12140 

 Chen, D., Neumann, K., Friedel, S., Kilian, B., Chen, M., Altmann, T., et al. (2014). Dissecting the phenotypic components of crop plant growth and drought responses based on high-throughput image analysis. Plant Cell 26, 4636–4655. doi: 10.1105/tpc.114.129601 

 Chen, C., Wang, B., Feng, P., Xing, H., Fletcher, A. L., and Lawes, R. A. (2020). The shifting influence of future water and temperature stress on the optimal flowering period for wheat in Western Australia. Sci. Total Environ. 737:139707. doi: 10.1016/j.scitotenv.2020.139707 

 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 

 Christopher, J. T., Veyradier, M., Borrell, A. K., Harvey, G., Fletcher, S., and Chenu, K. (2014). Phenotyping novel stay-green traits to capture genetic variation in senescence dynamics. Funct. Plant Biol. 41, 1035–1048. doi: 10.1071/FP14052 

 Cui, X. Y., Du, Y. T., Fu, J., Dong, Y. U. T. F., Wang, C. T., Chen, M., et al. (2018). Wheat CBL-interacting protein kinase 23 positively regulates drought stress and ABA responses. BMC Plant Biol. 18, 93–13. doi: 10.1186/s12870-018-1306-5 

 Deblieck, M., Fatiukha, A., Grundman, N., Merchuk-Ovnat, L., Saranga, Y., Krugman, T., et al. (2020). GenoTypeMapper: graphical genotyping on genetic and sequence-based maps. Plant Methods 16, 123–111. doi: 10.1186/s13007-020-00665-7 

 Dhanagond, S., Liu, G., Zhao, Y., Chen, D., Grieco, M., Reif, J., et al. (2019). Non-invasive phenotyping reveals genomic regions involved in pre-anthesis drought tolerance and recovery in spring barley. Front. Plant Sci. 10, 1–21. doi: 10.3389/fpls.2019.01307 

 Dunn, J., Hunt, L., Afsharinafar, M., Al Meselmani, M., Mitchell, A., Howells, R., et al. (2019). Reduced stomatal density in bread wheat leads to increased water-use efficiency. J. Exp. Bot. 70, 4737–4748. doi: 10.1093/jxb/erz248

 Esteban, R., Fernández-Marín, B., Olano, J. M., Becerril, J., and García-Plazaola, J. I. (2014). Does plant colour matter? Wax accumulation as an indicator of decline in Juniperus thurifera. Tree Physiol. 34, 267–274. doi: 10.1093/treephys/tpu006

 Fábián, A., Sáfrán, E., Szabó-Eitel, G., Barnabás, B., and Jäger, K. (2019). Stigma functionality and fertility are reduced by heat and drought co-stress in wheat. Front. Plant Sci. 10, 1–18. doi: 10.3389/fpls.2019.00244 

 Fadoul, H. E., Martínez Rivas, F. J., Neumann, K., Balazadeh, S., Fernie, A. R., and Alseekh, S. (2021). Comparative molecular and metabolic profiling of two contrasting wheat cultivars under drought stress. Int. J. Mol. Sci. 22:13287. doi: 10.3390/ijms222413287 

 FAOSTAT (2020). FAOSTAT Database. Rome: FAO.

 Fatiukha, A., Deblieck, M., Klymiuk, V., Merchuk-Ovnat, L., Peleg, Z., Ordon, F., et al. (2021). Genomic architecture of phenotypic plasticity in response to water stress in tetraploid wheat. Int. J. Mol. Sci. 22:1723. doi: 10.3390/ijms22041723 

 Faye, J. M., Akata, E. A., Sine, B., Diatta, C., Cisse, N., Fonceka, D., et al. (2021). Quantitative and population genomics suggest a broad role of staygreen loci in the drought adaptation of sorghum. Bio Rxiv, June, 15.09.447769. doi: 10.1002/tpg2.20176

 Gol, L., Haraldsson, E. B., and von Korff, M. (2020). Ppd-H1 integrates drought stress signals to control spike development and flowering time in barley. J. Exp. Bot. 72, 122–136. doi: 10.1093/jxb/eraa261 

 Golzarian, M. R., Frick, R. A., Rajendran, K., Berger, B., Roy, S., Tester, M., et al. (2011). Accurate inference of shoot biomass from high-throughput images of cereal plants. Plant Methods 7, 1–11. doi: 10.1186/1746-4811-7-2 

 Grieco, M., Roustan, V., Dermendjiev, G., Rantala, S., Jain, A., Leonardelli, M., et al. (2020). Adjustment of photosynthetic activity to drought and fluctuating light in wheat. Plant Cell Environ. 43, 1484–1500. doi: 10.1111/pce.13756 

 Guo, J., Xu, W., Yu, X., Shen, H., Li, H., Cheng, D., et al. (2016). Cuticular wax accumulation is associated with drought tolerance in wheat near-isogenic lines. Front. Plant Sci. 7, 1–10. doi: 10.3389/fpls.2016.01809 

 Honsdorf, N., March, T. J., Berger, B., Tester, M., and Pillen, K. (2014). High-throughput phenotyping to detect drought tolerance QTL in wild barley introgression lines. PLoS One 9:e97047. doi: 10.1371/journal.pone.0097047 

 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 

 Itam, M., Mega, R., Tadano, S., Abdelrahman, M., Matsunaga, S., Yamasaki, Y., et al. (2020). Metabolic and physiological responses to progressive drought stress in bread wheat. Sci. Rep. 10, 17189–17114. doi: 10.1038/s41598-020-74303-6 

 Kamal, N. M., Gorafi, Y. S. A., Abdelrahman, M., Abdellatef, E., and Tsujimoto, H. (2019). Stay-green trait: a prospective approach for yield potential, and drought and heat stress adaptation in globally important cereals. Int. J. Mol. Sci. 20. doi: 10.3390/ijms20235837

 Kipp, S., Mistele, B., and Schmidhalter, U. (2014). Identification of stay-green and early senescence phenotypes in high-yielding winter wheat, and their relationship to grain yield and grain protein concentration using high-throughput phenotyping techniques. Funct. Plant Biol. 41, 227–235. doi: 10.1071/FP13221 

 Klukas, C., Chen, D., and Pape, J. M. (2014). Integrated analysis platform: an open-source information system for high-throughput plant phenotyping. Plant Physiol. 65, 506–518. doi: 10.1104/pp.113.233932

 Krugman, T., Chagué, V., Peleg, Z., Balzergue, S., Just, J., Korol, A. B., et al. (2010). Multilevel regulation and signalling processes associated with adaptation to terminal drought in wild emmer wheat. Funct. Integ. Gen. 10, 167–186. doi: 10.1007/s10142-010-0166-3 

 Krugman, T., Nevo, E., Beharav, A., Sela, H., and Fahima, T. (2018). The institute of evolution wild cereal gene bank at the University of Haifa. Isr. J. Plant Sci. 65, 129–146. doi: 10.1163/22238980-00001065

 Krugman, T., Peleg, Z., Quansah, L., Chagué, V., Korol, A. B., Nevo, E., et al. (2011). Alteration in expression of hormone-related genes in wild emmer wheat roots associated with drought adaptation mechanisms. Funct. Integ. Gen. 11, 565–583. doi: 10.1007/s10142-011-0231-6 

 Langridge, P., and Reynolds, M. (2021). Breeding for drought and heat tolerance in wheat. Theor. Appl. Genet. 134, 1753–1769. doi: 10.1007/s00122-021-03795-1 

 Langstroff, A., Heuermann, M. C., Stahl, A., and Junker, A. (2022). Opportunities and limits of controlled-environment plant phenotyping for climate response traits. Theor. Appl. Genet. 135, 1–16. doi: 10.1007/s00122-021-03892-1 

 Leng, G., and Hall, J. (2019). Crop yield sensitivity of global major agricultural countries to droughts and the projected changes in the future. Sci. Total Envir. 654, 811–821. doi: 10.1016/j.scitotenv.2018.10.434

 Liu, F., Xiong, X., Wu, L., Fu, D., Hayward, A., Zeng, X., et al. (2014). Bra LTP1, a lipid transfer protein gene involved in epicuticular wax deposition, cell proliferation and flower development in Brassica napus. PLoS One 9:e110272. doi: 10.1371/journal.pone.0110272 

 Mascher, M., Schreiber, M., Scholz, U., Graner, A., Reif, J. C., and Stein, N. (2019). Genebank genomics bridges the gap between the conservation of crop diversity and plant breeding. Nat. Genet. 51, 1076–1081. doi: 10.1038/s41588-019-0443-6 

 Mega, R., Abe, F., Kim, J. S., Tsuboi, Y., Tanaka, K., Kobayashi, H., et al. (2019). Tuning water-use efficiency and drought tolerance in wheat using abscisic acid receptors. Nat. Plants 5, 153–159. doi: 10.1038/s41477-019-0361-8 

 Merchuk-Ovnat, L., Barak, V., Fahima, T., Ordon, F., Lidzbarsky, G. A., Krugman, T., et al. (2016a). Ancestral QTL alleles from wild emmer wheat improve drought resistance and productivity in modern wheat cultivars. Front. Plant Sci. 7, 1–14. doi: 10.3389/fpls.2016.00452 

 Merchuk-Ovnat, L., Fahima, T., Krugman, T., and Saranga, Y. (2016b). Ancestral QTL alleles from wild emmer wheat improve grain yield, biomass and photosynthesis across environments in modern wheat. Plant Sci. 251, 23–34. doi: 10.1016/j.plantsci.2016.05.003 

 Mikołajczak, K., Ogrodowicz, P., Ćwiek-Kupczyńska, H., Weigelt-Fischer, K., Mothukuri, S. R., Junker, A., et al. (2020). Image phenotyping of spring barley (Hordeum vulgare L.) RIL population under drought: selection of traits and biological interpretation. Front. Plant Sci. 11:743. doi: 10.3389/fpls.2020.00743 

 Muellner, A. E., Buerstmayr, M., Eshonkulov, B., Hole, D., Michel, S., Hagenguth, J. F., et al. (2020). Comparative mapping and validation of multiple disease resistance QTL for simultaneously controlling common and dwarf bunt in bread wheat. Theor. Appl. Genet. 134, 489–503. doi: 10.1007/s00122-020-03708-8 

 Munns, R., James, R. A., Sirault, X. R. R., Furbank, R. T., and Jones, H. G. (2010). New phenotyping methods for screening wheat and barley for beneficial responses to water deficit. J. Exp. Bot. 61, 3499–3507. doi: 10.1093/jxb/erq199 

 Naruoka, Y., Talbert, L. E., Lanning, S. P., Blake, N. K., Martin, J. M., and Sherman, J. D. (2011). Identification of quantitative trait loci for productive tiller number and its relationship to agronomic traits in spring wheat. Theor. Appl. Genet. 123, 1043–1053. doi: 10.1007/s00122-011-1646-0 

 Neumann, K., Klukas, C., Friedel, S., Rischbeck, P., Chen, D., Entzian, A., et al. (2015). Dissecting spatiotemporal biomass accumulation in barley under different water regimes using high-throughput image analysis. Plant Cell Environ. 38, 1980–1996. doi: 10.1111/pce.12516 

 Neumann, K., Zhao, Y., Chu, J., Keilwagen, J., Reif, J. C., Kilian, B., et al. (2017). Genetic architecture and temporal patterns of biomass accumulation in spring barley revealed by image analysis. BMC Plant Biol. 17:137. doi: 10.1186/s12870-017-1085-4

 Nevo, E., and Beiles, A. (1989). Genetic diversity of wild emmer wheat in Israel and Turkey-Structure, evolution, and application in breeding. Theor. Appl. Genet. 77, 421–455. doi: 10.1007/BF00305839 

 Nevo, E., Fu, Y. B., Pavlicek, T., Khalifa, S., Tavasi, M., and Beiles, A. (2012). Evolution of wild cereals during 28 years of global warming in Israel. Proc. Natl. Acad. Sci. U. S. A. 109, 3412–3415. doi: 10.1073/pnas.1121411109 

 Ollier, M., Talle, V., Brisset, A. L., Le Bihan, Z., Duerr, S., Lemmens, M., et al. (2020). QTL mapping and successful introgression of the spring wheat-derived QTL Fhb 1 for Fusarium head blight resistance in three European triticale populations. Theor. Appl. Genet. 133, 457–477. doi: 10.1007/s00122-019-03476-0 

 Peleg, Z., Fahima, T., Abbo, S., Krugman, T., Nevo, E., Yakir, D., et al. (2005). Genetic diversity for drought resistance in wild emmer wheat and its ecogeographical associations. Plant Cell Environ. 28, 176–191. doi: 10.1111/j.1365-3040.2005.01259.x

 Peleg, Z., Fahima, T., Krugman, T., Abbo, S., Yakir, D., Korol, A. B., et al. (2009). Genomic dissection of drought resistance in durum wheat x wild emmer wheat recombinant inbreed line population. Plant Cell Environ. 32, 758–779. doi: 10.1111/j.1365-3040.2009.01956.x 

 Peleg, Z., Saranga, Y., Suprunova, T., Ronin, Y., Röder, M. S., Kilian, B., et al. (2008). High-density genetic map of durum wheat × wild emmer wheat based on SSR and DArT markers. Theor. Appl. Genet. 117, 103–115. doi: 10.1007/s00122-008-0756-9

 Pham, A. T., Maurer, A., Pillen, K., Brien, C., Dowling, K., Berger, B., et al. (2019). Genome-wide association of barley plant growth under drought stress using a nested association mapping population. BMC Plant Biol. 19, 134–116. doi: 10.1186/s12870-019-1723-0 

 Poorter, H., Fiorani, F., Pieruschka, R., Wojciechowski, T., Putten, W. H., Kleyer, M., et al. (2016). Pampered inside, pestered outside? Differences and similarities between plants growing in controlled conditions and in the field. New Phytol. 212, 838–855. doi: 10.1111/nph.14243 

 Prathap, V., Ali, K., Singh, A., Vishwakarma, C., Krishnan, V., Chinnusamy, V., et al. (2019). Starch accumulation in rice grains subjected to drought during grain filling stage. Plant Physiol. Biochem. 142, 440–451. doi: 10.1016/j.plaphy.2019.07.027 

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

 Sales, C., Molero, G., Evans, J., Taylor, S., Joynson, R., Furbank, R., et al. (2022). Phenotypic variation in photosynthetic traits in wheat grown under field versus glasshouse conditions. J. Exp. Bot. 73, 3221–3237. doi: 10.1093/jxb/erac096 

 Saranga, Y., Peleg, Z., and Fahima, T. (2008). “Physiological-genetic dissection of drought resistance in wild emmer wheat” in The 11th International Wheat Genetics Symposium Proceedings. eds. R. Appels, R. Eastwood, E. Lagudah, P. Langridge, M. Mackay, and L. McIntyre, et al. (Sydney: Sydney University Press)

 Sehgal, A., Sita, K., Siddique, K. H. M., Kumar, R., Bhogireddy, S., Varshney, R. K., et al. (2018). Drought or/and heat-stress effects on seed filling in food crops: impacts on functional biochemistry, seed yields, and nutritional quality. Front. Plant Sci. 9:1705. doi: 10.3389/fpls.2018.01705 

 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, 1–8. doi: 10.3389/fpls.2017.01950 

 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

 Shorinola, O., Kaye, R., Golan, G., Peleg, Z., Kepinski, S., and Uauy, C. (2019). Genetic screening for mutants with altered seminal root numbers in hexaploid wheat using a high-throughput root phenotyping platform. G3 9, 2799–2809. doi: 10.1534/g3.119.400537 

 Spano, G., Di Fonzo, N., Perrotta, C., Platani, C., Ronga, G., Lawlor, D. W., et al. (2003). Physiological characterization of ‘stay green’ mutants in durum wheat. J. Exp. Bot. 54, 1415–1420. doi: 10.1093/jxb/erg150

 Toreti, A., Belward, A., Perez-Dominguez, I., Naumann, G., Luterbacher, J., Cronie, O., et al. (2019). The exceptional 2018 European water seesaw calls for action on adaptation. Earth’s Fut. 7, 652–663. doi: 10.1029/2019EF001170

 Tschiersch, H., Junker, A., Meyer, R. C., and Altmann, T. (2017). Establishment of integrated protocols for automated high throughput kinetic chlorophyll fluorescence analyses. Plant Methods 13:54. doi: 10.1186/s13007-017-0204-4 

 Wang, H., Chen, W., Eggert, K., Charnikhova, T., Bouwmeester, H., Schweizer, P., et al. (2018). Abscisic acid influences tillering by modulation of strigolactones in barley. J. Exp. Bot. 69, 3883–3898. doi: 10.1093/jxb/ery200 

 Wang, W., Hao, Q., Tian, F., Li, Q., and Wang, W. (2016). The stay-green phenotype of wheat mutant tasg1 is associated with altered cytokinin metabolism. Plant Cell Rep. 35, 585–599. doi: 10.1007/s00299-015-1905-7 

 Wang, Z., Liu, Y., Shi, H., Mo, H., Wu, F., Lin, Y., et al. (2016). Identification and validation of novel low-tiller number QTL in common wheat. Theor. Appl. Genet. 129, 603–612. doi: 10.1007/s00122-015-2652-4 

 Wang, J. Y., Turner, N. C., Liu, Y. X., Siddique, K. H. M., and Xiong, Y. C. (2017). Effects of drought stress on morphological, physiological and biochemical characteristics of wheat species differing in ploidy level. Funct. Plant Biol. 44, 219–234. doi: 10.1071/FP16082 

 Witzenberger, A., Hack, H., and van den Boom, T. (1989). Erläuterungen zum BBCH Dezimal-Code für die Entwicklungsstadien des Getreides – mit Abbildungen. Gesunde Pflanzen 41, 384–388.

OPS/images/fpls-13-965287-M2.jpg
vG +
nRep





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Precision phenotyping across the life cycle to validate and decipher drought-adaptive QTLs of wild emmer wheat (Triticum turgidum ssp. dicoccoides) introduced into elite wheat varieties



		Introduction



		Materials and methods



		Plant material



		HTP system



		HTP experiment



		Comparison of the HTP experiment with the screenhouse/field experiment



		Image analysis



		Statistical analysis









		Results



		High repeatability of biomass related traits under drought stress



		Impact of drought stress on evaluated traits



		QTL effects on traits measured before and at maturity



		Effect of QTL on chromosome 7A



		Effect of QTL on chromosome 2B









		Comparison of HTP experiment with the field/screenhouse experiment



		Dynamic phenotyping revealed effect of wild emmer wheat QTLs on drought resilience



		Effect of QTL on chromosome 7A for NIL-B-7A-2



		Effect of QTL on chromosome 7A for NIL-Z-7A-5



		Effect of QTL on chromosome 2B for NIL-U-2B-3















		Discussion



		Suitability of HTP phenotyping for evaluation of yield characteristics



		General effects of drought stress during HTP experiment



		Comparison of HTP experiment with the field/screenhouse experiment



		Dissection of wild emmer wheat QTL effects on shoot growth









		Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References



















OPS/images/fpls-13-965287-M1.jpg
Estimated Biovolume [voxel]

= \Javerage pixel side area’ # top area





OPS/images/fpls-13-965287-t002.jpg
Traits measured before
maturity

TN DAS28

TN DAS53

TN DAS70

Gain of TN DAS28 and 53
Gain of TN DAS53 and 70
Gain of TN DAS28 and 70
BBCHSS in DAS

Flag Leaf Width (mm)
Flag Leaf Length (cm)
Flag Leaf Area (cm’)
Osmotic Potential (MPa)
QY-HDAS 69

QY-HDAS 74

QY-LDAS 69
QY-LDAS74

QY-LH Ratio DAS 69
QY-LH Ratio DAS 74

‘Traits measured at
maturity

Main Ear Awn Length (cm)
Ear Length (cm)

Culm Length (cm)
Peduncle length (cm)

Last Internode length (cm)
Plant height (cm)

Number of Spikes
Number of fertile Spikes
Plant Biomass (g)

Plant Grain Weight (g)
Plant Straw Weight ()
Plant Harvest Index
Biomass WUE (g/l)

Plant TKW ()

Plant Seed area (mm?)
Plant Seed width (mm)
Plant Seed length (mm)
Plant Grain Number
Grains per Ear

Main Ear Spikelet Number
Main Ear Grain Number
Main Ear Grains per Spikelet
Main Ear Biomass (g)
Main Ear Grain Weight (g)
Main Ear Straw (g)

Main Ear Harvest Index
Main Ear TKW (g)

Main Ear Seed Area (mnv’)

Watersum(l)

“IN, tiller number; QY-H, quantum yield of photosystem Il under high-light and QY-L.
under low light; QY-LH, ratio of QY-L to QY-H; DAS, days after sowing.





OPS/images/fpls-13-965287-t001.jpg
Name Generation
BarNir Israeli cultivar
T. aestivum

NIL-B-7A-2 BCF;

T. aestivum

Zahir Israeli cultivar

T, aestivum

NIL-Z-7A5

T, aestivum

Uzan Israli cultivar
T, durum
NIL-U-2B-3 BCJ

T, durum

Modified after (Merchuk-Ovnat et al, 2016a).

Recurrent parents

BarNir

Zahir

Uzan

Location of QTL

introgression

7A

7A

28

Associated traits

“Total & Spike Dry Matter
under Drought

Total & Spike Dry Matter
under Drought

Grain Yield & Harvest

Index

Flanking markers

Xgwm60, Xwmcd22

Xgwme60, Xwmc596

Xgwm1128, Xgwm1177





OPS/images/fpls-13-965287-g011.jpg
Plant Height of Uzan and NIL-U-2B-3

establishment mild drought__| severe drought

Uzan Control
Uzan Stress
NIL-U-2B-3 Control
NIL-U-2B-3 Stress

<

BBCHS5

30 60 90 120





OPS/images/fpls-13-965287-g010.jpg
o
=

2
=

Estimated Biovolume [voxel 10-6]
° °
S 2

0.0-

A=

<

establishment
phase

Uzan Control
Uzan Stress

NIL-U-2B-3 Control
NIL-U-2B-3 Stress

BBCH55

25

mild drought

50

DAS

75

Estimated Biovolume of Uzan and NIL-U-2B-3

severe drought

100





OPS/images/cover.jpg
’frontiers Frontiers in Plant Science

Precision phenotyping across
the life cycle to validate and
decipher drought-adaptive QTLs
of wild emmer wheat (Triticum
turgidum ssp. dicoccoides)
introduced into elite wheat
varieties









OPS/images/crossmark.jpg
(®) Check for updates






OPS/images/logo.jpg
’ frontiers Frontiers in Plant Science





OPS/images/fpls-13-965287-g005.jpg
0.25:

0.20:

Color Value [hue]
°
&

°
3

0.05-

establishment
phase

BarNir Control
BarNir Stress
NIL-B-7A-2 Control
NIL-B-7A-2 Stress

mild drought

50

DAS

75

Color Value of BarNir and NIL-B-7A-2

severe drought

100

125





OPS/images/fpls-13-965287-g006.jpg
Estimated Biovolume [voxel 10-6]

0.00-

£
i
]

o
@
o

)
N
a

Estimated Biovolume of Zahir and NIL-Z-7A-5
establishment |

phase

mild drought

50

DAS

75

severe drought

100

125

— Zahir Control
— Zahir Stress
— NIL-Z-7A-5 Control
~ NIL-Z-7A-5 Stress

v BBCHS5





OPS/images/fpls-13-965287-g003.jpg
°

=
o

Estimated Biovolume [voxel 10-6]

0.0

<

Estimated Biovolume of BarNir and NIL-B-7A-2

establishment

mild drought
phase

severe drought

BarNir Control

NIL-B-i 7A 2 Slress

BBCHS55

25 50 75 100

125





OPS/images/fpls-13-965287-g004.jpg
800

Plant Height of BarNir and NIL-B-7A-2

mild drought severe drought

establishment
phase

BarNir Control
BarNir Stress
NIL-B-7A-2 Control
NIL-B-7A-2 Stress

[N

<

BBCHS5

30 60 90 120





OPS/images/fpls-13-965287-g009.jpg
>
@

=
>

Estimated Biovolume [voxel 10-6]
o o
N S

0.0+

Estlmated Biovolume of Uzan and NIL-U-2B-3

establishment |

e it

severe drought

Uzan Control
Uzan Stress
NIL-U-2B-3 Control
NIL-U-2B-3 Stress

el

<

BBCHS55






OPS/images/fpls-13-965287-g007.jpg
750-

Plant Height of Zahir and NIL-Z-7A-5

establishment mild drought | severe droug
phase "

Zahir Control

Zahir Stress
NIL-Z-7A-5 Control
NIL-Z-7A-5 Stress

<

BBCHS5

30 60 90 120





OPS/images/fpls-13-965287-g008.jpg
Color Value of Zahir and NIL-Z-7A-5
0.25- !

mild drought

severe drought

establishment
phase

0.20-

T |
g
= |
Y — Zahir Control '
2045 — Zahir Stress :
s — NIL-Z-7A Control i
s ~ NIL-Z-7A5 Siress !
? | |
2 ! '
0.10- ! i
0.05- ' !
25 50 75 100 125

DAS





OPS/images/fpls-13-965287-g001.jpg
Repeatability %
00 02 04 06 08 1.0

Estimated Biovolume

2
EER
Zo |
53  Control
T
2o ® Stress
Lo
2y
2
s
20 40 60 80 100 120
DAS
Plant Height [ Color Value
e
MWWP—‘_,. .
E
3o
]
T
g5
3
2
r T v T r T s T T v y r T
20 40 60 80 100 120 20 40 60 80 100 120
DAS






OPS/images/fpls-13-965287-g002.jpg
Straw Weight Grain Weight

Total Plant Biomass

Straw Weightig]

Fresh Welght [g]

10

20

15

o1 o2 03 04 05 06 o7 01 02 03 04 05 05 07
Final Estimated Biovolume [voxel] Final Estimated Blovolume [vorel]

01 02 03 04 05 06 07
Final Estimated Biovolume [voxel]





OPS/images/fpls-13-965287-t004.jpg
Control
Plant height (cm)

Main Ear Awn Length (cm)
Ear Length (cm)

Culm Length (cm)
Peduncle length (cm)

Last Internode length (cm)
Number of Spikes

Number of fertile Spikes
Plant Biomass (g)

Plant Grain Weight (g)
Plant Straw Weight (g)
Plant Harvest Index
Biomass WUE (g/l)

Plant TKW (g)

Plant Seed area (mm?)
Plant Seed width (mm)
Plant Seed Length (mm)
Plant Grain Number
Grains per Ear

Main Ear Spikelet Number
Main Ear Grain Number

Main Ear Grains per Spikelet

Main Ear Biomass (g)
Main Ear Grain Weight (g)
Main Ear Straw (g)

Main Ear Harvest Index
Main Ear TKW (g)

M

Ear Seed Area (mm?)
Watersum (1)

Stress

Plant height (cm)

M

Ear Awn Length (cm)
Ear Length (cm)

Culm Length (cm)
Peduncle length (cm)

Last Internode length (cm)
Number of Spikes

Number of fertile Spikes
Plant Biomass (g)

Plant Grain Weight (g)
Plant Straw Weight (g)
Plant Harvest Index
Biomass WUE (g/l)

Plant TKW (g)

Plant Seed area (mm?)
Plant Seed width (mm)
Plant Seed Length (mm)
Plant Grain Number
Grains per Ear

Main Ear Spil
Main Ear Grain Number

let Number

Main Ear Grains per Spikelet
Main Ear Biomass (g)

Main Ear Grain Weight (g)
Main Ear Straw (g)

Main Ear Harvest Index
Main Ear TKW (g)

Main Ear Seed Area (mnr’)

Watersum (1)

A t-test with a significance level of p<0.05 was used to detect significant differences between lines and has been highlighted here in bold.

BarNir

47.68£158

626+0.59
1023045
37455149
670£1.26
1609+0.60
680£1.14
650£1.08
1251£2.02
7.60+124
635£1.02
051004
153£0.09
37.30£2.16
1392054
3254010
5944010
204.90+34.01
31804447
1810+0.99
32204671
569241180
148017
121£0.16
027+0.06
082£0.04
38.16£4.60
1438+0.95
8144099

44824099
616£0.59
1057042
3425408
4984097
1537037
3604084
3334050
5424055
4004034
3024031
0.50:£0.03
193£0.20
33.05+333
1317067
3.08£0.11
594010
120301623
35.01+4.80
1870048
37.60+5.68
67.13£10.19
162£0.09
131£0.10
0314003
0.8140.02
35.52+4.66
1444077
28240.14

NIL-B-7A-2

72614285

835070
8.60£3.06
6424439
1316528
1854£7.00
690£1.73
690£1.73
1694£5.89
1050+3.95
8422224
051005
166026
44604655
15945161
3484020
632025
2278046598
32984510
18804103
3480£4.16
67.16£5.82
201029
165026
036008
082004
47.26£461
1653118
991£225

67214254
806072
818+3.88

59.03:£4.09
14.863.90
1921£0.94
410088
410088
809139
5704091
4.48+0.60
0.49£0.04
2174025
39291211
1471£073
3304008
618020
140.60£26.67
34574284
18701.06
3970691

737341194
206022
1712019
035£0.06
083002

43.82+5.61
16254127
3734043

p-value

0.00

0.00
o011
0.00
0.00
028
088
054
0.04
0.04
0.02
038
014
0.00
0.00
0.00
0.00
034
059
014
031
0.02
0.00
0.00
0.01
089
0.00
0.00
0.04

0.00
0.00
007
0.00
0.00
0.00
021
0.03
0.00
0.00
0.00
037
0.03
0.00
0.00
0.00
0.00
0.05
081
1.00
047
020
0.00
0.00
0.04
0.08
0.00
0.00
0.00

Zahir

72744327

6352052
10.17£0.59
62374275
1047191
1725£0.72

4.00£1.05

4.00£1.05

13272400

870234

7.61£1.80

046004

1462020
47434475
1629+0.93

373013

607023

182.50+45.45

146474829
23.80+1.62
52.8046.66

119241326
3.08£052

2554043

0.54£0.10

083001
48.043.60
16.17£0.92

8.96+1.68

68.72:£179
567048
876320
59.82:£330
1042384
1265+21.33
2502053
240052
497076
4.00£0.62
3344032
041006
170£021
38174632
13.88+147
339020
5674034
105.9017.38
44735489
22.40£1.17
5140£3.92
121.98:+13.69
2372025
1954023
042006
0822002
37.974437
13.93£1.05
2924017

NIL-Z-7A-5

7478£3.12

671023
9.88+0.47
64904299
1320£2.14
17.83£059
390£057
3904057
1176£1.85
7.50+1.08
697£1.00
0452005
1432014
47554218
1669£0.49
3.68+0.05
629+0.14
15630£23.19
4034£492
22604135
4540474
10421£13.16
273029
2264025
048+0.05
083001
49874444
1672£095
8204071

67834247
5624056
923£328

5847357
610£2073
1570£0.54
2402052
2404052
5124086
4.00£0.63
339030
041005
179£0.19
4401£527
15422120
3524013
606026
90802129

38.00£5.73

2220£1.62
4110£7.78
90.19+17.93
2232017
182+0.16
041006
082002
45294610
15.68+1.48
2854021

p-value

017

007
024
009
0.01
007
079
079
029
015
033
048
073
095
024
031
0.02
012
006
009
0.01
0.02
008
008
010
094
032
021
021

039
083

039
053

0.66
0.67
100
0.69
0.88
0.69
0.88
034
0.04
0.02
0.09
0.01
010
0.01
076
0.00
0.00
018
017
074
055
0.01
0.01
043

Uzan

6248+186

11712091
520£1.08
57.28+192
19181223
11621224
5.30£0.67
4904099
1169183
690£1.70
686059
044007
127013
50.05:+570
18.66:£0.97
3.82£0.13
692£0.16
136.10+27.32
28354630
14.80£0.42
32904213
89214599
2094028
172028
0.37£0.04
0.82£0.04
52294797
1895116
921£1.10

58.08:4129
1146£1.09
4845171
52104226
1445£5.12
100121114
3.00£0.00
3.00£0.00
566075
3904055
3634035
0.42£003
170£0.11
46.85£421
17.48£0.74
3.69+0.13
6.68+0.11
81204966
28174317
14.80£092
3020£262
80.11£665
1912023
156+0.21
035004
081002
51404374
1835£0.69
3314030

NIL-U-2B-3

54744342

1115£1.07
501£030
497323.15
1164£2.30
1435£0.77
630£125
5.80£1.40
12514322
7404199
697£156
046005
133019
48324305
1747£071
37620.11
65420.11
15200+37.74

26.5:

424
1420£0.79
31004353
84644984
190024
1580.18
0324007
0.83£0.02
50924223
1771£055
928+1.62

4803225
1065+0.88
463£1.66
4370325
983£4.10
1145408
3804042
3804042
6432116
440078
3694053
046003
191£0.19
46714348
1675£0.53
364009
649£0.10
92.60£17.30
24254311
1360£1.17
27904233
74254803
162017
136+0.13
0264004
081002
148.76+258
1724£050
3344038

p-value

0.00
022

060
0.00
007
049
0.04
011

049
054
084
036
042
041

0.01

031

0.00
029
046
0.05
016
023
011

019
006
036
061

0.01
091

0.00
009
078
0.00
004
071

0.00
0.00
0.10
018
078
0.01
0.01
094
002
024
0.00
0.09
0.01
0.02
005
010
0.00
0.02
0.00
0.00
0.08
0.00
086





OPS/images/fpls-13-965287-t003.jpg
BarNir  NIL-B-7A-2 p-value Zahir NIL-Z-7A-5 p-value Uzan NIL-U-2B-3 p-value

Control

TN DAS28 3.0040.67 2904110 081 2304048 2104057 041 2904032 2904074 i
TN DASS3 630125 5904160 0.54 3404052 3004047 009 370£1.06 4504127 0.14
TN DAS70 6602107 7.10£1.60 042 3804079 3804063 100 5.70+095 7.40£232 0.05
Gainof TNDAS28and 53 3.30+1.06 3.00£1.05 053 110057 090£0.57 044 080£1.14 160 1.26 015
Gain of TNDAS53and 70 0.30£0.48 120£0.79 0.01 040070 0.80£0.63 020 200£149 2904242 0.33
Gain of INDAS28and 70 3.60£0.97 420103 020 1.50£0.85 170£0.67 057 280£0.92 4504184 0.02
BBCHSS in DAS 46.60£097  47.00+149 049 55608299 54.00£287 024 50.00£067  49.80%1.40 0.69
Flag Leaf Width (mm) 1450£0.53 1580175 0.04 18208114 1800£082 066 1800£115  18.10£166 0.88
Flag Leaf Length (cm) 3228+140 33894340 018 2476£253 2560217 044 2645:194  25.40%139 018
Flag Leaf Area (cm?) 156538612 1880322644 0.00 244132029  242.93%14.08 088 23993£2103 24188%31.82 087
Osmotic Potential (MPa) ~ ~1.533008  —152+0.09 076 -134£013  -13820.13 045 -154%0.14  -158+0.13 057
QY-H DAS 69 0.4420.01 0.47£0.01 0.00 0.46£0.01 047£0.01 050 047001 047:£001 0.86
QY-HDAS 74 044001 0.460.02 0.09 0.46£0.01 0.46+0.01 074 0.4620.01 0.46:£0.01 1.00
QY-L DAS 69 051001 051001 057 0.51£001 051001 018 053002 053001 0.66
QY-LDAS74 052£0.01 053002 0.04 0.51£0.02 051001 088 0524002 053001 016
QY-LH Ratio DAS 69 1154003 1.09£0.02 0.00 109004 110£0.03 070 112004 1124002 075
QY-LH Ratio DAS 74 117£0.03 116£0.03 0.98 1124004 1124004 090 113£0.04 1152003 018
Stress

TN DAS28 2604052 2804042 036 2204079 200£0.67 055 2404052 3304048 0.00
TN DASS3 410099 440107 053 2704048 280£0.63 070 3.00£047 3804042 0.00
TN DAS70 4.40£0.97 460126 070 3.00£0.67 3004047 100 330+048 5104088 0.00
Gain of TNDAS28and 53 1.50£0.97 160£0.97 0.82 0504053 080092 038 0.60£0.70 050053 072
Gain of TNDAS53and 70 0.30£0.48 020£1.03 078 0.30£0.67 020£0.42 070 030£0.82 130+ 1.06 003
Gainof TNDAS28and 70 1.80£0.92 180£132 100 0.80£0.79 1004082 058 090£0.74 180+ 1.03 0.04
BBCHSS in DAS 45205063 4620+092 0.01 52604184 52804239 084 4830:067  47.50%127 0.10
Flag Leaf Width (mm) 15.00%1.15 1570%1.16 019 16508172 1590£137 040 1660£0.97  1640£2.07 078
Flag Leaf Length (cm) 3146105 3578181 0.00 1628+343 1755530 053 2328+067  22.96+321 0.76
Flag Leaf Area (cm?) 168531557  189.9842662  0.04  20460£22.68 189832546 019 21308£2228 182.66£7286 022
Osmotic Potential (MPa) ~ ~1.86+0.14  —189+0.11 052 -173%022  -172%0.18 093 -182£007  ~189:0.12 015
QY-H DAS 69 0.42£0.02 0.460.01 0.00 0.45£0.02 0442002 057 044002 043:£0.02 011
QY-HDAS 74 0.41£0.01 0.45£0.01 0.00 044001 044001 082 0424002 0.39:£0.07 014
QY-LDAS 69 0.490.02 051£0.02 016 0.5040.02 050+0.01 045 051002 0.49:£0.01 018
QY-LDAS74 0.49+0.03 051£0.02 018 0.5040.02 050£0.02 085 048003 0.47:£001 017
QY-LH Ratio DAS 69 1.18+0.03 112£0.04 0.00 1112003 114£0.05 020 114004 116£0.05 0.43
QY-LH Ratio DAS 74 120£0.06 1.14£0.05 0.02 1142005 115£0.04 072 115£0.04 1294043 031

The mean followed by the standard deviation is shown. TN, iller number; QY-H, quantum yield of photosystem 11 under high-light and QY-L under low light; Q¥-LH, ratio of QY-L to
QY-H; DAS, days aier sowing, for both = for control and stresstreatment. A t-test with a significance level of p<0.05 was used to detect significant diferences between lines and has been
highlighted here in bold.





OPS/images/fpls-13-965287-t005.jpg
Trait Treament HTP FY1 FY2

BarNir NIL-B-7A-2 BarNir NIL-B-7A-2 BarNir NIL-B-7A-2
Culm Length (cm)  Control 37 64 e 60 75 b 59 0 b
Stress 3 59 b 56 0 b 50 62 -
BBCHSS Control 47 47 64 66 i 63 67 e
Stress 45 46 » 63 65 oo 62 66 e
Grains per Ear Control 2 3 57 55 54 48
Stress 35 35 59 63 m 46
Grain Yield (g) Control 7.60 1050 2 2800 18.00 16.10
Stress 400 570 e 1180 18.80 * 7.30 1180 *
Harvest Index Control 051 051 057 056 052 0.56
Stress 050 049 052 056 055 053
Osmotic Potential  Control -153 -152 -132 -126 -119 -1.26
(Mpa) Stress ~186 ~189 -176 -161 -133 -152 el
Spikes per Plant Control 7 7 13 14 10 8
Stress 4 4 7 9 5 7
TKW Control 37 45 e 9 55 L] 48 48
Stress 3 39 e a 47 bl 48 50
Plant Biomass () Control 1251 1694 * 4220 5090 3470 3330
Stress 542 809 b 2250 3410 * 1320 2210 *
Zahir NIL-Z7A-5 Zahir NIL-Z7A5 Zahir NIL-Z7A5
Culm Length (cm)  Control ) 65 7 8 ] 68 76 -
Stress 60 58 69 75 * 6 67 .
BBCHSS Control 56 54 64 7 R 6 67 bl
Stress 53 53 ) 71 p 59 67 bl
Grains per Ear Control 46 40 6 66 66 62
Stress 45 38 61 69 52 49
Grain Yield (g) Control 870 7.50 2100 2980 »” 15.80 2110 *
Stress 400 400 1290 17.00 810 1100
Harvest Index Control 0.46 045 056 055 053 051
Stress 041 041 054 051 057 053
Osmotic Potential  Control -134 -138 -117 -L18, -L12 -5
(Mpa) Stress -173 -172 -146 -154 -127 -1.22
Spikes per Plant Control 4 4 8 10 6 8 *
Stress 3 2 5 7 * 4 5 *
TKW Control 47 48 55 55 52 56
Stress 38 44 9 50 55 55
Plant Biomass () Control 1327 1176 39.80 5460 ] 2950 4120 *
Stress 497 512 2370 3330 14.10 2050
Uzan NIL-U-2B-3 Uzan NIL-U-2B-3 Uzan NIL-U-2B-3
Culm Length (cm)  Control 57 50 e 65 7 .
Stress 52 a4 e 54 60 *
BBCHSS Control 50 50 67 68
Stress 8 48 65 67
Grains per Ear Control 2 27 55 46
Stress 2 u * 40 45
Grain Yield (g) Control 690 740 1330 19.70 *
Stress 390 440 430 1100 *
Harvest Index Control 044 046 052 049
Stress 042 046 * 045 052
Osmotic Potential  Control 154 -158 -L18 -1.20
(Mpa) Stress -182 ~189 —140 —140
Spikes per Plant Control 5 6 * 5 8 e
Stress. 3 4 s 3 5
TKW. Control 50 48 62 68 *
Stress. 47 47 60 66 b
Plant Biomass () Control 1169 1251 2560 40.00 %
Stress 566 643 9.60 2150

“The values for the field/screenhouse are taken from Merchuk-Ovnat et al. (20162, Table 3, Supplementary Tables $4, 55). HTP, high- throughput phenotyping experiment; FY, field/
screenhouse experiment year 1 and 2 BBCHSS, heading. Significance data is from the original tables of Merchuk-Ovnat et al. (2016) and Tables 3, 4. Mean comparisons by Student’
t-test between each line and its recurrent parent (*, **, ***) under control and drought stress treatments at p<0.05, 0.01, 0.001, respectivly.





