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Glossary and Definitions 
 

BLUE  Best Linear Unbiased Estimation 
GWAS Genomic Wide Association Scan 
QTL  Quantitative Trait Locus - a section of DNA that correlates with variation 
  in a phenotype 
SNP  Single-Nucleotide Polymorphism - a variation in a single nucleotide that 
  occurs at a specific position in the genome, where each variation is 
  present to some appreciable degree within a population (e.g. > 1%) 
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Summary 
 
Objectives Precision phenotyping of drought tolerance related traits. 
 
Rationale: This task aimed to exploit the phenotypic variability for drought response 
using both field evaluation trials with contrasting water availability and an automated 
high-throughput phenotyping platform. Initially about 291 accessions were evaluated 
in Israel (winter accession could not be tested since they do not flower in the Israeli 
conditions). Due to seed limitation, a first evaluation was conducted in Rehovot, 
Israel, in a rain-protected screen-house in micro-plots. Field evaluation was carried 
out in the second season in the northern Negev region of Israel, an area receiving an 
average annual precipitation of ~230 mm. The genotypes were grown under both 
well-watered (control, 450 mm) and water-limited (250 mm) treatments. Then, a 
subset of 130 wheat accessions was selected from those tested under field 
conditions and evaluated for drought response in a semi-controlled greenhouse 
environment using a non-invasive precision phenotyping platform at IPK.  
 
Teams involved: HUJ, IPK 
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1. Main Results  

1.1. Phenotyping of drought tolerance in rain-protected screen-house and 
field conditions 

 

A total of 291 genotypes, including bread and durum wheat, modern and traditional 
cultivars, and wild accessions, were tested during 2015-16 under two irrigation 
treatments: well-watered (750mm) and water-limited (350mm) in Rehovot, Israel. Due 
to seed limitation, this experiment was conducted in a rain-protected screen-house in 
micro-plots, each consisting of 5 plants. In 2016-17, 222 genotypes that produced 
enough seeds in the previous experiment were tested under field conditions near 
Kibbutz Urim in the northern Negev. Total precipitation during the experimental 
season was 140 mm, thus supplemental irrigation was applied to complement the 
required amount for the two treatments: well-watered (450mm) and water-limited 
(250mm). Each of these two experiments consisted of 3 replicates in a randomized 
block design.  

Variables recorded in both years included: total dry matter, grain yield and yield 
components, specific leaf weight, flag leaf area, plant height, peduncle length, 
peduncle extrusion, spike length, osmotic potential and osmotic adjustments. In 
addition, remote sensing was employed in the field experiment to assess soil cover 
percentage, crop water stress index, and vegetative index. The stability of the 
parameters was calculated as a sensitivity index (S) reflecting the genotype response 
to drought relative to the average response of all genotypes in the same experiment.  

The water-limited irrigation treatment resulted in a 50% reduction in grain yield in the 
screen-house experiment (Table 1), and a 30% reduction in the field experiment 
(Table 2). Among the major yield components, the effect of drought on the number of 
spikes and the number of grain per spike was greater than the effect on average 
grain weight. Locally adapted (Israeli) varieties that were included in the collection, 
exhibited early flowering, high harvest index and average grain weight under water 
limitation, and proved high production capacity under drought conditions.  

The tested genotypes exhibited a wide range of phenology (days to heading). The 
earliest heading genotypes, showed escape strategy in coping with drought, thus 
showing high productivity under drought at the cost of lower yield potential. The high 
harvest index and average grain weight of these genotypes underlay the advantage 
of this strategy in maintaining high productivity under drought stress. Medium 
heading genotypes combine drought avoidance and tolerance strategies. Their high 
osmotic potential (less negative) indicate improved water absorption and their large 
flag area and high stomatal conductance contribute to high productivity under 
drought stress. These genotypes also presented long peduncle that is known to be 
associated with higher carbohydrate storage for the grain filling phase. Late heading 
genotypes have shown drought avoidance and tolerance strategies, including 
osmotic adjustment, leaf glauciness and leaf rolling, however, they failed to maintain 
their productivity under drought.  

The tested collection included genotypes originating from a wide geographical 
distribution. Genotypes from tropical, arid, and Mediterranean climates, characterized 
by high temperatures, exhibited early heading, high grain yield, harvesting index and 
average grain weight, whereas genotypes from temperate regions, characterized by 
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lower temperatures and high water availability, showed lower grain yield, lower 
harvest index and average grain weight. 

The phenotypic data is currently under final stage of Genome Wide Association 
Study (GWAS) aimed to detect associations between genetic markers and 
phenotypic traits. 

 

 
Table 1: Summary of phenotypic data collected for 291 genotypes, tested during 2015-16 in 
a rain-protected screen-house under two irrigation treatments, Rehovot Israel. 

 Traits Well-watered (750mm) Water-limited (350mm) 

  Range Mean Range Mean 

Total dry matter [g/plant] 6.48-80.16 36.14 7.45-61.38 22.04 

Grain Yield [g/plant] 0-25.24 10.17 0-16.98 4.91 

Grain number per spike 0-65.83 35.95 3.22-59.14 24.75 

Spike number per plant] 0-26.77 7.63 0-19.07 4.96 

1000 grain weight [g] 16.11-63.84 37.29 21.51-62.33 37.09 

Harvest index 0-0.56 0.28 0-0.57 0.21 

Spike weight [g] 0.35-4.75 1.99 0.28-3.44 1.46 

Grain weight per spike [g] 0-3.36 1.35 0.11-2.35 0.94 

Fruiting efficiency 0.23-0.83 0.66 0.22-0.81 0.62 

Plant height [cm] 51-174.67 114.81 40-147.67 95.82 

Peduncle length [cm] 20-76.67 45.15 13-58.33 33.33 

Peduncle extrusion [cm] 1-53.83 23.09 0-39.17 13.11 

Spike length [cm] 5-18.33 10.85 5.17-17.33 10.39 

Awn length [cm]  0-15.09 4.14 0-15.41 3.59 

Awn roughness  1-3 1.99 1-3 1.83 

Osmotic potential [Mpa] -1.58--0.79 -1.17 -2.8--0.83 -1.72 

Flag leaf length [cm] 10.67-37.65 24.31 7.75-39.42 19.36 

Flag leaf width [cm] 0.88-2.63 1.58 0.7-2.14 1.39 

Flag leaf area [sq-cm] 9.13-67.5 29.56 5.63-54.38 20.78 

Specific leaf weight [g/sq-
cm] 3.27-7.07 4.64 2.4-7.73 5.23 

Days from planting to 
heading 64-129 104.99 63-129 102.51 
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Table 2: Summary of phenotypic data collected for 222 genotypes, tested during 2016-17 In 
the field under two irrigation treatments, Urim, Israel. 

 Traits Well-watered (450mm) Water-limited (250mm) 

  Range Mean Range Mean 

Grain Yield [g/m²] 55.21-1107.81 660.06 83.64-908.04 482.19 

Grain number per spike 21.67-83.67 45.89 17.33-76.67 40.35 

1000 grain weight [g] 25.27-66.8 43.93 20.33-56.4 38.64 

Spike weight [g] 1.35-5.56 2.83 1.22-4.38 2.25 

Grain weight per spike [g] 1.033-3.86 2.0 0.63-3.04 1.55 

Fruiting efficiency 0.43-0.83 0.71 0.37-0.79 0.69 

Plant height [cm] 53.83-152.67 110.91 47.5-139 99.72 

Peduncle length [cm] 18.17-56.83 38.28 15.33-54.33 32.37 

Peduncle extrusion [cm] 1.67-35.67 17.33 0.67-30.67 11.39 

Spike length [cm] 5.17-15.17 9.89 4.33-16.75 10.9 

Osmotic potential [Mpa] -2.15--1.27 -1.62 -2.81--1.55 -2.12 

Flag leaf length [cm] 15.05-35.45 22.52 11.87-30.18 20.35 

Flag leaf width [cm] 1.16-2.28 1.69 0.87-2.22 1.65 

Flag leaf area [sq-cm] 13.5-57.71 28.97 9.42-45.1 25.47 

Specific leaf weight [g/sq-
cm] 4-7.54 5.41 4.45-7.4 5.8 

Days from planting to 
heading 85.67-127 108.14 84-127 106.05 

Leaf Rolling 0-2.33 0.98 0.33-2.67 1.31 

Leaf glaucesness 1-3 2.21 1-3 2.21 

 
 
 

1.2. Phenotyping of drought tolerance in high-throughput precision 
phenotyping platform 

 

A subset of the WHEALBI wheat panel was selected in collaboration with the WP 
leader based on the results achieved in the phenotyping activities carried out in 
screen house and field condition. The selected subset comprised of 130 spring wheat 
genotypes originating from 48 different countries. The wheat lines were evaluated for 
growth under well-watered and drought stress conditions employing the non-
invasive precision phenotyping platform at IPK (a LemnaTec Scanalyzer 3D high-
throughput phenotyping platform equipped with three camera systems (visible light, 
near infrared and fluorescence). The parameter “digital biomass” estimated from top 
and side view imaging, reveals biomass formation over time. Based on long-term 
experience and on a preliminary test, the work was organized with four experiments 
to test two different climatic and drought scenarios. After the time on the platform, 
plants were grown to maturity in another greenhouse to obtain information on yield 
parameters. 

i) German spring drought conditions: The greenhouse conditions were set to 
a light period of 15h with 18°C/16°C day/night temperatures mimicking 
German spring conditions. This setup is comprised of three phases: a 27-day 
period of plant establishment, a vegetative drought period of 24-day and a 7-
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day recovery period. During the drought period watering to 10% of plant 
available water (PAW) was applied in stress treatment. Before and after the 
drought and in the well-watered treatment, plants received daily watering to 
90% PAW.  

ii) Israeli climate conditions with drought during the grain filling phase: 
Seeds were germinated in a growth chamber and plants reached the 2-3 leaf 
stage before be transferred to the phenotyping platform. The temperature 
gradient was as follows: until 30 days after sowing: 18°C/14°C day/night 
temperatures, followed by 21°C/16°C until the start of the drought period. With 
the onset of drought, temperature was increased to 24°C/19°C and remained 
so until complete maturity. The drought period in the first experiment was 
started, when approximately half of the plants reached BBCH49 (tipping time), 
the same timing in terms of days after sowing (DAS) was repeated in the 2nd 
experiment. Therefore, the drought treatment started at DAS 49, resulting in 
17-days of drought on the system. As the aim was to have a drought lasting 
throughout the grain filling period, plants had to be watered to avoid plant 
death – as they would quickly run out of water in pots at this growth stage. 
Therefore, watering in the stress treatment was done at a regular basis to a 
content of 50% PAW. Before the drought and in well-watered treatment, plants 
received daily watering to 90% PAW. 

 

 
Diversity for drought tolerance 

The collection exhibited a wide phenotypic range across all treatments, setups and 
time points. Spring wheat growth pattern in both treatments turned out be as 
expected with a drought leading to wilting of plants with following plant recovery 
(Fig.1) in the first setup. Biomass data over time from the second setup still have to 
be finalized. High broad sense heritability estimates (0.6 – 0.8) were observed for 
biomass development over time suitable for Genome Wide Association Study 
(GWAS). Heritability of maturity traits across both setups ranged from 0.42 (grains 
per ear in spring drought treatment) to 0.95 (plant height in grain filling drought 
treatment), thereby indicating their suitability for GWAS. Summary statistics of all 
traits in the spring drought setup is shown in Table 3.  

The drought reduced all yield components although to different extent (Fig. 2 shows 
the example for spring drought setup). The strongest reduction was observed for total 
plant biomass as both straw and grain weight of the plant was reduced by 45% and 
43%, respectively. Reduction in grain weight is a result of reduction in number of ear 
bearing tillers (20%) and grains per ear (29%) – seed set-, while TKW on average 
was only 8% reduced (and not in all genotypes). 
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Figure 1 Biomass formation in the spring drought setup. The graph shows error bars with 
95% confidence interval based on phenotypic BLUEs of 130 genotypes for the well-watered 
(blue) and drought stress treatment (orange). The drought period from day 27-51 is indicated 
by the dashed vertical lines. Note, due to camera problems in experiment 1 (although 
controlled watering was ensured), we have missing data in the BLUES for some days. 

 

 
Table 3 Yield components from single plant observations for the German spring drought 
setup. Summary statistics of 130 BLUEs across experiments, CV – coefficient of variation, H2 
– heritability. 

 Well-watered treatment Spring Drought treatment 

Trait Max Min Mean Std Cv H2 Max Min Mean Std Cv H2 

Total biomass 44.3 9.2 25.8 7.2 27.9 0.69 29.1 3.9 13.3 5.6 42.1 0.73 

Straw weight 39.9 5.7 18.9 7.6 40.3 0.82 31.5 1.1 10.2 5.3 51.9 0.80 

Grain weight 13.8 0.4 6.9 2.9 42.3 0.75 5.9 0.4 2.5 1.2 48.5 0.57 

Harvest index 0.6 0.01 0.3 0.1 40.0 0.81 0.6 0.03 0.2 0.1 41.6 0.57 

Plant height 138.7 42.3 92.6 23.7 25.6 0.88 123.8 30.2 74.7 21.8 29.3 0.85 

Ear number 13.8 2.8 8.2 2.3 28.0 0.65 13.4 1.7 6.7 2.3 34.0 0.70 

Grain number 443 4.5 220 102.6 46.6 0.79 274 2.5 90.6 48.6 53.7 0.62 

Grains per ear 51.6 1.0 26.3 11 41.4 0.83 26.7 1.0 13.7 5.6 41.1 0.42 

TKW 49.8 13 28.9 7.3 25.4 0.72 38.8 13.2 26.2 5.6 21.5 0.68 

Grain area 3.5 2.3 2.9 0.3 8.7 0.72 3.3 2.3 2.8 0.2 7.4 0.69 

Grain width 19.9 9.4 14.4 1.8 12.4 0.81 18.2 10.4 13.7 1.7 12.1 0.79 

Grain length 7.8 4.5 6 0.4 7.2 0.89 7.1 5.1 5.9 0.4 7.0 0.87 

TN51* 21.8 4.0 11.7 3.7 31.4 0.79 12.8 3.0 7.2 2.4 34.1 0.77 

* Tiller number (TN) counted after drought at re-watering (day 51) 
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Figure 2 Average percentage decrease for all agronomic traits (based on average of all 
BLUES) as a result of spring drought treatment induced in experimental setup 1 starting from 
DAS 27.  

 

 
Breeding-related trends 

The panel of 130 spring wheat lines consists of very old landraces (1926-1951), 
historic cultivars (until 1950ies), more recent cultivars (1960ies to 90ies), breeding 
material and current varieties (year of release 2000-210). To gain an impression on 
how different the most recent and old lines performed, we compared the group of 
landraces (37), historic cultivars (31), cultivars (26) and the current varieties (10). The 
main trends are summarized in Figure 3 A, B. Beside the well-known trends for plant 
height and harvest index, in both drought setups the current varieties outperformed 
the landraces in the most significant yield parameters (grain yield per plant, grain 
number per year). 
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Figure 3A Breeding trends in German spring drought conditions experiment with drought at 
early developmental stage. The average of BLUEs values for each group is compared to its 
percentage compared to the whole population (130 lines) mean. 
 

 
Figure 3B Breeding trends in Israeli climatic conditions experiment with drought at grain 
filling stage. The average of BLUEs values for each group is compared to its percentage 
compared to the whole population (130 lines) mean. 
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Genetic analysis of the drought related traits generated from high-throughput 
precision phenotyping platform 

Out of 130 accessions selected for phenotyping, 121 accessions were successfully 
genotyped and 37,449 polymorphic SNPs have been identified. 33,592 SNPs passed 
the SNP filtering criteria (MAF ≥ 0.05 and missing data of less than 5%) and were 
used for further analysis. Due to the low level of sub-stratification within the panel of 
121 accessions, GWAS was performed by employing the mix linear model (MLM) 
while including kinship alone to correct for spurious association.  

At the time when this report has been written all phenotyping activity have been 
completed and all maturity traits measured in setup1 (spring drought) and setup2 
(grain filling drought) have been fully analyzed, while digital biomass accumulation 
over time has been fully analyzed only in the spring drought setup with analysis of 
biomass formation in the grain filling drought setup still on going. 

 

 

 
Figure 4 Examples of identified QTL for early biomass (top left), late biomass under optimal growth 
conditions (top right) and constitutive (late) biomass QTL (bottom). The drought period from DAS 
(days after sowing) 27-51 is indicated by the dashed vertical lines. The most significant SNP of each 
QTL was chosen for plotting. 
 

For biomass accumulation over time, 414 SNPs were detected across all time 
points and both treatments and were grouped into 122 QTL. After combining the 
GWAS results from both treatments, QTL were sorted into a) QTL for early biomass 
prior to the start of drought (65 QTL), b) constitutive biomass QTL: present in both 
treatments after the onset of drought (7 QTL), c) QTL for optimal conditions: 
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present only in control treatment after the onset of drought (17 QTL), d) QTL 
potentially involved in drought tolerance: i) present only within the drought stress 
period (23 QTL) and ii) QTL potentially involved in plant recovery: present only in the 
period after re-watering (8 QTL) and iii) QTL for both drought and recovery (2 QTL). 
Examples of QTL for each class are presented in Figures 4 and 5. 

GWAS were further performed for all agronomic traits at maturity in both setups and 
for each treatment. A summary of the total number of marker-trait associations in 
individual setups and treatments and across both setups is presented in Table 4. 

 

 

 

Figure 5 Examples of identified QTL for biomass during the drought stress phase (top), 
during the drought stress and recovery phase (bottom left) and during the recovery phase 
(bottom right). The drought period from DAS 27-51 is indicated by the dashed vertical lines. 
The most significant SNP of each QTL was chosen for plotting. 

 
 
Table 4 Summary of total number of marker-trait associations detected for maturity traits 
measured in respective treatments in both setups and across both setups. WW = well-
watered treatment, DS = drought stress treatment. Setup 1- German spring drought 
conditions, Setup 2 – Israeli grain filling drought conditions 

 
Setup 1 Setup 2 shared Setup 1+2 

WW 326 252 9 

DS 284 173 9 

shared WW+DS 50 22 0 
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In terms of significant SNPs shared between treatments and setups, there is more 
similarity within each setup than across both setups. However also within each 
setup, QTL for drought stress and well-watered conditions differ very strongly, 
pointing at a different genetic architecture under drought conditions and under 
the two climatic scenarios. Example of Manhattan plots of GWAS in drought and 
well-watered treatments and in both setups are shown in Fig. 6. 

 

 

Figure 6 Example of GWAS analysis of biomass and grain number across different experimental 
setups and different treatments: WW = well-watered treatment, DS = drought stress treatment. 

 

 

2. Conclusions 
 

In this WP, we aimed to phenotype drought responses in a broad genetic collection 
of wheat as a basis for future improvement. The genotypes tested exhibited a wide 
range of genetic diversity and a wide range of phenotypic diversity in each of the 
experiments conducted, in screen-house, field and high-throughput phenotyping 
platform. As expected, various genotypes expressing different drought resistance 
strategies were found to be the most resistant under each of the drought scenarios 
created in the various experiments. In the screen-house experiment, were relatively 
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large amounts of water were applied to enable sufficient seed production for the next 
year, genotypes of intermediate flowering time were the most productive. Under more 
severe conditions applied in the field experiment, the early flowering genotypes were 
the most productive. Under a high-throughput phenotyping platform, vegetative 
drought affected and reduced plant grain yield, mainly by reduced seed set and a 
fewer amount of ear bearing tillers. High broad sense heritability estimates were 
observed indicating the suitability of current panel for GWAS with >30,000 SNPs 
developed by GBS. Stage and drought specific QTL were detected for all traits. 
Biomass QTLs showed strong temporal dynamics. The information collected in these 
experiments are expected to facilitate the breeding new cultivars better adapted to 
drought. 

In conclusion the activities dedicated to the phenotyping of drought tolerance 
have been completed using different experimental facilities (screen house, field 
trial, automatic phenotyping platform), the data have been subjected to a first 
level of analysis allowing the description of the phenotypic response of the 
WHEALBI wheat germplasm and the results underlined the extremely wide 
genetic diversity presented in the population. Furthermore, a preliminary GWAS 
analysis has indicated the expected polygenic nature of the trait. 
 


