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ZUSAMMENFASSUNG I 

I. ZUSAMMENFASSUNG 

Die Versalzung der Böden beeinträchtigt in weiten Teilen der Welt die Weizenproduktion. Zum 

Ausgleich von hohen Ertragseinbußen, bzw. zur Sicherung der Ernährung der Bevölkerung, 

könnte eine zunehmende genetische Variabilität von aktuell genutzten Weizensorten einen 

effizienten Lösungsansatz bieten. Synthetischer hexaploider Weizen wird als Quelle von 

nützlichen exotischen Allelen im Hinblick auf Toleranzen gegenüber biotischen und 

abiotischen Stressfaktoren, wie etwa Salzstress angesehen. Ziel der vorliegenden Arbeit war 

die Lokalisation von genomischen Regionen, die zur Salztoleranz von Weizen in verschiedenen 

Entwicklungsstadien beitragen. Dazu wurden 151 AB-Linien (Advanced Backcross) der 

Winterweizenpopulation "Z86" (BC2F3:7) untersucht, welche vorteilhafte Gene des 

synthetischen hexaploiden Weizens Syn86L im Hintergrund der deutschen Eliteweizensorte 

Zentos beinhaltet. Experimente unter Salzstress wurden sowohl im Keimungs- und 

Jungpflanzenstadium, als auch unter natürlichen Bedingungen in Usbekistan in drei 

aufeinanderfolgenden Jahren auf Feldern mit hoher Salinität durchgeführt. Die AB-Linien als 

auch ihre Eltern waren zu unterschiedlichen Entwicklungsstadien verschieden stark vom 

Salzstress betroffen. Bei Natriumsulfat (Na2SO4) führte die gleiche molare Salzkonzentration 

zu einer stärkeren Schädigung der Pflanzen als bei Natriumchlorid (NaCl). Bei den meisten 

untersuchten Parametern schnitt der rekurrente Eliteelter Zentos besser ab als der synthetische 

Elter Syn86. Nur im Hinblick auf Wurzel- und Sprosslänge übertraf Syn86 den Kulturweizen. 

Für dieses Projekt kamen verschiedene nicht-invasive Sensortechnologien zum Einsatz, welche 

ein akkurates und kontinuierliches Beobachten der morphophysiologischen Parameter bei den 

gestressten Pflanzen erlaubten. Im Rahmen dieser Arbeit wurde ein Dual-Mode 

Mikrowellensensor präsentiert, der zerstörungsfrei sowohl den Wassergehalt, als auch die 

Ionenleitfähigkeit von mono- und dikotylen Pflanzen erfasst. Außerdem wurden in dieser 

Arbeit erstmalig Daten von Weizenpflanzen präsentiert, die einem plötzlichen Salzschock 

zugeführt wurden. Hierbei konnte festgestellt werden, dass genotypisch signifikante 

Unterschiede 20 Minuten nach der Initiation von Salzstress feststellbar waren, wobei Zentos 

höhere Photosyntheseraten aufzuweisen hatte als Syn86. 

Um genomische Regionen zu detektieren, die mit den untersuchten Merkmalen unter Salzstress 

assoziieren, wurde die Z86-Population mit dem iSelect 90K Chip genotypisiert. Die nach der 

Datenreinigung verbliebenen 11.050 polymorphen Single-Nucleotide Polymorphism (SNP) 

Marker wurden im Rahmen der Quantitative Trait Loci (QTL) Analyse für die 48 untersuchten 
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Merkmale verwendet. Durch Verwendung von SAS (Version 9.4) wurde das Multi-Locus-

Verfahren in das hierarchische QTL-Model eingebunden, um die Zahl der Falsch-positiven 

QTL zu reduzieren und dadurch die Aussagekraft der echten QTL zu verstärken. Hierbei 

wurden insgesamt 116 QTL für Haupteffekte (inklusive QTL mit epistatischen Effekten) und 

165 QTL für die Interaktion mit der Behandlung (inklusive QTL mit epistatischen Effekten in 

Interaktion mit der Behandlung) detektiert. Ein bedeutendes QTL mit pleiotropischen Effekten 

(u.a. für das Sprosstrockengewicht unter Salzstress) wurde auf dem kurzen Arm des 

Chromosoms 7D mit der Position 29,87 cM gefunden. In-silico-Analyse der QTL-Region des 

Chromosoms ergab ein Gen, das für TaGSTu3, ein Enzym der tau Klasse aus der Familie 

Glutathion-S-Transferasen (GST), kodiert. Die GSTs sind bekannt für ihre Rolle bei der 

Detoxifikation von reaktiven Sauerstoffspezies (ROS) in Pflanzen, die unter Salzstress 

vermehrt produziert werden. Die Gen-Expressions-Analysen an drei Zeitpunkten (10, 16 und 

30 Tage nach der Applikation von Salzstress) des Jungpflanzenstadiums von Weizenpflanzen 

zeigte eine höhere Expression von TaGSTu3 in Zentos im Vergleich zu Syn86, bei der die 

Expression von TaGSTu3 unter Stressbedingungen sank. In dieser Arbeit wurde erstmalig der 

signifikante Beitrag der GST aus der tau-Klasse zur Salztoleranz von Weizen nachgewiesen. 

 

Die vorliegende Studie hat erfolgreich QTL identifiziert, wobei die günstigen Allele sowohl 

von der Eliteweizensorte Zentos als auch von dem synthetischen Weizen Syn86 stammen. Die 

detektierten nützlichen und exotischen Allele, die in den AB-Linien der Z86-Population 

vorhanden sind, können direkt in Züchtungsprogrammen über Marker-Assisted Selection 

eingebunden werden. Dadurch kann zur effizienteren Züchtung von Sorten mit salztoleranten 

als auch weiteren bevorzugten agromischen Merkmalen beigetragen werden. 
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II. ABSTRACT

In large areas of the world wheat production is highly affected by soil salinity. Increasing the 

genetic variability of currently used wheat varieties is an efficient approach to overcome 

production losses and prevent food insecurity. Synthetic hexaploid wheat is widely regarded as 

donor of favorable exotic alleles with respect to tolerance against biotic and abiotic stress 

factors such as salinity stress.  The objective of the present study was to identify genomic 

regions, which contribute to salinity tolerance at various growth stages in wheat. Therefore, the 

151 advanced backcross lines (AB-lines) of the winter wheat population “Z86” (BC2F3:7), 

containing introgressions of the synthetic hexaploid wheat Syn86L in the background of the 

German elite cultivar Zentos, were employed in this study. Salt stress experiments were 

conducted at germination and seedling stage as well as under field conditions with natural 

salinization in Uzbekistan in three consecutive years. At various growth stages, the AB-lines of 

the Z86 population and their parents were differently affected by salt stress. At the same molar 

concentration of salts, the impact of sodium sulfate (Na2SO4) on plants growth was higher than 

of sodium chloride (NaCl). Notably, for most studied parameters the recurrent elite parent 

Zentos was performing better than the synthetic parent Syn86, the donor of exotic alleles. In 

respect to root and shoot length Syn86 surpassed the elite cultivar.  

In this study, several non-destructive sensor technologies were used which allow accurate and 

continuous monitoring of morpho-physiological parameters of plants exposed to salinity stress. 

These data present the first report of a dual-mode microwave resonator which was allowing 

accurate estimation of water content as well as the ionic conductivity in leaves of mono- and 

dicotyledonous plants. Additionally, measurement of the photosynthetic rate of plants exposed 

to salt shock revealed highly significant genotype by treatment interaction effect 20 minutes 

after initiation of salt stress, where Zentos was performing better than Syn86. 

In order to detect genomic regions associated with the measured traits under salinity stress the 

Z86 population was genotyped using the iSelect 90K chip. After data cleaning 11,050 

polymorphic SNP marker remained which were applied for quantitative trait loci analysis 

(QTL) for the 48 studied traits. Using SAS 9.4 the multi-locus approach incorporated in the 

hierarchical QTL model was able to reduce the number of false-positive putative QTL and 

hence endorsed the power of detected true QTL. In summary, 116 QTL main effects (including 

QTL with epistatic effects) and 165 QTL for marker by treatment interaction (including QTL 
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with epistatic by treatment interaction) were detected. One of the major QTL showing 

pleiotropic effects, among them on shoot dry weight under salinity stress, was found on the 

short arm of chromosome 7D at 29.97 cM. In silico analysis of the QTL chromosome region 

revealed a gene coding for TaGSTu3, an enzyme belonging to the tau class of the glutathione 

S-transferase family (GST). GSTs are well known for their role in detoxification of reactive 

oxygen species (ROS) in plants, which is highly increased under salinity stress. Gene 

expression analysis at three time-points during the seedling stage (10, 16 and 30 days after salt 

application) revealed higher expression of TaGSTu3 in Zentos under salinity stress and 

decreased expression in the comparing parent Syn86. This is the first report of a tau class GST 

found to contribute significantly to salinity tolerance in wheat.  

The present study successfully identified QTL from elite cultivar Zentos as well as from the 

donor germplasm Syn86.The detected favorable alleles introgressed in the AB-lines of the Z86 

population can be directly employed in breeding programs via marker-assisted selection for 

efficiently breeding cultivars with improved salinity tolerance and desired agronomic traits. 
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 INTRODUCTION 

Salinity is a major threat to agricultural productivity worldwide and presents a tremendous 

challenge for food security (Ahmad et al. 2013). More than one billion hectares of land, 

accounting for approximately 25% of the global land area, is affected by salinity. Due to natural 

salinization or unsuitable irrigation practices, this area is increasing by up to 10 million hectares 

of land every year (Luo et al. 2017). The global annual yield (economic) losses in agricultural 

production due to salinization are estimated to exceed US$ 12 billion (Shabala 2013). Beside 

economic losses, salinity is of major concern as the global food production has to increase 

between 50-70% in order to meet the demand of the projected global population in 2050 of up 

to 9.3 billion people (Shabala 2013). Further to this, urbanization and soil degradation are 

dramatically decreasing the availability of arable land per capita (Godfray et al. 2010).  

 

To overcome the increasing food gap there is a need to increase crop production by cultivating 

marginal lands and intensification of production on lands that are already under cultivation 

(Clair and Lynch 2010). Wheat is fundamental to human civilization and it is one of the most 

important food crops in the world (Shiferaw et al. 2013). Breeding adapted wheat varieties that 

can cope with salinity stress is widely regarded as one of the most promising options to close 

the food gap (Colmer et al. 2006, Díaz De León et al. 2010)  

 

 

Wheat 

Accounting for more than 15% of the total cultivated area on earth, wheat covers more of the 

earth’s surface than any other food crop (FAOSTAT 2017). Wheat has been playing an 

outstanding role in feeding a hungry world and improving global food security. This crop 

contributes about 20 % of the total dietary calories and proteins worldwide (Shiferaw et al. 

2013). 

 

Bread wheat (Triticum aestivum L. ssp. aestivum) which is a member of the family Poaceae, 

belonging to the genus Triticum, has a hexaploid genome (2n=6x=42) and is a product of two 

allopolyploidizations events (Figure 1). The first hybridization happened 0.5 million years ago 

between Triticum urartu, as donor of AA genome, and Aegilops speltoides-related species, as 

donor of BB genome, forming the tetraploid wheat Triticum turgidum ssp. dicoccoides with 
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AABB genome. The second hybridization happed approximately 8.000 years ago in the 

southern Caspian basin, between Triticum turgidum (AABB genome) and Aegilops tauschii, 

the donor of the DD genome, forming the modern hexaploid wheat with AABBDD genome 

(Pozzi et al. 2004, Dubcovsky and Dvorak 2007, Vergauwen and De Smet 2017). However, the 

application of currently available genomic tools on hexaploid wheat is lagging behind their use 

on other cereals such as maize and rice. This is mainly due to the polyploid nature of wheat, its 

large genome size of (~17 Gb) and high repeat content of more than 80% (Avni et al. 2017, 

Uauy 2017).  

Due to historically recent hybridization and following less time for accumulation of mutations, 

the polymorphic loci density and the genetic diversity of the D-genome is rather low (Feldman 

and Levy 2012). Additionally, according to Marcussen et al. (2014), the persistently limited 

genetic variability, as well as the limited recombination rate of the D-genome, is due to a single 

introgression event which resulted in formation of hexaploid wheat. Therefore, in modern bread 

wheat especially, the D-genome is thought to be a major limiting factor for improvement and 

adaptation to different environmental conditions, due to its relatively narrow genetic variability 

(Ogbonnaya et al. 2005, Dubcovsky and Dvorak 2007, Peng et al. 2011, Song et al. 2017). 

Selection by early farmers and systematic breeding efforts reduced the genetic variability of 

modern bread wheat furthermore (van Ginkel and Ogbonnaya 2007). 

Figure 1. Evolution of wheat (Adopted from Vergauwen and De Smet (2017)) 
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Wild relatives of wheat are regarded as valuable source of genetic diversity harboring potent 

exotic alleles in respect to withstanding biotic and abiotic stress as well as increasing 

productivity (Tanksley and McCouch 1997, Colmer et al. 2006, Nevo and Chen 2010). 

Especially, due to its close evolutionary relationship and extensive genetic diversity, the diploid 

goat grass is a potent resource for genetic enrichment of bread wheat (Zhang et al. 2008). In 

order to introduce exotic alleles into modern cultivars across species boundaries, scientists and 

breeders commonly make use of bride germplasm like synthetic hexaploid wheat (McFadden 

and Sears 1944, Warburton et al. 2006, Zhang et al. 2008). Synthetic hexaploid wheats (SHW) 

are neoallopolyploids. They are produced by artificial hybridization between tetraploid wheat 

(Triticum turgidum, 2n=28, AABB) and the diploid goat grass (Aegilops tauschii, 2n=14, DD) 

followed by chromosome doubling of F1 hybrids, generally by application of colchicine 

(Mujeeb-Kazi et al. 1996). SHW are interfertile with bread wheat and as bridge germplasm they 

not only enable enrichment of genetic diversity of the D-genome but also A-, and B-genome of 

bread wheat (Colmer et al. 2005, Warburton et al. 2006, van Ginkel and Ogbonnaya 2007, 

Chapman et al. 2015). Previous reports underline the potential of SHW as donors of favorable 

alleles with respect to tolerance against abiotic stress (Reynolds et al. 2006, Plamenov and 

Spetsov 2011), biotic stress (Naz et al. 2008, Ashraf et al. 2015) and agronomic potential (Del 

Blanco et al. 2001, Yang et al. 2009, Tang et al. 2016). The potential of SHW as donors of 

favorable genes enhancing salinity tolerance of modern wheat genotypes by discriminating 

against Na+, yet preferential uptake of K+, is widely discussed (Gorham et al. 1990, Pritchard 

et al. 2002, Lindsay et al. 2004, Colmer et al. 2006). 

 

However, produced SHW show, likewise in other genotypes, high phenotypic variation in 

respect to diverse traits. According to Dreisigacker et al. (2008) this phenotypic diversity is 

mainly based on (a) the genetic variation of the utilized Ae. tauschii accession that was selected 

as progenitor, (b) modification of gene expression caused by genomic changes during artificial 

hybridization and (c) changing epistatic interaction on the background of introduced 

homeologous chromosomes of A and B genomes. 

 

The use of synthetic backcross-derived lines (SBLs), based on the cross between SHW as donor 

of exotic alleles and modern wheat cultivars as recurrent parent, are widely used for mapping 

genomic regions linked to specific traits and for detection of epistatic interactions (Juenger et 

al. 2005, Ogbonnaya et al. 2013). 
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Salinity 

Soil salinity is one of the most devastating environmental stress factors threating agricultural 

productivity in many parts of the world. Approximately 25% of the total land area and 50% of 

cropland in the world is salt-stressed (Munns and Tester 2008, Ahmad et al. 2013, Luo et al. 

2017). Soil salinization is defined as the concentration of salts in the surface or near-surface 

zones of soils. Salinization is a major cause of land degradation, leading to decreased crop 

yields and the loss of land from production in a range of environments. 

Salinity is generally measured in electrical conductivity of the soil saturation extract (ECe). 

According to the classification by FAO (1988), soil salinity is divided into five categories (Table 

1). Soils with ECe above 4 dS m-1 at 25°C and pH < 8.5 are recognized as saline, although many 

crops face yield reduction below this threshold (Jamil et al. 2011, Allbed and Kumar 2013). In many 

salt affected regions, the ECe is exceeding 8 dS m-1. 

Table 1. General classification of saline soils according to FAO (1988) 

Soil salinity Class ECe (dS m-1) Effect on crop plants 

Non- saline < 2 Salinity effects negligible 

Slightly saline 2-4 Yields of sensitive crops may be restricted 

Moderately saline 4-8 Yields of many crops are restricted 

Highly saline 8-16 Only tolerant crops yield satisfactorily 

Extremely saline > 16 Only a few very tolerant crops yield satisfactorily 

Generally, salt-affected soils are classified as saline or sodic soils (Szabolcs and Fink 1974). 

Sodic soils are characterized mainly by carbonate salts like Na2CO3 and NaHCO3, mostly with 

pH values greater than 8.5 and often EC values less than 2 dS m-1 (Ahmad et al. 2013). Unlike 

sodic soils, saline soils are characterized by the excessive amount of neutral salts like NaCl, 

Na2SO4, and MgSO4, with NaCl and Na2SO4 being predominantly present in wide areas of the 

world (Rogers et al. 1998, Genc et al. 2016). Generally, saline soils are harmful as they exert 

osmotic stress and ion-induced injury of plants (Munns et al. 2002, Munns 2011). Considering 

the same molar concentration, many reports underline the greater impairment of Na2SO4 over 

NaCl on plants (Matar et al. 1975, Inal 2002). However, in respect to soil salinity, sodium 

chloride is considered as most important salt type, especially due to its higher solubility and its 

prevalence in salt-affected environments. According to Munns (2011) comparing the toxicity 
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of salt components is difficult as the osmotic effects were overwhelming the salt specific 

effects.  

 

Soil salinity is classified as primary and secondary salinization. Primary salinization occurs 

naturally by the accumulation of salts over a long period of time mainly due to natural 

weathering of rocks , primary minerals, aeolian and marine deposition of salts (Zhu 2016). The 

secondary salinization or anthropogenic salinity is induced by the clearing of land or improper 

irrigation management (Allbed and Kumar 2013) which leads to a disrupted hydrologic balance 

of the soil between applied water and water uptake by plants. Triggered by evapotranspiration, 

which is induced by heavy vapor pressure deficit (VPD), and capillary forces, salt-contaminated 

water is rises from deeper soil layers leading to high salt accumulation of the root zone and soil 

surface (Yadav et al. 2011). Accordingly, in arid and semiarid regions around the world where 

the annual precipitation is lower than the annual evapotranspiration, salinity is a prevalent 

environmental hazard (Turki et al. 2012). The extent of secondary salinity, relative to primary 

salinity, is rather small (Munns 2005).  However, the secondary salinity is a dynamic process 

which triggers huge socioeconomic problems particularly in developing countries, leading to 

social unrest and migration pressure due to crop failures (Pessarakli 2011). Hence, salinization 

is regarded as one of the most important contributors to desertification (Thomas and Middleton 

1993, Turki et al. 2012, Allbed and Kumar 2013) and global climate change is further leading 

to the deterioration of soils (Pessarakli 2011). 

 

Leaching and the establishment of drainage systems are methods commonly used  to restrict 

salinization and reclaim salinized soils (Shrivastava and Kumar 2015). Furthermore, the 

application of appropriate irrigation systems is an effective mechanism to reduce salinization. 

However, soil reclamation and modern irrigation system are costly and not applicable for all 

crops (Genc et al. 2016). Effective soil reclamation activities, together with the cultivation of 

salt-tolerant plants, is generally accepted to be the best option to combat salinity. For sustainable 

food production under saline conditions, in many parts of the word, the use of adapted crops is 

regarded as the most promising approach  (Munns and Gilliham 2015). In addition, salt-tolerant 

crops have a much lower leaching requirement than salt-sensitive crops (Munns et al. 2006).  

 

Among the cereals, rice is regarded as most susceptible to salinity stress and barley is regarded 

as most tolerant. Within this frame, bread wheat is regarded as comparably moderate tolerant 
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towards salinity stress (Munns and Tester 2008). Moreover, significant genotypic variability 

with respect to salinity tolerance is widely known for many plant species (Bağci et al. 2003).  

However, the genetic variability of currently available wheat germplasm is low with respect to 

salinity tolerance (Ashraf and Akram 2009). Extensive screening approaches of a large number 

of genotypes led to the detection of only a few landraces like Candeal (Spain), Kharchia (India) 

and Shorwaki (Pakistan) possessing a certain degree of salinity tolerance (Puntamkar et al. 

1970, Sayed 1985, De León et al. 2011, Sharma 2015). Especially, the landrace Kharchia was 

thereafter employed in multiple breeding programs as the donor of beneficial salinity tolerant 

alleles by crossing with high yielding and high-quality cultivars. Despite all breeding efforts, 

little success was achieved in breeding salinity tolerant wheat cultivars as not only the beneficial 

alleles were introgressed into the elite background but also alleles with adverse effects like 

lodging, low baking and threshing quality (Colmer et al. 2006, Munns et al. 2006, Genc et al. 

2007).   

 

Effect of salinity on plants 

Salinity tolerance is a genetically complex trait controlled by a large number of tissue and 

developmental specific genes (Munns and Tester 2008). Plants undergo characteristic changes 

by the time of exposure to salinity stress until their maturity. The temporal effect of salinity 

stress on plants was outlined by Munns et al. (1995)  with the concept of “two-phase growth 

response to salinity” (Figure 2). For most plants, the first phase starts with an ECe value above 

4 dS m-1 and varies between few days and weeks, depending on the genotype and the osmotic 

pressure (Munns 2005, Jamil et al. 2011). At this level, the osmotic stress is emerging which is 

imposed by the low osmotic potential in soil water inhibiting plant roots to uptake water. 

Consequently, the shoot growth rate is declining. Plants with increased osmotic tolerance 

withstand the osmotic stress to some degree and maintain growth rates to a certain level (Figure 

2A). The ionic phase follows the osmotic phase. Different to the osmotic stress the ionic stress 

develops not immediately but over time; for most annual plants between few days and weeks 

(Munns 2005). The accumulation of toxic ions in the cytoplasm leads to cell injury. Along with 

the transpiration streams toxic ions such as Na+ accumulate in leaves. Younger leaves dilute the 

toxic concentration of ions by the expansion of cells. As the cellular expansion of older leaves 

stops, the concentration of toxic ions is high enough to kill cells, leading untimely to death of 

older leaves (Munns and Tester 2008). Generally, Na+ enters plants through ion channels and 

carrier type transporters (Maathuis et al. 2014). In this regard, non-selective cation channels 
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(NSCC) play an important role in raising of nutrient imbalances, e.g. Ca2+ deficiency as Na+ is 

competing with the uptake of Ca2+ (Tester and Davenport 2003, Mian et al. 2011).  

The ionic tolerance comprises the ability of plants to withstand higher concentration of adverse 

ionic compounds, such as Na+ and Cl-, within the cytoplasm, especially in mesophyll cells of 

leaves (Figure 2B). According to Munns and Tester (2008), the osmotic stress not only has an 

immediate effect on growth but also has a greater effect on growth rates than the ionic stress. 

Determining the importance of both stresses is strongly genotype specific and a matter of 

intensive debates (Almansouri et al. 2001). The combined increase in osmotic and ionic 

tolerance allows plants to resist throughout its life cycle salinity stress and to mitigate the 

decline of growth rate (Figure 2C).  

 

 

 

 

 

Note: Solid line indicates the change of shoot growth rate, the dashed green line indicates the 

hypothetical shoot growth rate with increased osmotic tolerance, the dashed red line indicates the shoot 

growth rate with increased ionic tolerance. 

 

Plants are categorized as halophytes, that can withstand salinity if 200 mM NaCl or more, and 

glycophytes that cannot withstand salinity and eventually die without completing the life cycle 

(Flowers and Colmer 2008). The majority of crop species are glycophytes and hence threated 

by the high amount of salinity. Additionally, Asch et al.  (2000) classified salt tolerant 

genotypes into two categories, Na+ includers and excluders, which are differentiated with 

respect to the concentration of K+ and Na+. Plants with a high concentration of K+ and Na+ are 

indicated as Na+ includers. Na+ excluders are recognized by low Na+ and lower K+ 

concentration, in comparison to Na+ includers, to maintain high K+/Na+ ratio. 

 

Figure 2. Concept of two-phase growth response to salinity (Munns and Tester 2008) 

A Increase in osmotic tolerance B Increase in ionic tolerance C Increase in osmotic and ionic   
    tolerance 
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Based on plant-specific morphological, physiological and metabolic processes plants developed 

three major categories of mechanisms to tolerate salinity stress (Flowers et al. 1977, Munns and 

Tester 2008, Adem et al. 2014, Gupta and Huang 2014), namely  

1. Osmotic tolerance,

2. Exclusion of toxic ions and

3. Tissue tolerance.

1. Osmotic tolerance

In most plants, adjustment to osmotic stress is the most critical activity of salinity tolerance. 

The mechanism of osmotic tolerance includes increasing of osmotic potential in root cells by 

production and/or allocation of osmoprotectants such as amino acids (e.g. proline) and sugars 

(Rhodes et al. 2002), selective preferential uptake of K+ and mechanisms of translocation of K+ 

in shoots by diverse K+ specific channels and transporters.  

High-affinity K+ Transporters (HKT), are meant to be highly important for Na+/K+ homeostasis 

in root and shoot cells. As HKT uniporters are involved in Na+ exclusion from the cytoplasm, 

HKT symporters are in involved in Na+ exclusion and preferential uptake of K+ (Schachtman 

and Schroeder 1994, Flowers 2004, Almeida et al. 2017). Additionally, to reduce dehydration 

plants facilitate uptake of water by the establishment of waters channels like aquaporins 

(Mansour 2014). Several studies underline the importance of the growth of root cells and 

rigidity of root cell walls for osmotic tolerance (Neumann et al. 1994). 

2. Exclusion of toxic ions

The mechanism of exclusion is mainly to minimize the amount of toxic Na+ - in the cytoplasm 

of roots and shoots and maintaining high K+/Na+ ratio (Almeida et al. 2017). It is highly 

accepted that in a wide range of plants, except halophyte, salinity tolerance is correlated with 

the exclusion of Na+ from the cytoplasm (Tester and Davenport 2003). However, different from 

their nature plants of both categories cannot tolerate high salt concentrations in the cytoplasm 

and maintaining high K+/Na+ ratio is regarded as an essential requirement for plants cells (Horie 

et al. 2012, Gupta and Huang 2014). According to Munns and Rawson (1999), minimizing the 

uptake of Na+ by selective discrimination of Na+ influx into root is accountable major fraction 

of Na+ exclusion process. By this means most plants exclude more than 97% of sodium ions 

from the soil. Energy-dependent Salt-Overlay-Sensitive1 (SOS1) antiporters of Na+/H+, 
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localized in the plasma membrane, are regarded as a key transport system to withdraw Na+ from 

the cell into the external media (Cuin et al. 2011, Wu et al. 2015, Almeida et al. 2017). 

Additionally, reduced Na+ loading of xylem vessels and retrieval from xylem to prevent Na+ 

influx into mesophyll cell of leaves are important requirements of salinity tolerance. Long range 

translocation of Na+ from shoot to back to root to further reduced Na+ concentration was 

described by Pitman (1977). According to subsequent studies the long-range reabsorption of 

Na+ and translocation from shoot tissues back to the root is associated with members of the 

HKT1 family, preventing the large accumulation of Na+ in the above-ground tissues (Almeida 

et al. 2017). 

3. Tissue tolerance

If the salt concentration in leaves is high plants with capability of tissue tolerance minimize the 

concentration of Na+ in cytoplasm and avoiding detrimental effects on cell metabolism by 

sequestration of large amount of salts in vacuoles and other cellular compartments (Munns et 

al. 2006, Adem et al. 2014, Roy et al. 2014). Several energy dependent antiporters like NHX1, 

NHX2, NHX3, and NHX4 were proposed to be involved in the transport of Na+/H+ and K+/H+ 

across the tonoplast in root and shoot cells (Adem et al. 2014, Almeida et al. 2017). 

Additionally, detoxification of cells by scavenging Reactive Oxygen Species (ROS) and 

restoration of normal cellular metabolism is a fundamental measurement of tissue tolerance.  

However, the importance and extent of the above-mentioned salinity tolerance mechanisms can 

be different across species and even genotypes (Bağci et al. 2003). In general, plants respond 

to salinity stress with a combination of the above-mentioned mechanisms including 

overproduction of different types of low molecular solutes to maintain their osmotic potential.  

According to Greenway and Munns (1980), salt-loving halophytes sequester high amount of 

Na+ and Cl-  in vacuoles and use them as energetically cheap osmolytes to maintain their turgor. 

Their salt tolerance depends additionally on morphological adaptations such as stronger cell 

walls and excretion of salt via salt glands (Adem et al. 2014). 

Salinity tolerance by detoxification of Reactive Oxygen Species 

Apart of exogenous toxins, plants are threatened by endogenous production of reactive oxygen 

species (ROS), such as superoxide (O2
•−), singlet oxygen (1O2), hydrogen peroxide (H2O2) and 

hydroxyl radical (OH•) is increasing (Møller et al. 2007). The specific toxicity of ROS lies in 
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their highly reactive character, causing substantial oxidative damage to proteins, lipids, 

carbohydrates and DNA which ultimately results in oxidative stress (Gill and Tuteja 2010).  

Plants produce ROS as by-products of normal metabolic processes, particularly in 

photosynthesis in reaction centers of photosystem I (PSI) and photosystem II (PSII) in 

chloroplast thylakoids (Moons 2003, Sandermann 2004, Asada 2006). Disturbance of normal 

cellular metabolism, triggered by biotic and abiotic stress factors, is the main reason for over-

excess of ROS (Figure 3). Salinity stress is rapidly inhibiting photosynthetic aperture of plants 

leading to high increase of ROS production when different pathways like photorespiration, 

mitochondrial respiration are uncoupled (Ashraf and Akram 2009).  

Additionally, several reports indicate the role of ROS in loss of K+ from the root and shoot cells 

by activating K+ efflux channels (Velarde-Buendía et al. 2012, Wu et al. 2015). In plants, ROS 

have also a protective function  as they are also involved in stress and hormone signaling by 

mediation of Ca2+-signal transduction and activation of Ca2+-permeable channels in plant 

membranes (Mori and Schroeder 2004, Miller et al. 2010, Suzuki et al. 2012, Kurusu et al. 

2015). Therefore, the right balance between ROS scavenging and ROS production, as essential 

requirement of signaling pathways, is of critical importance for plants (Gill and Tuteja 2010). 

However, scavenging ROS is highly genotype specific and deficiency of available cellular 

antioxidants leads to increased accumulation of ROS (Lamb and Dixon 1997).  

According to Hossain et al. (2015) ROS in plants is detoxified either by enzymatic or non-

enzymatic mechanisms . Among ROS detoxifying enzymes glutathione S-transferases (GSTs) 

are of outstanding importance and widely studied (Moons 2003, Csiszár et al. 2014, Liu et al. 

2015). As part of the superfamily of multifunctional enzymes, glutathione S-transferases are 

present in all kingdoms of living organisms (Wiktelius and Stenberg 2007). GSTs are 

participating in cell regulatory functions (Alias 2016) as well as in important biosynthetic or 

catabolic pathways (Noctor et al. 2012) and are involved in cellular detoxification and excretion 

of many physiological and xenobiotic and endobiotic substances.  

Glutathione (GSH; γ-L-Glutamyl-L-cysteinyl-glycine) is the most important sulfur containing 

antioxidant in plants with key functions in detoxification of ROS and redox buffering (Edwards 

et al. 2000, Zechmann 2014, Nahar et al. 2016). As part of phase II detoxification enzymes 

GSTs are catalyzing the conjugation of electrophilic and hydrophobic compounds of xenobiotic 

or natural origin to GSH, to form non-toxic derivatives (Wilce and Parker 1994, Frova 2003, 
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Martínez-Márquez et al. 2017). In respect to detoxification of H2O2, GST is catalyzing the 

conjugation of the reduced GSH to H2O2 to produced H2O (Figure 3). 

 

 
Figure 3. Simplified pathway of ROS generation within chloroplasts 

 

Note: PS I/II Photosystem I and II; O2
•− superoxide; H2O2 Hydrogen peroxide; SOD superoxide 

dismutase; GSH Glutathione; GSSG Oxidized glutathione; GST glutathione S- transferase; Yellow 

arrows indicate photons of light; As byproducts of photosynthesis activity superoxides are produced 

continuously. Disruption of photosynthesis increases O2
•− production in chloroplasts, which is quickly 

catalyzed by SOD to H2O2 and O2. GST is catalyzing the detoxification of the diffused H2O2 from 

chloroplasts with the help of GSH to H2O and oxidizing GSH to GSSH. 
 

To date, the family of GSTs in plants is classified into 14 classes according to their sequence 

identity, gene organization, active sites in protein and substrate specificity (Munyampundu et 

al. 2016). Among all classes the tau class (GSTu) is one of the largest group and distinct plant 

specific. The versatility of GSTu was reported in several studies with respect to plant protection 

against biotic and abiotic stresses as well as regulator of cell elongation and plant development 

(Székely et al. 2008, Sharma et al. 2014, Liu et al. 2015). Commonly GSTs from the same class 

are tandemly-arrayed and gene duplications are clustered on the same chromosomal region. 

These special characteristics of GSTs have great importance on their multifunctionality and 

diversification in their enzyme specificity and activity toward different substrates (Dixon et al. 

2002, Lan et al. 2009, Liu et al. 2015). Based on this variation scheme, Frova (2003) and 

recently Nianiou‑Obeidat et al. (2017) proposed biotechnical engineering of GSTs of new or 

enhanced functions based on rational and irrational protein designing approaches. Beyond this 
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approach, successful introgressions of GST genes from one species to another species 

improving tolerance towards biotic and abiotic stress factors like salinity were reported for 

several crops like Lycopersicon esculentum Mill. (Xu et al. 2015), Nicotiana tabacum L. (Yu et 

al. 2003) and Oryza sativa L. (Zhao and Zhang 2006). 
 

The sensitivity of glycophytes to salinity stress varies with the growth stage. Generally, plants 

are more sensitive at early growth stages and less at reproduction stage (Flowers and Yeo 1995, 

Wilson et al. 2000). The importance of germination stage for plants withstanding salinity stress 

was widely discussed by a large number of publications (Kent and Läuchli 1985, Kaya et al. 

2003, Singh et al. 2012). High salinity levels of soil and soil water dramatically induce 

germination failure of wheat seeds leading to yield losses and reduced grain quality (Francois 

et al. 1988, Pleijel et al. 1991). According to Ayers (1952) salinity is affecting germination of 

seeds by decreasing the rate of water entry and the high concentration of toxic ions. The physio-

chemical effects also apply to further developmental stages, affecting multiple morphological, 

physiological and biochemical processes of plants. Among others, production of biomass is the 

most common traits for evaluation of plants exposed to salinity stress beyond germination stage 

(Munns and James 2003, Adem et al. 2014). Other frequently measured traits for evaluation of 

salinity stress in a hydroponic system at the seedling stage are plant height (shoot and root), 

mineral composition (mainly Na+ and K+) of leaves, as well as photosynthetic and gas exchange 

parameters. With respect to the evaluation of plants under field condition, yield and yield 

components are considered to have high importance rather than biomass or harvest index 

(Shannon 1997).  
 

Most studies investigate salinity stress at germination stage or seedling stage in greenhouses or 

climate chambers as it is feasible to screen a large number of plants under controlled 

environmental conditions. Implementation of large field experiments on natural saline soils is 

complex and greatly environmental affected (Agarwal et al. 2013, Genc et al. 2016). Only a 

few studies were investigating salinity stress of wheat plants at germination stage, seedling 

stage and furthermore under field conditions. Wheat plants are most susceptible to salt stress at 

germination and seedling stage. On the other hand, according to Munns and James (2003), at 

germination stage fields are usually at their least saline at the time of planting due to rainfalls, 

irrigation or preceding leaching approaches. However, there is a low correlation between the 

performance of genotypes at germination or seedling stage yield under field conditions 

(Almansouri et al. 2001, Munns et al. 2006). Ultimately, breeding relies greatly on phenotyping 
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accuracy of a large number of genotypes under field conditions with natural salinization (Ashraf 

and Akram 2009, Genc et al. 2016).  

 

Analysis of Quantitative Trait Loci 

Generally, statistical models are utilized in order to localization genetic regions coding for 

quantitative traits such as salinity tolerance (Eshed et al. 1992, Tanksley 1993, Kearsey and 

Farquhar 1998, Dadshani et al. 2004). However, essential requirements for precise detection of 

quantitative trait loci (QTL) are detailed phenotypic information on specific traits and highly 

informative genotypic information. 
 

According to Hawkesford and Lorence (2017) phenotype is the physical manifestation of 

genotype and interaction of all environmental effects acting on the organism. Precise 

measurement of phenotypic traits is a fundamental requirement for accurate localization of 

genes related to the trait, particularly quantitative traits (Poorter et al. 2012, Fiorani and Schurr 

2013). However, salinity tolerance is a complex trait and controlled by a large number of genes. 

A summary of relevant morphological and physiological traits is shown in Munns et al. (2010) 

and Colmer et al. (2005). Frequently, among common gravimetric measurements, Na+, K+ and 

other salt specific components in diverse parts of plants are analyzed in order to understand 

genotype specific regulatory mechanism in plants to cope with excess of salts (Cramer et al. 

1990, Chhipa and Lal 1995, Asch et al. 2000). However, application of non-invasive sensors is 

indispensable to observe changes over time and for understating the evolution of salinity stress 

at various growth stages (Dadshani et al. 2015, Großkinsky et al. 2015) 
 

According to Mackay (2009) detection of QTL in a linkage study needs identification of reliable 

difference in the average value of the trait between marker genotypes. Hence, besides accurate 

phenotypic information, the genotypic characterization of genotypes under study is essential. 

Ideally, the number of markers should be sufficiently large to increase the mapping accuracy 

(Singh and Singh 2015). Especially with respect to localization of QTL related to a trait with 

low heritability high marker density is a crucial criterion to narrow down the chromosomal 

region (Rustgi et al. 2013). The high-density single nucleotide polymorphism (SNP) genotyping 

array iSelect 90K, comprising almost 90.000 gene-associated markers, provides an invaluable 

source of genetic information, that can be employed to characterize genetic variation in 

hexaploid wheat (Wang et al. 2014).  
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Beside traditional linkage analysis (LA), using segregating populations, e.g. F2-population, 

Near Isogenic Lines (NILs) or Recombinant Inbred Lines (RILs), genome-wide association 

study (GWAS), which is based upon the principle of linkage disequilibrium (LD) at the 

population level, is frequently used to detect marker-trait associations (Tanksley and Nelson 

1996, Visscher et al. 2012). For many years, linkage analysis was the preferred approach for 

identification of Mendelian and quantitative traits in related populations (Ott et al. 2015).  In 

recent years GWAS is gaining more importance and is replacing LA. However, as GWAS is 

considered as a powerful tool providing a high-resolution evaluation of numerous alleles, it 

comes along with some substantial drawbacks: One major problematic aspect of GWAS is the 

existence of population structure in the association population due to evolutionary mechanisms 

such as natural selection, genetic drift and mutations (Star and Spencer 2013, Kutnjak et al. 

2017) as it can lead to an increased number of false-positive results. Ultimately most mapping 

studies  aim to detect functional genetic variants, or the quantitative trait nucleotides, that are 

responsible for phenotypic variation (Myles et al. 2009). However, as association analysis is 

highly affected by the extent of LD- Low decay of LD will always make the disentanglement 

of causative variants difficult (Korte and Farlow 2013) and therefore, in many cases, GWAS is 

not detecting causal relationship but only associations (Ward and Kellis 2012, Pascual et al. 

2016). Consequently, further fine mapping studies are required for determination of causal 

factors (Ioannidis et al. 2009, Witte 2010). Furthermore, for detection of epistatic interaction 

especially in complex traits, GWAS is still struggling with computational and statistical 

difficulties (Korte and Farlow 2013), different than in segregating populations where epistatic 

analysis is more effective and widely accepted (Juenger et al. 2005). Accordingly, Wilson et al. 

(2004) proposed the combination of LA and GWAS analysis to circumvent the drawbacks and 

to exploit the strengths of both approaches. Pyramiding of salinity tolerance genes by 

application QTL analysis and subsequent marker-assisted selection in breeding approaches has 

an enormous potential to accelerate the breeding process (Genc et al. 2010).  

 

Identification of salt-responsive genes by application of GWAS and QTL analysis has been 

widely used in many plants, including Arabidopsis (DeRose-Wilson and Gaut 2011), tomato 

(Foolad et al. 1997), barley (Mano and Takeda 1997, Xue et al. 2017), rice (Gong et al. 1999, 

Ren et al. 2005, Bernier et al. 2007), maize (Bänziger and Araus 2007, Luo et al. 2017) and 

wheat (Dubcovsky et al. 1996, Genc et al. 2010).  
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Forward genetic approaches by application of AM and QTL analysis revealed a vast number of 

loci that related to salt tolerance. Several loci were detected with relation to Na+ concentration 

of leaf tissues, as much of recent works focused more on Na+ exclusion, among them Nax1 

(TaHKT1;4), Nax2 (TaHKT1;5A) which are involved in limiting massive Na+ transport from 

xylem to leaves  (Munns and James 2003, Genc et al. 2016) and KNa1 (TaHKT1;5D) which is 

responsible for the maintenance of a high cytosolic K+/ Na+ ratio in the leaves of salt-stressed 

plants (Byrt et al. 2014). 

However, recent studies question the importance of the over two decades propagated theory of 

Na+ exclusion as the main mechanism of salinity tolerance, as according to Munns (2005) most 

plants are efficient Na+ excluder (Benderradji et al. 2011, Genc et al. 2016). While some 

scientists suggest focusing more on tissue tolerance mechanism of plants as a more important 

component of salinity tolerance (Shavrukov et al. 2011, Genc et al. 2016) other scientists prefer 

combined investigation of tissue tolerance and osmotic tolerance as both are regarded as 

inseparable from each other (Munns et al. 2016).  

Despite of some success in identification of genes that confer salinity tolerance in model plants, 

such as Arabidopsis and complex plants with polyploid genomes, like hexaploid wheat under 

controlled environmental conditions, little success has been achieved in transferring this 

research outcome to the fields (Flowers 2004, Munns et al. 2006, Sanchez et al. 2011, Genc et 

al. 2016). The reason for this is that most studies were conducted under controlled 

environmental conditions and not under natural field conditions with multiple environmental 

effects and that the focus was laid on distinct growth stages and not the entire life cycle of plants 

(Foolad 1999, Munns 2011).  

The new advances in phenotyping plants at different growth stage, under lab and field condition, 

especially non-destructively by application of sensors, QTL mapping by incorporation of high 

density genotyping information along with sequencing technologies are expected to improve 

the precision and speed of detection of favorable alleles in and to pave the way to introgress 

these genes into elite cultivars by marker-assisted selection (Flowers and Flowers 2005, Mondal 

et al. 2016). 
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HYPOTHESIS 

1. Salinity tolerance in bread wheat is genetically controlled.

2. Crop wild relatives of wheat harbor favorable alleles for salinity tolerance.

3. Various mechanisms are responsible for salinity tolerance in wheat plants in
different growth stages.

4. Non-destructive senor technologies allow accurate and continuous monitoring of
morpho-physiological parameters of plants exposed to salinity stress.

5. Expression of specific genes modulates tolerance of wheat salinity stress.
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MATERIALS AND METHODS 

Central objective of this thesis was the phenotypic and genotypic assessment of salinity stress 

on wheat. Additional experiments were conducted in order to detect water status in plant leaves 

non-destructively by using microwave resonator technique. 

3.1. Assessment of salinity stress 

Several experiments at different development stages of wheat were conducted in order to 

characterize the diverse effects of salt stress at specific developmental stages of wheat. The 

development stages of interest were: 

• Germination stage
• Seedling stage
• Maturity stage

The following section outlines the materials and methods that were applied to conduct the 

experiments at germinations, juvenile and maturity stage of wheat. 

3.1.1. Germplasm 

The tested plant material consisted out of 151 advanced backcross lines (AB-lines) of the winter 

wheat population “Z86” (BC2F3:7). The seeds of the Z86 population was provided by Dr. Ram 

Sharma (Central Asia & Caucasus Regional Program ICARDA). Originally the Z86 population 

was produced at University of Bonn (Germany) - Institute of Crop Science and Resource 

Conservation, chair of Plant Breeding by crossing the German elite winter wheat cultivar Zentos 

(Triticum aestivum L.; Syngenta Seeds GmbH, Bad Salzuflen) with the synthetic hexaploid 

wheat Syn086L (Kunert et al. 2007). The elite cultivar Zentos (Syngenta Seeds GmbH, Bad 

Salzuflen, Germany) was registered at Bundessortenamt (the Federal Plant Varieties Office of 

Germany) in 1989 as high performant and high yielding variety (Bundessortenamt 2016).  

The synthetic parent, Syn086L, was produced by Lange and Jochemsen (1992) by crossing wild 

emmer (Triticum turgidum spp. dicoccoides; accession number G4M-1M) as donor for AABB 

genome and Triticum tauschii (accession number Gat-525) as donor of DD genome. Since the 

emasculation of Triticum tauschii was more complicated than of wild emmer, Triticum tauschii 
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was acting as male parent and wild emmer as female.  Syn086L served as the donor of exotic 

alleles located on the D genome. 

For the establishment of the Z86 advanced backcross winter wheat population the initial cross 

was between the elite cultivar Zentos as female parent and Syn086L as male parent (Figure 4). 

The resulting F1 plants (maternal) were backcrossed two times with the recurrent elite cultivar 

Zentos (paternal). After regular selfing the plants achieved BC2F3. Without additional selfing, 

the F3 lines were bulk propagated under field conditions two more generations deriving the F3 

lines to F7. denoted as F3:7. 

The bulk propagation process was continued by the Central Asian division of ICARDA and 

collaborating National Agricultural Research Systems (NARS) of Uzbekistan in the years 2010 

and 2011 deriving the BC2F5 population of F7; denoted as BC2F3:7. The names and entry 

numbers of the AB-lines of the Z86 population is presented in Table 29 in Appendix 1. For the 

sake of simplicity, instead of genotype names the entry numbers will be used in this work. 

Figure 4. Establishment of the Z86 backcross population 
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3.1.2. Assessment of salinity response at germination 

Germination tests were carried out, following the method described by Mano and Takeda 

(1998), in order to investigate the performance of the tested genotypes exposed to various 

concentrations of sodium chloride and sodium sulfate salt treatments (see Table 2). 

Within the context of the germination test, the Z86 population including the parents Zentos and 

Syn86 were subjected to salt stress at germination stage. Seeds of the testing population were 

surface sterilized with 70% ethanol for one minute followed by three times rinsing with 

deionized water. Ten seeds of average size were sown on filter paper with 160 g per m² (C 160; 

Munktell & Filtrak GmbH; Bärenstein, Germany) placed in crystal clear rectangular boxes with 

the dimensions 288 mm x 224 mm x 30 mm (V3-92; Licefa GmbH & Co. KG, Bad Salzuflen, 

Germany). The plants in the boxes were grown for 10 days in the climate chamber at 20°C, 

12h/12h photo/dark period and with 50% humidity. The light condition in the climate chamber 

was 200 μmol m-2 s-1.

The seeds were irrigated every second day with the specific salt concentrations summarized in 

Table 2. The salt solutions were prepared by dilution of the salts in deionized water.  For the 

control treatment, only deionized water without any salt was used. 

Table 2. Summary of used salts and salt concentrations for the germination tests 

Treatment Chemical 
formula 

Water Salt concentration CAS 
number 

Supplier 

Sodium 
chloride NaCl Deionized water 50 mM, 100 mM, 150 

mM, 200 mM, 250 mM 7647-14-5 AppliChem 
GmbH 

Sodium 
sulfate Na2SO4 Deionized water 50 mM, 100 mM, 150 

mM, 200 mM 7757-82-6 AppliChem 
GmbH 

Control - Deionized water - - - 

After 10 days the genotypes were scored from 0 to 9 according to a modified scheme of Mano 

and Takeda (1998) specified in Badrize et al. (2009). The applied scoring scheme is outlined in 

Table 3. 
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Table 3. Scoring scheme for germination stage in wheat according Mano and Takeda (1998). 

3.1.3. Assessment of salinity response at seedling stage 

A hydroponic system under greenhouse condition was established in the year 2013-2015 in 

order to characterize salinity tolerance of the Z86 wheat population at seedling stage. As 

described under 3.1.2, seeds were pre-germinated in germination boxes for 8 to 9 days. 

Seedlings of equal size were transferred at the two-leaf stage into the hydroponic system. The 

utilized hydroponic system followed partly the methods described in Dubcovsky et al. (1996) 

and Genc et al. (2007, 2010). It consisted out of 12 light-tight polypropylene boxes with 170 L 

capacity (EG 86/42 HG by Auer Packaging, Amerang, Germany). Each box was aerated by 

four adjustable air diffusers (Eheim 4002650, Eheim GmbH & Co. KG, Deizisau, Germany) 

fixed on the bases of each box. The air was supplied by electric air pumps (Eheim 400, Eheim 

GmbH & Co. KG, Deizisau, Germany) operating continuously. The boxes were covered with 

light-tight panels (Styrodur 3035 CS, BASF SE, Ludwigshafen, Germany). Each panel was 

prepared with 54 holes where hydrophobic sponges were inserted to keep the plants above the 

solution. The boxes were filled with 170 L tap water including nutrient solution according to 

Asao et al. (2012) summarized in Table 4. According to the monthly report of the Stadtwerke 

Bonn “Energie und Wasser” (2013) the EC value of the used tab water was 0.08 mS/cm.   

With respect to reproducibility and comparability, the hydroponic experiments were carried out 

with 100 mM NaCl and Na2SO4, respectively, as the majority of recent salt stress studies in 

wheat were conducted with this salt concentration. After nine days of adaptation in the 

Score Explanation 

0 No germination 

1 One root elongated or poor root development 

2 Two roots elongated or more roots with brown tips 

3 Three or more roots elongated, normal root development 

4 Shoot less than 10 mm with green color 

5 Shoot elongated between 10 and 25 mm 

6 First leaf protruded the coleoptile up to 1 cm 

7 First leaf developed up to 3 cm from the coleoptile 

8 First leaf developed up to 6 cm from the coleoptile 

9 First leaf is longer than 6 cm from the coleoptile 



MATERIALS AND METHODS 21 

hydroponic system, the salinity level of the salt treated boxes was increased incrementally in 

three days by adding NaCl and Na2SO4, respectively, until reaching the final concentration of 

100 mM. 

Table 4. Composition of nutrient solutions for the hydroponic system 

Chemical Chemical 
formula 

CAS number Concentration Supplier 

Ammonium nitrate NH4NO3 6484-52-2 0.2 mM / L AppliChem GmbH 

Potassium nitrate KNO3 7757-79-1 5 mM / L AppliChem GmbH 

Calcium nitrate CaN2O6 10124-37-5 2 mM / L AppliChem GmbH 

Magnesium sulfate MgSO4 7487-88-9 2 mM / L AppliChem GmbH 

Potassium dihydrogen 
phosphate H2KO4P 7778-77-0 0.1 mM / L AppliChem GmbH 

Di-Sodium 
Metasilicate Na2SiO3 6834-92-0 0.5 mM / L SIGMA-ALDRICH 

CHEMIE GmbH 

Iron (III) monosodium 
salt 

NaFe(III)-
EDTA 15708-41-5 100 µM / L Alfa Aesar GmbH 

Boric acid H3BO3 10043-35-3 12.5 µM / L Pharmacia Biotech 

Mangan chloride MnCl2 7773-01-5 2 µM / L SIGMA-ALDRICH 
CHEMIE GmbH 

Zinc sulfate ZnSO4 7733-02-0 3 µM / L J.T.Baker Chemicals 

Copper (II) sulfate CuSO4 7758-98-7 0.5 µM / L AppliChem GmbH 

Sodium molybdate Na2MoO4 7631-95-0 0.1 µM / L SIGMA-ALDRICH 
CHEMIE GmbH 

Nickel sulfate NiSO4 7786-81-4 0.1 µM / L AppliChem GmbH 

Potassium chloride KCl 7447-40-7 25 µM / L Merck KGaA 

Portable pH-/EC-meter (Mettler Toledo SG2-FK SevenGO, Columbus, Ohio, United States) 

was used to measure pH- and EC values every second day. The temperature adjusted EC value 

of the control solution with no additional salt was around 1.8 mS/cm, 12 mS/cm at 100 mM 

NaCl and 16 mS/cm at 100 mM Na2SO4. HCl and NaOH were added to adjust the pH value 

between 6.2 and 6.5. The solutions were renewed every nine days. The hydroponic boxes were 

placed during the testing period in the greenhouse with 20°C day and 12°C night temperature 

and 12h/12h photo/dark period. 
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Measurement of morphological and physiological parameters 

Table 5 summarizes parameters measured during the hydroponic experiments that were 

conducted under control, 100 mM NaCl and 100 mM Na2SO4 condition. 

Table 5. Overview of phenotypic parameters collected from hydroponic experiments 

Parameter 

Treatment 

Control 100 mM 
NaCl 

100 mM 
Na2SO4 

Shoot fresh weight / dry weight    

Root fresh weight/ dry weight    

Root length at day 0 (DAS 0)   

Root length at day 9 (DAS 9)   

Root length at day 16 (DAS 16; harvest)    

Shoot height at day 0 (DAS 0)   

Shoot height at day 9 (DAS 9)   

Shoot height at day 16 (DAS 16; harvest)    

Leaf Membrane Leakage   

Length of 3rd leaf   

Fresh weight / dry weight of 3rd leaf   

Chemical components analysis (K, and Na) of 3rd 
leaf 

  

Note: DAS=days after stress application 

The dry weight of plant material was measured after drying for three days in the drier with 

65°C. 

K and Na concentrations were measured by the Atomic Absorption Spectrometer (AAS) 

AAnalyst 200 (Perkin Elmer, USA) following the method described by Madejczyk and 

Baralkiewicz (2008). 
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Leaf Membrane Leakage 

Leaf membrane leakage (LML) or electrolyte leakage is an indication of plant’s membrane 

integrity. Membrane permeability was assessed according to Lutts et al. (1995). A cork cutter 

of the diameter of 4 mm was used to cut 10 discs of leaf sheath of wheat plants at harvesting 

(DAS 16). The discs were rinsed briefly with millipore water. Immediately after drying with 

soft paper tissue the discs were put in 50 ml Falcon tubes containing 30 ml millipore water. The 

falcon tubes were placed horizontally on an electric shaker and were gently shaken for 4h at 

room temperature (22°C). After that, the initial electrical conductivity (EC) of the water was 

measured with portable pH-/EC-meter (Mettler Toledo SG2-FK SevenGO, Columbus, Ohio, 

United States). Thereafter the samples were kept in a freezer at minus 20°C for one day. After 

thawing at room temperature, the EC of the samples were measured again (ECfinal). The 

percentage of membrane leakage (LML) was calculated as  

Eq. 1 

𝐿𝐿𝐿𝐿𝐿𝐿 [%]  =  
𝐸𝐸𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝐸𝐸𝐸𝐸𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

∗ 100 

Where ECinnitial stands for the EC value of the solution prior freezing and ECfinal for the EC value 

after thawing. 

The percentage of water content [%] of plant material was calculated by 

Eq. 2 

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝑐𝑐𝑐𝑐𝑐𝑐𝑊𝑊𝑊𝑊𝑐𝑐𝑊𝑊 [%] = 100 −
𝑑𝑑𝑊𝑊𝑑𝑑 𝑤𝑤𝑊𝑊𝑤𝑤𝑤𝑤ℎ𝑊𝑊
𝑓𝑓𝑊𝑊𝑊𝑊𝑓𝑓ℎ 𝑤𝑤𝑊𝑊𝑤𝑤𝑤𝑤ℎ𝑊𝑊

∗ 100 

Fresh weight was measured of immediately after removing plant material from the solution. 

The dry weight of plant material was measured after drying for 3 days in the drier with 65°C. 
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The Stress tolerance index (STI) was calculated according to Fernandez et al. (1992) to 

differentiate genotypes in terms of stress tolerance and performance:  

 

Eq. 3 

𝑆𝑆𝑆𝑆𝑆𝑆 =  
𝑃𝑃𝑊𝑊𝑊𝑊𝑊𝑊𝑟𝑟𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑖𝑖 ∗ 𝑃𝑃𝑊𝑊𝑊𝑊𝑊𝑊𝑟𝑟𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝑖𝑖𝑐𝑐𝑡𝑡𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖

(𝑃𝑃𝑊𝑊𝑊𝑊𝑊𝑊𝑟𝑟𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 𝑖𝑖𝑎𝑎; 𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑖𝑖)2
 

 

Where Parametercontrol stands for the value of the parameter under controlled condition and 

Parametertreatment stands for the value of the parameter under treatment. Parameterav;control stands 

for the population average under control condition. 

 

 

With respect to parameters measured from field trials, the Stress-weighted performance index 

(SWP), established by Saade et al. (2016) was calculated following this equation:  

 

 
Eq. 4 

𝑆𝑆𝑊𝑊𝑃𝑃 =  
𝑃𝑃𝑊𝑊𝑊𝑊𝑊𝑊𝑟𝑟𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑖𝑖𝑐𝑐𝑡𝑡𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖
�𝑃𝑃𝑊𝑊𝑊𝑊𝑊𝑊𝑟𝑟𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖𝑐𝑐𝑐𝑐𝑖𝑖

 

 

Where Parametercontrol stands for the value of the parameter under controlled condition and 

Parametertreatment stands for the value of the parameter under treatment. 
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3.1.4. Application of sensors for non-destructive phenotyping  

 

The sensors that were used to detect salt stress non-destructively are shown in Table 6.  All 

sensors were applied on the third leaf of the plant at seedling stage.  
 

Table 6. Applied sensors for non-destructive phenotyping 

Sensor 

Treatment 

Control 100 mM 
NaCl 

100 mM 
Na2SO4 

SPAD meter, Chlorophyll meter    

Microwave sensor    

LI-COR LI-6400XT, IR photometer    

 

SPAD meter 

The Minolta-SPAD-502 Chlorophyll Meter (Minolta Camera Co., Osaka, Japan) was used to 

measure the greenness of leaves. The SPAD- meter measures the chlorophyll absorbance in the 

red and near-infrared regions and calculates a numeric SPAD value which is proportional to the 

amount of chlorophyll in the leaf (Markwell et al. 1995). SPAD values were determined for 

each plant, using the third fully expanded leaf. The mean of SPAD values was calculated by 

measuring on five different positions on the same leaf.  

 
 
 

Microwave sensor 

A prototype of a dual-mode EMISENS’s microwave resonator (EMISENS GmbH, Juelich, 

Germany) was applied to assess non-invasively the water status and ionic conductivity of leaves 

exposed to salt stress (Figure 5). The properties of the microwave sensor are reported in 

Dadshani et al. (2015) (see Appendix 5). Briefly, the dual-mode sensor which was employed in 

this study allows measurements at two distinct and far separated resonant frequencies, one at 

150 MHz (denoted as Mode 0) and the second at 2.5 GHz (denoted as Mode 1).  
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Figure 5. EMISENS dual-mode microwave resonator 

 

Note: (I) – Photograph of the employed sensor system comprising a compact battery - powered circuit 

board - microwave electronic module, and (II) the zoomed measurement-window: dual mode cavity 

(copper, A) embedded in a housing with a wheat leaf in measurement position. The aperture in the 

copper cavity (dark circle, B) allows the evanescent field of the ceramic dielectric resonator (smaller 

light circle, C) to penetrate into the sample under test. The radial copper rod (D) which is partially 

covered by the leaf is a requirement for Mode 0 only. 

 

As discussed in Dadshani et al. (2015) Mode 0 is ideally suited for contact-free assessment of 

the ionic conductivity of bulky plant leaves such potato and sugar beet leaves and Mode 1 is 

highly correlated with the osmotic potential of leaves.  

During the assessment of a leaf under test, by the use of cavity perturbation theory (Pozar 1998) 

the change of the inverse quality factor (Q) and the resonant frequency (fr) with respect to the 

empty resonator is recorded. Both Q and fr are determined from a fit of a Lorentzian to the 

measured transmission curve using. 

For the analysis, the negative relative frequency shift (FRS) due to the sample was calculated 

accordingly: 

 
Eq. 5 

𝐹𝐹𝐹𝐹𝑆𝑆 ≡ −
𝑓𝑓𝑐𝑐,𝑠𝑠𝑖𝑖𝑡𝑡𝑠𝑠𝑖𝑖𝑡𝑡 − 𝑓𝑓𝑐𝑐,𝑡𝑡𝑡𝑡𝑠𝑠𝑖𝑖𝑒𝑒

𝑓𝑓𝑐𝑐,𝑡𝑡𝑡𝑡𝑠𝑠𝑖𝑖𝑒𝑒
 

In Eq. 5, 𝑓𝑓𝑐𝑐,𝑠𝑠𝑖𝑖𝑡𝑡𝑠𝑠𝑖𝑖𝑡𝑡 stands for the resonant frequency (fr) measured with the sample placed on 

the resonator and 𝑓𝑓𝑐𝑐,𝑡𝑡𝑡𝑡𝑠𝑠𝑖𝑖𝑒𝑒 stands for the resonant frequency (fr) with respect to the resonator. 



MATERIALS AND METHODS     27 
 

Since the frequency shift due to a dielectric object is usually negative, FRS is defined to be a 

positive number. 

The sample induced change of the losses, i.e. change of the inverse Q factor (IQS) was recorded:  

 
Eq. 6 

𝑆𝑆𝐼𝐼𝑆𝑆 ≡
1

𝐼𝐼𝑠𝑠𝑖𝑖𝑡𝑡𝑠𝑠𝑖𝑖𝑡𝑡
−

1
𝐼𝐼𝑡𝑡𝑡𝑡𝑠𝑠𝑖𝑖𝑒𝑒

 

 

Where 𝐼𝐼𝑠𝑠𝑖𝑖𝑡𝑡𝑠𝑠𝑖𝑖𝑡𝑡 stands for the Q factor of the sample and 𝐼𝐼𝑡𝑡𝑡𝑡𝑠𝑠𝑖𝑖𝑒𝑒 stands for the Q factor of the 

empty resonator. 

 

Relative change of both parameters, FRS and IQS, based on values for the specific parameters 

at initial fresh weight was calculated accordingly: 

 

Eq. 7 

𝑊𝑊𝑊𝑊𝑟𝑟.𝑃𝑃𝑊𝑊𝑊𝑊𝑊𝑊𝑟𝑟𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 [%] =
𝑃𝑃𝑊𝑊𝑊𝑊𝑊𝑊𝑟𝑟𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑖𝑖

𝑃𝑃𝑊𝑊𝑊𝑊𝑊𝑊𝑟𝑟𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
∗ 100 

 

In Eq. 7 𝑃𝑃𝑊𝑊𝑊𝑊𝑊𝑊𝑟𝑟𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 stands for FRS and IQS; 𝑃𝑃𝑊𝑊𝑊𝑊𝑊𝑊𝑟𝑟𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 stands for the FRS and IQS 

value, respectively, at initial fresh weight of the tested leaf, whereas 𝑃𝑃𝑊𝑊𝑊𝑊𝑊𝑊𝑟𝑟𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑖𝑖 stands for the 

FRS and IQS value, respectively, with i standing for the six time-points from initial fresh weight 

(100%) up to 50% of the initial weight by consecutive 10% drying in each step. 

 

Plant material 

In this study four plant species being analyzed, wheat cultivar Zentos, maize (Zea mays L.) 

cultivar Aurelia, potato (Solanum tuberosum L.) cultivar Linda and canola (Brassica napus L.), 

cultivar Expert, were selected considering the size and morphology of their leaves. Wheat and 

maize leaves have similar shape, both are long, but wheat leaves are thinner. On the other hand, 

the potato and canola have compound leaves with oval leaflets, the canola leaves are larger and 

thicker. The plants were grown under greenhouse conditions in pots filled with soil (clay peat 

mix) and watered regularly. 
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Measurements of salt content (and ionic conductivity) 

For the salt stress experiment, nine wheat genotypes were grown in three replicates in aerated 

hydroponic system as described in 3.1.3. The tested wheat genotypes were the parents of the 

Z86 population, Zentos and Syn086, and seven of their progenies which were selected based 

on their performance under salinity stress, representing salt tolerant and salt sensitive 

genotypes. The stress was induced by adding to the nutritional solution either NaCl or Na2SO4, 

to end-concentration of 100 mM and 50 mM, respectively. EC at control = 2.5 mS, NaCl = 11.5 

mS, Na2SO4 = 9.5 mS), pH was checked every day and adjusted at 6.1 to 6.4. 

Using the Microwave resonator sensor five measurements were performed in the center of each 

leaf without changing the position. By calculating the means, the five measurements were 

considered as technical replicates. 

Measurements of water content 

In order to follow the kinetics of water content the measurements were performed on detached 

leaves of the tested plants (wheat - cultivar “Zentos”, maize, potato, canola). Three leaves 

detached from each plant were chosen from three developmental stages in order to characterize 

tissues of various ages. 

The stepwise reduction of water content in leaves was achieved by incubating them at high 

temperatures. The gravimetric measurement of water loss in the leaves was done by weighting 

them before and after drying. Shortly, after removal from the plant the leaves were weighted 

and measured with the microwave sensor system. This first-time point was considered as 

reference for a leaf with 100% (w/w) water. After that, the leaves were placed in an incubator 

at 45°C until 10% of initial water content was lost and the microwave assessment was 

performed instantaneously. The drying procedure with 10% loss each step and subsequent 

microwave measurement was repeated 5 times until reduction to 50% of the initial weight was 

reached. In fact, the time interval between removal and measurement was less than 30 seconds 

in any case. 

The leave was placed on the window such the measured frequency shift is maximized, as shown 

in Figure 5 for wheat.  
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LI-COR LI-6400XT Portable Photosynthesis System 

The gas exchange system (LI-6400XT; LI-COR Environmental, Lincoln, USA) was applied to 

measure the photosynthetic parameters of the Z86 population exposed to 100mM Na2SO4 salt 

stress. The infrared flow-through gas analyzer system (LI-6400XT) measures continuously 

photosynthesis parameters such as photosynthesis rate (A), transpiration rate (E), stomatal 

conductance (gs) and intercellular CO2 concentration (Ci) (Biosciences 2008). 

Settings for the LI-COR LI-6400XT were the following: The flow rate was set to 400 μmol s-1 

because leaves were relatively small at harvest and only with low a flow rate differences in 

photosynthetic activity could be measured. Because of an elevated level of CO2 in the 

greenhouse, the CO2 reference was set to 500 μmol CO2 mol air-1 at the built-in mixer. To 

resemble the light conditions inside the greenhouse (lamps+ sunlight), the artificial light inside 

the leaf chamber was set to 200 μmol m-2 *s-1. The relative humidity (RH) inside the leaf 

chamber was maintained at about 50 % RH with the help of the built-in desiccant. 

An additional, a salt shock experiment, following the principal described by Shavrukov (2012) 

was established, in order to investigate the immediate response of plants exposed suddenly to a 

high level of salinity. In contrast to the previously described gradual application of salt in three 

increments until reaching the final concentration of 100 mM NaCl or Na2SO4, respectively, for 

the salt shock experiment the 50 days old plants were transferred suddenly from control solution 

into solution with 100 mM NaCl. The third fully expanded leaf was placed in the chamber of 

the LI-6400XT and an automated program was recording the photosynthetic parameters in 

intervals of 30 seconds, over a period of 60 minutes. Each measurement was regarded as one 

time-point. After 15 minutes in control solution (water + nutrients) the whole plants were 

removed and placed immediately into solution with 100 mM NaCl (including nutrients) without 

detaching from the sensor. Thus, continuous measurement of photosynthetic parameters of the 

plants exposed to immediate salt stress was possible. The first 15 minutes, after the plants were 

placed in the control condition, were considered as control values for the entire duration of the 

test. This experiment was conducted on the parents of the Z86 population, Zentos and Syn86 

and on two lines of the Z86 population (genotype 84 and genotype 117) which were selected as 

extremes in respect to their tolerance towards salinity stress. 
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3.1.5. Experimental setup of field trials 

In order to evaluate the performance of the Z86 population, including the parents Zentos and 

Syn-86, field experiments were conducted under non-saline and saline soil conditions with 

natural salinization in three planting seasons, in year 2010/11, 2011/12 and 2012/13, in Karshi 

(Uzbekistan; 38°52′N 65°48′E). The soil type was silty clay with a mixture of chloride-sulphate 

salts (sulphate/chloride ration 1.9 to 4.6). Due to the natural soil salinization, the intensity of 

soil salinity of the experimental site was heterogeneous. For all field trials, the plots were 

arranged according to Alpha Lattice design with three replications. The incomplete block 

design (IBD) was 10 plots with two rows per plot and the individual plot size was 1 m² 

(1.67m*0.6 m). Due to the limited number of available seeds in the year 2010/11 and 2011/12 

only field experiments under saline condition were conducted.  

Agronomic traits were collected according to the procedure described by Sharma et al. (2004). 

Briefly, at maturity stage, plant height (PH) in each plot was measured from ground level to the 

tip of the spikes in cm, days to heading (DHD) and days to maturity (DMD) were calculated 

starting from January 1st, Days to heading was recorded when spikes of approximately 50% of 

the plants in a plot fully emerged. Days to maturity were recorded when glumes completely lost 

their green color, according to Hanft and Wych (1982) and Knott and Gebeyehou (1987). Yield 

value harvested from 1 m² were converted from kg/m² to tons per hectare by multiplication with 

10,000 (Sharma et al. 2011).  

To assess the effect of salinity stress on the quality of produced wheat seeds under natural field 

conditions, seed quality parameters were analyzed by using near infrared reflectance 

spectroscopy (NIR) with Diode Array 7250 NIR analyzer (Perten Instruments, Inc., USA). 

According to several reports, NIR sensors are highly usable for assessment of milling quality 

of wheat seeds (Blažek et al. 2005, Mutlu et al. 2011, Pojić and Mastilović 2013). Grain quality 

parameters obtained by using the NIR analyzer are listed in Table 7.  
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Table 7. Grain quality parameter analyzed with NIRS sensor 

Parameter Unit 

Starch % 

Protein % 

Fiber % 

Neutral Detergent Fiber (NDF) % 

Ash % 

Hardness of seeds % 

Zeleny sedimentation value ml 

Moisture % 

The summary of the phenotypic parameters collected from field experiments in growing season 

2010/11, 2011/12 and 2012/13 are presented in Table 8. The implementation of field trials was 

limited by the availability of homogenous saline land for the stress treatment and less salt 

effected land for the control treatment. In addition, due to the limited number of available seeds 

in the growing season 2010/11 and 2011/12, field experiments were conducted only for stress 

treatment. 

Table 8. Overview of phenotypic traits collected from field experiments in year 

Parameters 2010/11 2011/12 2012/13 
Control Stress Control Stress Control Stress 

DHD     

DMD  

PH [cm]     

TLN  

PL [cm]   

SL [cm]   

SpS [cm]   

Yield [t/ha]     

TKW [g])   

NIRS (Grain quality 
parameters)   

Note: DHD days to heading, DMD days to maturity, PH plant height, TLN number of tillers, PL length 

of peduncle, SL length of spike, SpS spikelet per spike, TKW 1,000 kernel weight, NIRS Near-Infrared 

Reflectance Spectroscopy.  



32  MATERIALS AND METHODS 

3.2. Genotyping 

The 151 AB-lines of the Z86 population and their parents Zentos and Syn86 were genotyped 

by pooling the extracted DNA of ten plants, using the Infinium iSelect 90K single nucleotide 

polymorphism (SNP) bead array assaying 81,587 gene-associated SNPs (Wang et al. 2014). 

The genotyping was outsourced to TraitGenetics in Gatersleben, Germany. Monomorphic 

markers giving no genotypic diversity were discarded additionally to SNPs with MAF (Minor 

Allele Frequency) less than 2.5% and more than 5% missing data (due to the presence of null 

alleles or poor genotype call rates). Allelic variants of the parent Zentos and Syn86 were codes 

with 1 and 3, respectively, whereas 2 was the coding for the heterogeneous variant. 

The genetic map developed by Wang et al. (2014) with rescaled centimorgan (cM) distances 

comprising 40,267 markers with known positions was applied for further statistical and genetic 

analysis.  

 

 

3.2.1. Molecular analysis 

DNA extraction 

DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) was used to extract DNA from frozen plant 

tissues stored at -20°C following manufacturer´s instructions. The quality of the extracted 

samples was checked by spectrophotometric analysis using nanodrop 2000 (Thermo Fisher, 

Rochester, USA) following manufacturer´s instructions. The integrity of DNA was tested by 

applying on 1% agarose gel electrophoresis at 100V for 30 min. Peqgreen (Peqlab, Fareham, 

UK) was utilized as dye to visualize the nucleic acids and was added to melted agarose (4 – 6 

μl per 100 ml of agarose solution). GeneRuler 1 kb DNA Ladder (Thermo Fisher Scientific) 

was also loaded in the gel for estimation of DNA size and approximate quantification. An easy 

visual tracking of DNA migration during electrophoresis was possible by loading the gel with 

bromophenol blue (Thermo Fisher Scientific). Extracted DNA was stored in -20°C for later use.  

 

RNA isolation and cDNA synthesis 

Samples of plant tissues were frozen in liquid nitrogen and stored at -80°C for subsequent 

processing. RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) was used to extract RNA from 

frozen plant tissues following manufacturer´s instructions. The quality and quantity of extracted 

RNA were checked as described above (chapter 0). Afterward, DNase digestion procedure was 
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used to remove traces of genomic DNA from extracted RNA samples using Removal of 

Genomic DNA from RNA Preparations of RevertAid RT Reverse Transcription Kit 

(ThermoScientific). RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Fisher 

Scientific) was used to produce cDNA from purified RNA samples following manufacturer´s 

instructions. Extracted RNA and cDNA samples were stored at -80°C for later use. 

Amplification of DNA strands 

The standard protocol polymerase chain reaction (PCR) protocol was followed for 

amplification of DNA and cDNA fragments. Locus-specific sequence primers were generated 

following the pipeline described in Ma et al. (2015) and the primer characteristics required for 

LIGHTRUN sequencing at GATC Biotech AG (Konstanz, Germany). 

Semi-quantitative RT-PCR 

The semi-quantitative RT-PCR method was used to determine the expression of candidate 

genes in specific genotypes. For normalization and quantification of cDNA samples 

Cyclophilin A (Tenea et al. 2011) was selected as reference gene (Forward primer 5’-

GGTCTCCCTTGCCAGATCAC-3’; Reverse primer 5’-GGGACGGTGCAGATGAAGAA-

3’; 60°C annealing temperature; fragment size 500 bp). To normalize the amount of applied 

cDNA samples for Semi-quantitative RT-PCR foregoing tests were conducted to estimate the 

intensity applied with 2μl, 4μl and 8μl of PCR products on agarose gel. 

Quantitative Real-time PCR (qRT-PCR) 

In contrast to the semi-quantitative RT-PCR method, the quantitative real-time PCR (qRT-

PCR) enables quantitative measurement of amplicons not at the end of the reaction but during 

the entire process of amplification. The principal described by Denman and McSweeney (2005) 

was conducted for microarray analysis by qRT-PCR using 7500 Fast Real-Time PCR System 

(Applied Biosynthesis, Darmstadt, Germany) with MicroAmp fast optical 96 well reaction plate 

(Applied Biosynthesis, Darmstadt, Germany). DyNAmo Flash SYBR Green qPCR Kit 

(Thermo Fisher Scientific) was employed as DNA-binding dye. Elongation factor TaEf-1α was 

selected as reference gene (Forward primer: 5’-CTGGTGTCATCAAGCCTGGT-3’; Reverse 
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primer: 5’-TCCTTCACGGCAACATTC-3’; 60°C annealing temperature; fragment size 151 bp) 

(Nicot et al. 2005).  The standard 2−∆∆Ct method described by Livak and Schmittgen (2001) was 

applied to analyze the gene expression relative to the reference gene TaEf-1α. 

Sequencing for DNA and cDNA fragments 

The amplified fragments were purified using QIAquick PCR purification kit. The purified 

template had a concentration of 20 to 80 ng/µl and of the sequencing primers 5 µM (5 pmol/µl). 

Sanger sequencing was performed by GATC Biotech AG (Konstanz, Germany). 

Computer-assisted sequence analysis 

Web-based blast servers such as National Center for Biotechnology Information (NCBI, 

http://blast.ncbi.nlm.nih.gov/Blast.cgi), ViroBLAST in Unité de Recherche Génomique Info 

(URGI, https://urgi.versailles.inra.fr/blast/blast.php) and EnsemblPlants genome annotation 

system (http://plants.ensembl.org/Triticum_aestivum/Tools/Blast?db=core) were used to find 

regions of similarity between biological sequences of barley, rice, maize, Arabidopsis  and to 

detect homoeologous chromosomal location (Deng et al. 2007, Johnson et al. 2008, Kersey et 

al. 2016). All sequences were analyzed with the DNAStar package version 12.1 (DNAStar Inc., 

Madison, USA). MAFFT (Multiple Alignment using Fast Fourier Transform, 

http://mafft.cbrc.jp/alignment/server/) was conducted for additional sequence alignments 

(Yamada et al. 2016). 

In-silico mapping of the conserved Transcription Factor Binding Sites (TFBS) was performed 

using the multiTF program of MULAN online package (Ovcharenko et al. 2005). 

https://urgi.versailles.inra.fr/blast/blast.php
http://mafft.cbrc.jp/alignment/server/
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3.1. Statistical analysis 

Analysis of variance (ANOVA) of phenotypic parameters 

PROC GLM of SAS (2015) was applied to run analysis of variance of the Z86 population 

considering all replications and treatment levels by application of the following model 

Eq. 8. 

Y𝑖𝑖𝑖𝑖  =  µ + 𝑆𝑆𝑖𝑖 +  𝐺𝐺𝑖𝑖 +  𝑆𝑆𝑖𝑖 ∗ 𝐺𝐺𝑖𝑖 + 𝜀𝜀𝑖𝑖𝑖𝑖

where Y𝑖𝑖𝑖𝑖  is vector of the phenotypic values; μ is general mean; 𝑆𝑆𝑖𝑖  (i=1,2) is the fixed effect of i-

th treatment; 𝐺𝐺𝑖𝑖 (j=1...n) is the random effect of j-th genotype, with n= number of genotypes; 𝑆𝑆𝑖𝑖 ∗

𝐺𝐺𝑖𝑖 is the random interaction effect of i-th treatment with j-th genotype; 𝜀𝜀𝑖𝑖𝑖𝑖  is random errors (the 

residual). 

Broad-sense heritability (H²) 

PROC VARCOMP of SAS (2015) was applied to run analysis of variance and to obtain the 

variance components for estimation of broad-sense heritability (H2) across all the treatments 

using Restricted Maximum Likelihood (REML) method described in Holland et al. (2003). 

Eq. 9 

H2 =
V𝐺𝐺

V𝐺𝐺 + V𝐺𝐺∗𝑇𝑇
𝑊𝑊 + V𝐸𝐸

𝑊𝑊 ∗ 𝑊𝑊

where V𝐺𝐺  genetic variance, 𝑆𝑆 treatment, V𝐸𝐸  error term, 𝑊𝑊 and 𝑊𝑊 denote the number of treatments 

and the number of replications, respectively. 

Pairwise correlations        

Pearson's correlation coefficient (r) assessing the linear relationships of traits measured in the 

Z86 population were calculated with Proc CORR procedure of SAS (2015) for each treatment. 
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Linkage disequilibrium 

Pair-wise measures of linkage disequilibrium (LD) between two markers was calculated using 

R package ‘genetics’ version 1.3.8.1 (Warnes et al. 2012). The curves of LD decay were fitted 

using LOESS regression (Cleveland 1979). The decay of LD [cM] for each chromosome was 

estimated at the threshold of R²=0.1. The genome-wide length of LD decay was obtained by 

calculating the mean of LD decays of all 21 chromosomes at R²=0.1. R package ‘LDheatmap’ 

version 0.99.1 was applied to visualize genetic linkage groups for each chromosome (Shin et 

al. 2006). 

3.1.1. QTL mapping 

The QTL detection was carried out as a multiple QTL model in SAS (2015) using PROC 

MIXED procedure. Forward selection and backward elimination approach described in Bauer 

et al. (2009) was applied iteratively to reduce the number of false-positive and hence to endorse 

the power of detected true QTL. After each completed cycle the most significant markers were 

recognized as fixed factors in the following round to be tested with the remaining markers with 

lower F values in the previous round. In general, the P-value for F-tests was set to 0.001 and 

False Discovery Rate (FDR) < 0.05 as the threshold for the iterative multi-locus approach in 

the QTL model. The integration of 5-fold cross-validation procedure with 20% leave-out was 

incorporated to increase the accuracy of localization of informative markers and the estimation 

of the genetic effect. This procedure was repeated 20 times, and the resulting mean was used as 

a new p-value to define significant SNPs (QTLs). 

Iteratively this procedure was conducted until no new QTL according to the defined threshold 

was detected. The applied QTL model is shown in the following equation: 

Eq. 10 

Y𝑖𝑖𝑖𝑖𝑖𝑖  =  µ +  𝑆𝑆𝑖𝑖 + 𝐿𝐿𝑖𝑖 +  𝐿𝐿𝑖𝑖(𝐿𝐿𝑖𝑖) +  𝐿𝐿𝑖𝑖 ∗ 𝑆𝑆𝑖𝑖 + 𝐿𝐿𝑖𝑖(𝐿𝐿𝑖𝑖 ∗ 𝑆𝑆𝑖𝑖) +  𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖

where 𝑌𝑌𝑖𝑖𝑖𝑖𝑖𝑖  is the vector of phenotypic values, µ is general mean, 𝑆𝑆𝑖𝑖 (k=1, 2) is fixed effect of k-

th treatment,  𝐿𝐿𝑖𝑖 (i=1…p) is fixed effect of i-th marker, p is the number of markers; 𝐿𝐿𝑖𝑖(𝐿𝐿𝑖𝑖) is 

random effect of each genotype nested in the j-th marker, where j=1…n and i=1….p, with n is 

the number of genotypes, 𝐿𝐿𝑖𝑖 ∗ 𝑆𝑆𝑖𝑖 is the fixed interaction effect of i-th marker with the k-th 
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treatment, 𝐿𝐿𝑖𝑖(𝐿𝐿𝑤𝑤 ∗ 𝑆𝑆𝑇𝑇) is the fixed effect of j-th genotype nested in the i-th marker interaction 

with the k-th treatment  and 𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖 is the residual.  

The following equation summarizes the applied hierarchical model including an incorporated 

multi-locus approach for detection of QTL: 

Eq. 11 

 Y𝑖𝑖𝑖𝑖𝑖𝑖 =  µ + 𝛴𝛴𝐼𝐼𝑆𝑆𝐿𝐿 + 𝐿𝐿𝑖𝑖 +  𝐿𝐿𝑖𝑖(𝐿𝐿𝑖𝑖) + 𝛴𝛴𝐼𝐼𝑆𝑆𝐿𝐿𝑀𝑀∗𝑇𝑇  +  𝐿𝐿𝑖𝑖 ∗ 𝑆𝑆𝑖𝑖 + 𝐿𝐿𝑖𝑖(𝐿𝐿𝑖𝑖 ∗ 𝑆𝑆𝑖𝑖) +  𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖 

where ΣQTL is the ΣQTL𝑀𝑀𝑖𝑖𝑖𝑖𝑖𝑖 𝑡𝑡𝑓𝑓𝑓𝑓𝑡𝑡𝑐𝑐𝑖𝑖 and  ΣQTL𝑀𝑀𝑀𝑀𝑇𝑇 from multi-locus analysis. 

3.1.2. Epistatic interactions 

The epistatic interactions between SNP markers pairs were tested with PROC MIXED of SAS 

(2015). 
Eq. 12 

𝑌𝑌𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖  =  µ + 𝑆𝑆𝑖𝑖  +   𝐿𝐿1𝑖𝑖 ∗ 𝐿𝐿2𝑖𝑖 + 𝐿𝐿𝑖𝑖�𝐿𝐿1𝑖𝑖 ∗ 𝐿𝐿2𝑖𝑖� +  𝐿𝐿1𝑖𝑖 ∗ 𝐿𝐿2𝑖𝑖 ∗ 𝑆𝑆𝑖𝑖 + 𝐿𝐿𝑖𝑖�𝐿𝐿1𝑖𝑖 ∗ 𝐿𝐿2𝑖𝑖 ∗ 𝑆𝑆𝑖𝑖�

+  𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 

For this purpose, the hierarchical QTL model (Eq. 11) was extended by terms of marker (1) by 

marker (2) interaction (digenic markers) using the multi-locus approach resulting in the 

following hierarchical model: 

Eq. 13 

Yijkl  =  µ + ΣQTL + M1i +  M2j + M1i ∗ M2j + Lk�M1i ∗ M2j� + 𝛴𝛴𝐼𝐼𝑆𝑆𝐿𝐿𝑀𝑀∗𝑇𝑇

+  M1i ∗ M2j ∗ Tl + Lk(M1i ∗ M2j ∗ Tl) +  εijkl 

where Yijkl  is phenotypic variable, μ is general mean, ΣQTL represents the detected QTL from 

multi-locus approach, M1i and M2j are fixed effects of the i-th marker and the j-th marker, 

M1i*M2j is the fixed interaction effect of the i-th M1 marker genotype with the j-th M2 marker 

genotype; Lk (M1i*M2j) is the random effect of the k-th genotype nested in the i-th M1 marker 

genotype and j-th M2 marker genotype interaction; Tl is the fixed effect of l-th treatment, 

M1i*M2j*Tl is the fixed interaction of the i-th M1 marker genotype with the j-th M2 marker 
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genotype and the l-th treatment, Lk(M1i*M2j*Tl) is the random effect of the k-th genotype nested 

in the i-th M1 marker genotype, j-th M1 marker genotype and l-th treatment interaction and Єijkl 

is the residual. 

3.1.3. Coefficient of determination (R2) 

The Coefficient of determination (R2), which is estimating the genetic variance explained by a 

marker  (𝐹𝐹2𝑀𝑀) and by marker*treatment interaction (𝐹𝐹2𝑀𝑀∗𝑇𝑇), was calculated according von 

Korff et al. (2006):  

Eq. 14 

𝐹𝐹2𝑀𝑀 =
𝑆𝑆𝐼𝐼𝑀𝑀
𝑆𝑆𝐼𝐼𝑔𝑔

Eq. 15 

𝐹𝐹2𝑀𝑀∗𝑇𝑇 =
𝑆𝑆𝐼𝐼𝑀𝑀∗𝑇𝑇
𝑆𝑆𝐼𝐼𝑔𝑔∗𝑇𝑇

where in 𝑆𝑆𝐼𝐼𝑀𝑀 is sum of square for marker main effect, 𝑆𝑆𝐼𝐼𝑀𝑀∗𝑇𝑇  is the sum of square for 

marker*treatment effect,  𝑆𝑆𝐼𝐼𝑔𝑔stands for Type I sums of square of the the Z86 population in 

Eq. 1. 

3.1.4. Calculation of repeated measures analysis of variance 

To analyze the effects and interactions of genotype, treatment and temporal response repeated 

measures ANOVA using GLM of SAS (2015) by application of orthogonal polynomial 

transformation option (Eq. 16) . In this model genotype and treatment were set as independent 

variables. The different time points were regarded as a within-subjects factor, where every time 

point was regarded as a single measurement. The first 15 minutes of measurement in control 

condition was regarded as a control for the entire experimental time. 
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Eq. 16 

Y𝑖𝑖𝑖𝑖𝑀𝑀  =  µ +  𝑆𝑆𝑖𝑖 + 𝐺𝐺𝑖𝑖 + 𝑍𝑍𝑀𝑀 + 𝑆𝑆𝑖𝑖 ∗ 𝐺𝐺𝑖𝑖 + 𝐺𝐺𝑖𝑖 ∗ 𝑍𝑍𝑀𝑀 + 𝑆𝑆𝑖𝑖 ∗ 𝑍𝑍𝑀𝑀 + 𝑆𝑆𝑖𝑖 ∗ 𝐺𝐺𝑖𝑖 ∗ 𝑍𝑍𝑀𝑀 +  𝜀𝜀𝑖𝑖𝑖𝑖𝑀𝑀 

where Y𝑖𝑖𝑖𝑖𝑀𝑀  is the phenotypic value; μ is general mean; 𝑆𝑆𝑖𝑖 is the fixed effect of j-th treatment; 

𝐺𝐺𝑖𝑖 is the fixed effect of j-th genotype; 𝑍𝑍𝑀𝑀 (x=1...60) is the time point; 𝑆𝑆𝑖𝑖 ∗ 𝐺𝐺𝑖𝑖 is the fixed interaction 

effect of i-th treatment with j-th genotype; 𝐺𝐺𝑖𝑖 ∗ 𝑍𝑍𝑀𝑀 is the random interaction effect of of j-th 

genotype with of x-th time point; 𝑆𝑆𝑖𝑖 ∗ 𝑍𝑍𝑀𝑀 is the effect of interaction of i-th treatment with x-th 

time point; 𝑆𝑆𝑖𝑖 ∗ 𝐺𝐺𝑖𝑖 ∗ 𝑍𝑍𝑀𝑀 is the fixed interaction effect of i-th treatment and with j-th genotype 

and with x-th time point; and 𝜀𝜀𝑖𝑖𝑖𝑖𝑀𝑀  is random errors (the residual). 

PROC GLM of SAS (2015) was applied to run analysis of variance of the Z86 population 

considering all replications and treatment levels by application of the following model: 

Eq. 17 

Y𝑖𝑖𝑖𝑖  =  µ + 𝑆𝑆𝑖𝑖 +  𝐺𝐺𝑖𝑖 +  𝑆𝑆𝑖𝑖 ∗ 𝐺𝐺𝑖𝑖 + 𝜀𝜀𝑖𝑖𝑖𝑖 

where Y𝑖𝑖𝑖𝑖   is vector of the phenotypic values; μ is general mean; 𝑆𝑆𝑖𝑖 is the fixed effect of j-th 

treatment; 𝐺𝐺𝑖𝑖 is the random effect of j-th genotype; 𝑆𝑆𝑖𝑖 ∗ 𝐺𝐺𝑖𝑖is the random interaction effect of i-

th treatment with j-th genotype; 𝜀𝜀𝑖𝑖𝑖𝑖  is random errors (the residual). 

3.1.5. Application of visualization software 

The software package CIRCOS was applied to create circular plots with chromosomal 

ideograms (Krzywinski et al. 2009).   

GGE Biplot graphics, visualizing main effect (G) plus Genotype by Environment (GE) 

interaction (G+GE) (Yan et al. 2000), were produced using R (R Core Team 2016) by 

employing the package (Bernal and Villardon 2014). The GGE biplot is based on the principal 

component analysis (PCA) which was based on Singular Value Decomposition SVP (see Yan 

and Kang (2002) for more details). 

The web-based application Venny was used to create Venn diagrams (Oliveros 2007). 
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RESULTS 

4.1. Phenotypic characterization of the Z86 population 

To assess the phenotypic and genotypic variability of the synthetic backcrossed winter wheat 

population Z86 towards salinity stress, various experiments were carried out at germination and 

seedling stage. Additional field experiments were conducted in Central Asia under natural 

salinization. Subsequently, marker-trait association analysis was performed in order to detect 

chromosomal regions associated with the traits of interest. Finally, expressional analysis was 

performed to validate the detected candidate genes. 

The following section is divided into five subsections according to the conducted experiments. 

The first subsection is dedicated to germination stage as salt affects wheat seeds primarily at 

this early developmental stage. The second section outlines the results of the hydroponic 

experiment with the results of the phenotypic characterization of wheat seedlings exposed to 

different salt stress regimes. The third subsection presents the outcome of the field experiments 

under saline and non-saline soil conditions. The results of the marker-trait association studies 

with the data obtained from the phenotypic characterization of the Z86 population at 

germination, seedling and maturity stage will be presented in subsection four. Finally, 

subsection five outlines the outcome of the gene structure and the gene expression analysis of 

some candidate genes related to salinity stress. 

Overview of subsections of the results of the phenotypic characterization of the Z86 population: 

1. Phenotyping of the Z86 population at germination stage

2. Phenotyping of the Z86 population at seedling stage

3. Phenotyping of the Z86 population under field conditions

4. Combined analysis of phenotypic parameters across all analyzed growth stages

5. Application of sensors for non-destructive measurement of water-status and salinity

stress
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4.1.1. Phenotyping of the Z86 population at germination stage 

Germination tests of wheat seeds exposed to different solutions with sodium chloride (50, 100, 

15, 200 and 250 mM), sodium sulphate (50, 100 and 150 mM) and control treatment solely with 

deionized water, were conducted under controlled conditions in climate chambers. After 10 

days the scoring scheme described by Mano and Takeda (1998) was applied to score shoot and 

root development of the seeds (see Figure 6).  

 

 

 

As expected, irrigation with saline water was negatively affecting the germination of the tested 

genotypes. The degree of inhibition at germination stage was increasingly by higher salt 

concentrations. Furthermore, the effects of the two tested salt types, NaCl and Na2SO4, were 

different. In comparison to the same sodium chloride concentration, the treatments with sodium 

sulfate were more adversely affecting germination of the seeds. Table 9 summarizes the analysis 

of variance and descriptive statistics of germination scorings of the Z86 population at different 

concentrations of NaCl and Na2SO4. Looking at equivalent concentrations the adverse effect of 

Na2SO4 was comparably higher than that of NaCl. Furthermore, increasing the salt 

concentration, the gap between Na2SO4 and NaCl increased in affecting germination of seeds 

and hence seedling growth, e.g. the mean germination score of the Z86 population at 50 mM 

Na2SO4 was on the same level as 100 mM NaCl with 7.9 and 7.8, respectively. The effect of 

100 mM Na2SO4 was slightly higher than 200 mM NaCl but dramatically higher than 100 mM 

NaCl. At 150 mM Na2SO4, the average score value of the Z86 population was 1.9 and hence 

considerably lower than 150 mM NaCl with a score of 5.8. The average germination score for 

seeds treated with 250 mM NaCl was slightly higher than with the highest Na2SO4 concentration 

Figure 6. Scoring scheme for scoring salinity stress at seedling stage according to Mano and 
Takeda (1998); (Image: Dadshani, 2006) 
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with 2.1 and 1.9, respectively. The F-value of the genotype effect increases by increasing the 

concentration of the tested salt treatments. The genotype by treatment effects are small for lower 

salt concentrations and increase slightly for higher salt stress levels. 

Table 9. Analysis of variance and descriptive statistics of germination scorings of Z86 population for 
different salt treatments 

Note: F-values are shown; Significance levels: *** p ≤0.001; ns not significant, df degree of freedom, 
SD standard deviation, CV coefficient of variation, CI 95% confidence interval of 95%, H² broad sense 
heritability, GxT Genotype by treatment interaction. 

In contrast to expectation, the parents, Zentos and Syn86, showed weaker performance at the 

tested salinity levels in in comparison to most of their progenies. Obviously, throughout all 

tested salt types and concentrations Syn86 was more susceptible than Zentos. Especially higher 

concentrations of sodium sulfate dramatically affected the germination of Syn86 (Figure 7). 

Genotype 
(G) 

Treatment 
(T) GxT Mean SD 

CV 
[%] 

CI 
95% 

H² 
[%] 

Treatment  (df 150)  (df 1)  (df 150) Lower upper 

Control 1.96 *** - - 8.9 0.3 3.4 8.85 8.91 32.4 
NaCl 

 50 mM 1.86 *** 51.97 *** 1.02 ns 8.6 0.5 5.8 8.56 8.71 22.3 

100 mM 2.36 *** 585.35 *** 1.98 *** 7.8 1.5 19.2 7.70 7.95 31.2 

150 mM 3.63 *** 4103.84 *** 3.53 *** 6.0 1.1 18.3 5.81 6.14 46.7 

200 mM 6.00 *** 13893.3*** 5.67 *** 4.3 1.6 37.2 4.07 4.44 62.5 

250 mM 8.24 *** 52010.2 *** 7.82 *** 2.3 1.2 52.2 2.15 2.47 70.7 
Na2SO4 

50 mM 1.71 *** 460.52 *** 1.53 *** 7.9 0.7 8.9 7.75 7.98 19.2 

100 mM 3.80 *** 8599.17 *** 3.85 *** 4.9 1.0 20.4 4.75 5.07 48.2 

150 mM 8.63 *** 57544.2 *** 8.47 *** 2.0 1.0 50.0 1.84 2.17 71.8 
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The effects of different salt types and concentration on germination of the Z86 population and 

of Zentos and Syn86 are illustrated in Figure 8. The sharp drop of lines from control to 50 mM 

to 100 mM and to 150 mM Na2SO4, impressively illustrates the severe inhibition of seed 

germination relative to the equivalent NaCl concentration of irrigating water 

 
 
 
 

 

 

 

 

 

 

 

 

 

Figure 8. Overview of the germination scoring the Z86 population; the parents are highlighted 
with green solid line (Zentos) and red dashed line (Syn86); significance levels p: * p ≤ 0.05; 
** p ≤ 0.01; ns not significant. 

Figure 7. Overview of germination scoring of Zentos and Syn86 exposed to different 
concentrations of NaCl and Na2SO4; significance levels of p: * p ≤ 0.05; ** p 
≤ 0.01 
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The germination experiment with different salt stress treatments did not produce an 

unambiguous result in respect to salinity tolerance of the tested genotypes. For the highest NaCl 

concentration (250 mM) genotype 64 and 120 are performing best. The highest Na2SO4 

treatment (150 mM) genotypes 31 and 33 are outperforming other genotypes. At this salinity 

level genotypes 31 and 33 achieve 4.1 and 4.3 scoring values, respectively. These two 

genotypes can be classified as most salt tolerant towards 150 mM Na2SO4 at germination stage. 

In order to investigate the potential of the tested genotypes towards different concentrations of 

NaCl and Na2SO4, the germination scoring values were aggregated. Figure 9 summarizes the 

outcome of the germination experiment by aggregation of germinations score of the Z86 

population treated with different concentrations of sodium chloride (A) and sodium sulfate (B). 

According to the aggregated scoring values genotype 16, 129, 114, 13 and 64 are regarded as 

tolerant across all tested salt regimes with 15.9%, 16.1%, 17,6%, 18.7% and 19.3% over the 

population mean with 34.6 aggregated scoring value.  

Looking at Figure 9B with the aggregated scorings of the Z86 population tested with different 

Na2SO4 treatments, genotype 17, 113, 114 and 43 show the highest scores with +22.8, +25.3%, 

+26.7% and +30.9% higher values than the population mean. Also, the aggregated scoring value 

of genotype 16 was + 20.7% higher than the population mean.  

Interestingly, as well NaCl as Na2SO4 are highly affecting the germination of Syn86. In both 

cases this genotype is showing the lowest aggregated scoring values with -39% under NaCl, 

and -45.9% under Na2SO4 treatment, relative to the population mean. Although slightly better 

than Syn86, also the elite parent Zentos is highly affected by NaCl and Na2SO4 treatment with 

-12% and -20.1%, respectively. 
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 Figure 9. Average germination score values of the genotypes of the Z86 population, including Zentos and Syn86 
 
Note: Colors indicate different salt types and concentration according the legend, A 50-250 mM NaCl, B 50-150 mM Na2SO4, genotypes sorted according 
to highest aggregating genotypic values of all tested concentrations of the specific salt types
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The “Mean vs. Stability” view of GGE biplot in Figure 10 is constructed to facilitate the 

genotypes comparison across all tested salt treatments or environments. Based on their mean 

performance across all treatments/environments, the genotypes are ranked along the average-

environmental axis (AEA, indicated as red line). The stability of the genotypes across the tested 

salt treatments is illustrated by the stability axis, which is the ordinate of the biplot (Figure 10 

indicated as green line). The either direction away from the stability axis indicates greater 

genotype by environmental interaction effect (GEI) and reduced stability. As the arrow on the 

AEA (red line) is indicating higher average performance across all tested environments (salt 

treatments), the stability of the genotypes is decreasing with the distance of the genotypes from 

the stability axis (green line) indicating higher genotype by treatment interaction. 

According to the biplot analysis, AB-lines 64 and 114 show the highest performance across all 

salt treatments at germination stage. Although, both genotypes show higher GEI effects and 

hence reduced stability. Based on the mean performance across all treatments genotype 16 and 

17 are showing similar performance. However, the GEI effect of genotype 17 is higher than of 

genotype 16, which was showing consistent performance across all tested environments. Both 

parents, Zentos and Syn86, are located on the left side of the stability axes, indicating that both 

genotypes had a below-average mean performance across the tested salt treatments, with Syn86 

showing the weakest performance across all treatments. Consequently, Syn86 can be regarded 

as most susceptible among the tested genotypes at germination stage. 
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Figure 10. “Mean vs. Stability” plot of Z86 population (including the parents) tested with 

different concentrations of NaCl and Na2SO4 at germination stage 

Note: Blue represents the salt types and concentration (Na_50 to Na_250 for 50 mM to 250 mM 
NaCl; SO_50 to SO_150 for 50 to 150 mM Na2SO4), green the genotypes of the Z86 population, 
152 and 153 indicate the parents Zentos and Syn86, respectively. The different environments stand 
for the different salt treatments.  Based on their mean performance across all salt treatments, the 
genotypes are ranked along the average-environmental axis (AEA; red line). The green line, 
perpendicular to AEA passing through the biplot origin represents the stability axis. It is also 
separating the genotypes with below average means (left from the green line) from those with above-
average mean (right from the green line). The arrow on the AEA (red line) is indicating higher 
average performance across all tested environments (salt treatments). The stability of the genotypes 
is decreasing with the distance of the genotypes from the stability axis (green line) indicating higher 
genotype by treatment interaction. 
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4.1.2. Phenotyping of the Z86 population at seedling stage 

Hydroponic experiments with 100 mM sodium chloride and sodium sulfate salts, respectively, 

and controlled condition without application of additional salts were carried out under 

greenhouse conditions in order to assess the phenotypic and genotypic variability of the Z86 

population, including the parents Zentos and Syn86, exposed to salt stress at seedling stage. For 

this purpose, uniform pre-germinated 8 to 9 days old seedlings (2nd leaf stage) were transferred 

into the hydroponic system.   

Figure 11. Setup of the aerated hydroponic system for phenotyping of the Z86 population 
under control and salinity stress conditions 

Firstly, the results of the experiment with 100 mM NaCl will be outlined, followed by the results 

of the hydroponic experiment with 100 mM Na2SO4. 

Effect of 100 mM NaCl on seedling stage 

The Z86 population, including the parents Zentos and Syn86, were phenotyped in hydroponic 

experiments with control and 100 mM NaCl under greenhouse conditions in the year 2013 and 

2014. The outcome of the hydroponic experiments, including the descriptive statistics is 

summarized in Table 10. The corresponding analysis of variance, as well as the coefficients of 

broad-sense heritability (H²), are shown in Table 11.  
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Table 10. Phenotypic parameters and traits of Z86 population and the parents measured from hydroponic experiment with control condition and 100 
mM NaCl 

 
Control 100 mM NaCl 

Parameter Zentos 
Mean 

Syn86 
Mean 

Z86 
Mean SD CV ci 95% 

lower 
ci 95% 
upper Max Min Zentos 

Mean 
Syn86 
Mean 

Z86 
Mean SD CV ci 95% 

lower 
ci 95% 
upper Max Min 

SFW 6.5 4.9 4.29 1.03 23.9 4.12 4.46 7.24 2.07 3.4 2.6 2.70 0.51 18.9 2.62 2.78 3.89 1.25 
SDW 0.7 0.5 0.49 0.11 23.3 0.47 0.51 0.73 0.23 0.5 0.4 0.38 0.07 18.4 0.37 0.39 0.57 0.18 
SWC 88.4 88.8 89.61 0.65 0.7 89.51 89.72 91.36 85.69 85.5 85.3 88.01 0.93 1.1 87.86 88.16 90.03 81.56 
RFW 2.3 1.7 1.74 0.37 21.0 1.68 1.80 2.46 0.49 1.7 1.3 1.45 0.30 21.0 1.40 1.50 2.36 0.59 
RDW 0.2 0.1 0.13 0.03 25.2 0.13 0.14 0.41 0.04 0.1 0.1 0.11 0.02 19.5 0.11 0.12 0.17 0.05 
SL (DAS 16) 52.5 59.4 47.10 4.62 9.8 46.36 47.85 59.55 29.20 45.0 52.1 42.81 3.33 7.8 42.28 43.35 51.73 33.33 
RL (DAS 16) 32.6 50.5 36.78 5.88 16.0 35.83 37.72 52.10 22.83 35.2 46.2 35.31 5.09 14.4 34.49 36.13 52.80 23.33 
PFW 9.0 4.9 6.03 1.36 22.5 5.81 6.25 9.42 2.97 5.1 3.9 4.15 0.79 18.9 4.03 4.28 6.03 1.88 
PDW 0.9 0.6 0.62 0.14 22.0 0.60 0.64 0.91 0.32 0.6 0.5 0.49 0.09 18.0 0.48 0.51 0.72 0.23 
LML 22.7 22.1 24.12 5.09 21.1 23.30 24.94 61.90 16.38 30.8 17.1 26.52 3.55 13.4 25.95 27.09 35.95 18.86 
SPAD 44.2 36.9 41.76 3.29 7.9 41.23 42.29 52.37 34.15 45.4 52.4 45.49 3.24 7.1 44.96 46.01 52.68 33.58 

  
Note: SFW shoot fresh weight, SDW shoot dry weight, SWC shoot water content, RFW root fresh weight, RDW root dry weight, PFW plant fresh weight, PDW 
plant dry weight, RL root length, SL shoot length, LML leaf membrane leakage, SPAD SPAD value, SD standard deviation, CV coefficient of variation, ci 
confidence interval, Max maximum value, Min minimum value, DAS days after stress application. 
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Table 11. Analysis of variance of measured parameters of Z86 population from hydroponic 
experiment with control and 100 mM NaCl treatment 

Note: F-values are shown; significance levels p: * p ≤ 0.05; ** p ≤ 0.01; *** p ≤0.001; ns not significant; 
df degree of freedom; H² broad sense heritability; SFW shoot fresh weight; SDW shoot dry weight; 
SWC shoot water content; RFW root fresh weight; RDW root dry weight; SL shoot length; RL root 
length; PFW plant fresh weight; PDW plant dry weight; LML leaf membrane leakage; SPAD SPAD 
value; DAS days after stress application. 

As shown in Table 11, for all collected parameters, the F-values of the treatment effect were 

very high with high significance levels. The F-value of the genotypic effect was low, although 

significant, for SFW, RFW, RL (DAS 16), PFW and PDW. However, there was no significant 

genotype by treatment interaction detected among the measured parameters. For most measured 

traits the calculated heritability (H²) was low. Higher H² was detected only for SL and RL (both 

at DAS 16). Table 12 shows Pearson's correlation coefficients (r) of parameters calculated from 

LSmeans of collected data from the hydroponic experiment with control and salt treatment (100 

mM NaCl). Highly significant correlations are obvious for almost all parameters except 

correlations with leaf membrane leakage (LML) and SPAD value well for control as well as for 

stress condition with 100 mM NaCl. 

Genotype (G) Treatment (T) GxT H2 
Parameter  (df 149)  (df 1)  (df 148) [%] 
SFW 1.53 *** 320.70 *** 0.67 ns 38.3 
SDW 1.29 ns 95.09 *** 0.57 ns 36.0 
SWC 0.85 ns 238.63 *** 0.69 ns 12.4 
RFW 1.34 ** 53.99 *** 0.59 ns 41.4 
RDW 1.07 ns 38.86 *** 0.65 ns 25.6 
SL (DAS 16) 1.12 ns 64.88 *** 0.34 ns 68.0 
RL (DAS 16) 2.06 *** 7.07 *** 0.50 ns 73.5 
PFW 1.63 *** 257.34 *** 0.69 ns 40.9 
PDW 1.25 * 87.36 *** 0.57 ns 36.3 
LML 1.09 ns 30.78 *** 1.03 ns 9.8 
SPAD 1.11 ns 90.29 *** 0.65 ns 36.6 
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Table 12. Pearson's correlation coefficient (r) for parameters measured from Z86 population tested in 
hydroponic experiment with 100 mM NaCl; under control (left) and stress (right) 

SFW SDW SWC RFW RDW SL RL PFW PDW LML SPAD 

C
on

tro
l 

SFW 0.95** 0.26** 0.85** 0.78** 0.56** 0.53** 0.98** 0.93** -0.13 0.02 

St
re

ss
 

SDW 0.97**   -0.06 0.84** 0.82** 0.55** 0.50** 0.94** 0.98** -0.17* 0.00 
SWC 0.16* -0.06 0.12 -0.02 0.09 0.21** 0.22** -0.06 0.11 0.04 
RFW 0.85** 0.82** 0.17* 0.89** 0.44** 0.51** 0.94** 0.89** -0.15* 0.10 
RDW 0.61** 0.57** 0.18* 0.67** 0.36** 0.43** 0.85** 0.90** -0.15* 0.05 
SL 0.75** 0.73** 0.11 0.68** 0.46** 0.44** 0.53** 0.51** -0.11 -0.01 
RL 0.45** 0.43** 0.17* 0.56** 0.32** 0.39** 0.54** 0.50** -0.01 -0.15* 
PFW 0.96** 0.92** 0.21** 0.93** 0.65** 0.78** 0.52** 0.95** -0.14* 0.05 
PDW 0.93** 0.92** 0.10 0.89** 0.75** 0.76** 0.46** 0.96** -0.17* 0.01 
LML -0.05 -0.02 -0.11 -0.08 -0.03 -0.03 0.04 -0.08 -0.07 -0.07 
SPAD 0.11 0.13 -0.04 0.19* 0.02 0.13 0.29** 0.16* 0.16* 0.09 

The salt stress tolerance index STI was applied to estimate the effect of salinity stress on 

measured traits (Bağci et al. 2003). Additionally, the stress-weighted performance index (SWP) 

proposed by Saade et al. (2016) was applied. SWP facilitates the identification of genotypes 

showing high yield potential under saline condition. 

Note: Correlations ≥ 0.4 are highlighted with color code: red r 0.8-1.0, orange r 0.6-0-79, yellow r 
0.4-0.59; ; significance levels p: * 0.01< p < 0.05; ** 0.001 < p < 0.01; *** 0.0001 <p <0.001; SFW 
shoot fresh weight; SDW shoot dry weight; SWC shoot water content; RFW root fresh weight; RDW 
root dry weight; RL root length (DAS 16); SL shoot length (DAS 16); PFW plant fresh weight; PDW 
plant dry weight; LML leaf membrane leakage; SPAD SPAD value; DAS days after stress 
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Table 13 is combining the Pearson's correlation coefficients (r) matrix of the STI (left) and SWP 

(right) indices calculated from LSmeans of collected data from the hydroponic experiment with 

control and salt treatment (100 mM NaCl). According to Saade et al. (2016), in comparison to 

STI, the SWP index is more suitable to differentiate the high performant genotypes from low 

performant genotypes. Thus, the correlation matrix is elucidating higher correlation coefficients 

for most correlations calculated with SWP in comparison with STI. 
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Table 13. Pearson's correlation coefficient (r) for parameters measured from Z86 population tested in 
hydroponic experiment with 100 mM NaCl; STI values (left) and SWP values (right) 

SFW SDW SWC RFW RDW SL RL PFW PDW LML SPAD 

ST
I 

SFW 0.95** -0.13 0.79** 0.77** 0.40** 0.40** 0.88** 0.85** -0.12 0.08 

SW
P 

SDW 0.95** 0.05 0.79** 0.79** 0.40** 0.36** 0.85** 0.90** -0.15* 0.11 
SWC -0.07 0.08  -0.18* 0.07 -0.08 -0.11 -0.17* 0.04 0.04 -0.05 
RFW 0.67** 0.66** -0.14* 0.85** 0.34** 0.35** 0.90** 0.85** -0.07 0.06 
RDW 0.71** 0.71** 0.17* 0.78** 0.27** 0.34** 0.80** 0.86** -0.04 0.01 
SL 0.50** 0.47** -0.09 0.47** 0.34** 0.24** 0.37** 0.36** -0.06 0.11 
RL 0.35** 0.32** -0.05 0.33** 0.29** 0.15* 0.36** 0.36** 0.00 -0.08 
PFW 0.69** 0.68** -0.13 0.88** 0.68** 0.54** 0.37** 0.95** -0.09 0.14* 
PDW 0.74** 0.77** 0.03 0.81** 0.74** 0.48** 0.35** 0.91** -0.10 0.14* 
LML -0.04 -0.05 0.03 -0.04 0.05 -0.02 0.02 -0.05 -0.02 -0.13 
SPAD 0.05 0.09 -0.13 0.10 -0.03 0.09 0.16* 0.17* 0.16* -0.09 

Effect of 100 mM Na2SO4 at seedling stage 

The Z86 population, including the parents Zentos and Syn86, were tested in hydroponic 

experiments with 100 mM Na2SO4 under greenhouse condition in the years 2014 and 2015. The 

outcome of the hydroponic experiments, including the descriptive statistics is summarized in 

Table 14. The corresponding analysis of variance including coefficients of broad-sense 

heritability (H2) is shown in Table 15. 

Note: Correlations ≥ 0.4 are highlighted with color code: red r 0.8-1.0, orange r 0.6-0-79, yellow r 0.4-
0.59; ; significance levels p: * 0.01< p < 0.05; ** 0.001 < p < 0.01; *** 0.0001 <p <0.001; SFW shoot 
fresh weight; SDW shoot dry weight; SWC shoot water content; RFW root fresh weight; RDW root 
dry weight; RL root length (DAS 16); SL shoot length (DAS 16); PFW plant fresh weight; PDW plant 
dry weight; LML leaf membrane leakage; SPAD SPAD value; DAS days after stress application. 
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Table 14. Phenotypic parameters and traits of Z86 population and the parents Zentos and Syn86 measured from hydroponic experiment with control condition 
and 100 mM Na2SO4  

Control 100 mM Na2SO4 
Parameter Zentos 

Mean 
Syn86 
Mean 

Z86 
Mean SD CV 

[%] 
ci 95% 
lower 

ci 95% 
upper Max Min Zentos 

Mean 
Syn86 
Mean 

Z86 
Mean SD CV 

[%] 
ci 95% 
lower 

ci 95% 
upper Max Min 

SFW 2.98 2.44 2.70 0.7 25.7 2.6 2.8 5.1 0.7 1.15 0.87 1.18 0.3 21.5 1.1 1.2 1.8 0.6 
SDW 0.33 0.27 0.31 0.1 23.6 0.3 0.3 0.6 0.2 0.19 0.15 0.19 0.0 18.5 0.2 0.2 0.3 0.1 
SWC 88.6 88.87 88.1 1.4 1.6 87.9 88.4 89.6 72.0 83.44 83.03 83.3 1.4 1.7 83.1 83.5 87.5 73.6 
RFW 1.00 0.84 1.03 0.3 26.2 1.0 1.1 2.2 0.4 0.69 0.56 0.74 0.2 25.8 0.7 0.8 1.2 0.3 
RDW 0.08 0.07 0.08 0.0 21.2 0.1 0.1 0.2 0.0 0.08 0.06 0.08 0.0 20.8 0.1 0.1 0.1 0.0 
3rd LFW 0.34 0.26 0.28 0.1 17.5 0.3 0.3 0.4 0.2 0.16 0.15 0.18 0.0 16.5 0.2 0.2 0.3 0.1 
3rd LDW 0.04 0.03 0.04 0.0 16.2 0.0 0.0 0.1 0.0 0.03 0.03 0.005 0.0 15.6 0.0 0.0 0.1 0.0 
3rd LL 27.43 26.27 26.2 2.7 10.3 25.8 26.7 35.4 19.0 22.39 23.78 23.8 2.3 9.5 23.5 24.2 28.5 14.0 
3rd LW 6.6 na 6.09 0.6 10.3 6.0 6.2 8.0 4.0 82.31 na 4.97 0.5 10.0 4.9 5.1 6.5 4.0 
3rd LWC 87.53 87.91 86.9 1.3 1.4 86.7 87.1 89.3 82.7 1.84 82.96 82.4 1.9 2.3 82.1 82.7 87.5 76.9 
PFW 3.89 3.28 3.73 1.0 25.5 3.6 3.9 7.3 1.4 0.27 1.43 1.92 0.4 22.6 1.9 2.0 2.9 0.9 
PDW 0.41 0.34 0.39 0.1 22.9 0.4 0.4 0.7 0.2 23.04 0.21 0.27 0.1 18.4 0.3 0.3 0.4 0.2 
RL (DAS 0) 25.39 28.60 24.9 2.4 9.5 24.6 25.3 34.4 12.6 23.04 28.62 25.2 1.9 7.6 24.9 25.5 31.4 20.3 
RL (DAS 9) 32.52 42.70 33.2 3.5 10.6 32.7 33.8 47 18.5 26.44 32.10 27.7 2.4 8.5 27.4 28.1 35.4 22.9 
RL (DAS 16) 36.7 50.29 37.2 4 10.8 36.6 37.9 51.3 22.1 27.03 33.25 28.7 2.4 8.5 28.3 29 38.1 19.5 
SL (DAS 0) 24.13 25.14 21.8 2.8 12.7 21.4 22.3 27.5 12.6 23.24 26.02 22.5 2.7 12.1 22.1 23 27.6 13.9 
SL (DAS 9) 34.61 36.20 32.3 2.6 8 31.9 32.8 37.7 25.5 29.31 31.18 27.8 2.5 9.1 27.4 28.2 33.7 17.8 
SL (DAS 16) 40.53 47.20 39.1 3.2 8.2 38.6 39.6 47.4 30.6 32.95 36.85 31.6 2.6 8.2 31.1 32 38.1 19.6 
Number of leaves 8.73 2.44 8.75 1.5 16.8 8.5 9.0 13.0 6.0 1.15 0.87 5.77 0.9 16.3 5.6 5.9 9.0 3.5 

Photosynthetic  
parameters 

Photo 7.3 5.9 9.20 1.7 18.2 8.9 9.5 14.5 5.2 6.6 4.9 8.19 2.0 24.2 7.9 8.5 13.3 2.8 
Cond 0.3 0.4 0.29 0.1 28.0 0.3 0.3 0.7 0.1 0.1 0.1 0.11 0.0 37.4 0.1 0.1 0.3 0.0 
Ci 342.9 356.2 333.6 15.4 4.6 331.1 336.1 366.6 291.8 295.5 328.2 263.4 29.6 11.2 258.7 268.2 351.0 168.8 
Trans 2.6 4.1 3.06 0.9 29.5 2.9 3.2 6.3 1.2 1.4 1.4 1.47 0.5 33.7 1.4 1.6 3.6 0.6 

 
Note: SFW shoot fresh weight; SDW shoot dry weight; SWC shoot water content; RFW root fresh weight; RDW root dry weight 3rd LFW fresh weight of 3rd leaf; 
3rd LDW dry weight of 3rd leaf; 3rd LL leaf length of 3rd leaf; 3rd LW width of 3rd leaf; PFW plant fresh weight; PDW plant dry weight; RL root length; SL shoot 
length; Photo photosynthetic activity; Cond stomatal conductance; Ci stomatal CO2 concentration; Trans transpiration rate; SD standard deviation; CV coefficient 
of variation; Ci confidence interval; Max maximum value; Min minimum value; na data not available. 
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Note: Significance levels p: * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; ns not significant; df degree of 
freedom; H² broad sense heritability; SFW shoot fresh weight; SDW shoot dry weight; SWC shoot water 
content; RFW root fresh weight; RDW root dry weight 3rd LFW fresh weight of 3rd leaf; 3rd LDW dry 
weight of 3rd leaf; 3rd LL leaf length of 3rd leaf; 3rd LW width of 3rd leaf; PFW plant fresh weight; 
PDW plant dry weight; RL root length; SL shoot length; NoL number of leaves; A photosynthetic 
activity; gs stomatal conductance; Ci stomatal CO2 concentration; E transpiration rate 
 

 
The results of the analysis of variance on parameters collected from hydroponic experiment 

(100 mM Na2SO4) with Zentos and Syn86 is presented in Table 18. Most parameters were 

affected either by treatment or genotype or genotype and treatment. However, only for RL 

(DAS 16), significant genotype by treatment interaction was detectable. 

 Genotype (G) Treatment (T) GxT H² 
Parameter  (df 150)  (df 1)  (df 150) [%] 
SFW 0.628 ns 329.967 *** 0.33 ns 33.2 
SDW 0.694 ns 161.539 *** 0.303 ns 39.3 
SWC 1.58 *** 1340.903 *** 1.064 ns 26.9 
RFW 0.736 ns 64.383 *** 0.287 ns 44.8 
RDW 0.964 ns 2.7653 ns 0.335 ns 32.4 
3rd LFW 1.608 *** 589.434 *** 0.868 ns 29.6 
3rd LDW 1.459 ** 74.56 *** 1.000 ns 17.5 
3rd LL 1.459 ** 79.664 *** 0.643 ns 47.8 
3rd LW 1.264 * 344.073 *** 0.865 ns 19.9 
3rd LWC 1.054 ns 563.514 *** 0.88 ns 11.2 
PFW 0.660 ns 246.433 *** 0.301 ns 38.8 
PDW 0.724 ns 108.026 *** 0.293 ns 42.3 
RL (DAS 0) 1.669 *** 1.611 ns 0.572 ns 57.7 
SL (DAS 0) 1.8381 *** 6.731 *** 0.731 ns 48.9 
RL (DAS 9) 1.343 * 228.706 *** 0.424 ns 51.9 
SL (DAS 9) 1.777 *** 300.548  0.677 ns 55.2 
RL (DAS 16) 1.445 ** 486.076 *** 0.468 ns 62.3 
SL (DAS 16) 1.664 *** 611.024 *** 0.66 ns 57.4 
NoL 1.027 ns   309.079 *** 0.339 ns 47.5 
Photosynthetic parameter 

    A 1.110 ns 22.051 *** 0.842 ns 21.1 

    gs 1.425 ** 551.703 *** 0.96 ns 13.7 
    Ci 0.944 ns 499.116 *** 0.751 ns 5.9 
    E 1.092 ns 307.334 *** 0.721 ns 16.3 

Table 15. Analysis of variance of measured parameters of Z86 populations from experiment with control and 
100 mM Na2SO4 treatment 
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Table 16. Analysis of variance of parameters measured for Zentos and Syn86 from hydroponic 
experiment with control and 100 mM Na2SO4 

Note: F-values are shown; significance levels p: * p ≤ 0.05; ** p ≤ 0.01; *** p ≤0.001; ns not significant; 
df degree of freedom; SFW shoot fresh weight; SDW shoot dry weight; SWC shoot water content; RFW 
root fresh weight; RDW root dry weight 3rd LFW fresh weight of 3rd leaf; 3rd LDW dry weight of 3rd 
leaf; 3rd LL leaf length of 3rd leaf; 3rd LW width of 3rd leaf; PFW plant fresh weight; PDW plant dry 
weight; RL root length; SL shoot length; NoL number of leaves; Photosynthetic parameter: A 
photosynthetic activity; gs stomatal conductance; Ci stomatal CO2 concentration; E transpiration rate; 
DAS days after stress application. 

Table 17 shows Pearson's correlation (r) of measured phenotypic parameters calculated from 
LSmeans of parameters collected from the hydroponic experiment with 100 mM Na2SO4. 
Strong and highly significant correlations are obvious for almost all parameters except 
correlations with leaf membrane leakage (LML) and SPAD value. 

Genotype (G) Treatment (T) GxT 
Parameter (df 1) (df 1) (df 1) 
SFW 2.6 ns 52.34 *** 0.14 ns 
SDW 3.49 ns 25.75 *** 0.03 ns 
SWC 4.99 * 24.83 *** 0.27 ns 
RFW 2.9 ns 12.64 ** 0.03 ns 
RDW 4.72 * 1.25 ns 0.11 ns 
3rd LFW 2.7 ns 23.4 *** 1.27 ns 
3rd LDW 3.49 5.36 * 2.23 ns 
3rd LL 0 ns 3 ns 0.34 ns 
3rd LW 4.99 * 24.83 *** 0.27 ns 
3rd LWC 0.40 ns 62.13 *** 1.48 ns 
PFW 2.81 ns 41.01 *** 0.1 ns 
PDW 3.96 ns 18.12 *** 0 ns 
SL 
    DAS 0 2.65 ns 0 ns 0.57 ns 
    DAS 9 1.58 14.02 *** 0.01 ns 
    DAS 16 11.26 ** 32.37 *** 0.78 ns 
RL 
    DAS 0 15.98 *** 1.13 ns 1.16 ns 
    DAS 9 25.63 *** 28.41 *** 2.08 ns 
    DAS 16 42.26 *** 76.83 *** 5.84 * 
NoL 2.92 ns 45.19 *** 0.24 ns 
Photosynthetic parameter 
    A 2.44 ns 0.65 ns 0.02 ns 

 gs 0.44 ns 10.28 * 0.57 ns 
    Ci 5.29 * 14.19 *** 0.94 ns 
    E 1.71 ns 10.61 ** 1.49 ns 
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Table 17. Pearson's correlation coefficient (r) for parameters measured from Z86 population tested in hydroponic experiment with 100 mM Na2SO4 

 
 

 
Note: correlations ≥ 0.5 are highlighted (bold/red); significance levels p: * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; SFW shoot fresh weight; SDW shoot dry weight; 
SWC shoot water content; RFW root fresh weight; RDW root dry weight 3rd LFW fresh weight of 3rd leaf; 3rd LDW dry weight of 3rd leaf; 3rd LL leaf length of 
3rd leaf; 3rd LW width of 3rd leaf; PFW plant fresh weight; PDW plant dry weight; RL root length, SL shoot length, (0)/(9)/(16) 0/ days after stress application; 
NoL number of leaves; Photosynthetic parameter: A photosynthetic activity; gs stomatal conductance; Ci stomatal CO2 concentration; E transpiration rate; DAS 
days after stress application.

  SFW SDW SWC RFW RDW 3rd 
LFW 

3rd 
DW 

3rd 
LL 

3rd 
LW 

3rd 
LWC PFW PDW RL 

(0) 
SL 
(0) 

RL 
(9) 

SL 
(9) 

RL 
(16) 

SL 
(16) NoL A gs Ci E  

C
on

tr
ol

 

SFW  0.95** 0.58** 0.90** 0.87** 0.70** 0.49** 0.39** 0.43** 0.39** 0.98** 0.95** 0.24** 0.42** 0.29** 0.53** 0.28** 0.58** 0.48** 0.29** 0.22** -0.04 0.22** 

St
re

ss
 

SDW 0.96**  0.29** 0.86** 0.87** 0.66** 0.51** 0.38** 0.39** 0.29** 0.93** 0.98** 0.24** 0.44** 0.30** 0.52** 0.28** 0.58** 0.46** 0.31** 0.21** -0.07 0.24** 
SWC 0.38** 0.172*  0.50** 0.38** 0.40** 0.14* 0.23** 0.25** 0.44** 0.56** 0.35** 0.06 0.14* 0.12 0.27** 0.12 0.27** 0.29** 0.12 0.18* 0.09 0.07 
RFW 0.93** 0.92** 0.23**  0.92** 0.58** 0.41** 0.29** 0.36** 0.33* 0.97** 0.90** 0.17* 0.36** 0.24** 0.42** 0.24** 0.48** 0.47** 0.34** 0.35** 0.10 0.34** 
RDW 0.89** 0.90** 0.19** 0.95**  0.68** 0.54** 0.40** 0.38** 0.31** 0.91** 0.93** 0.14* 0.44** 0.17* 0.50** 0.16* 0.56** 0.37** 0.37** 0.27** -0.01 0.32** 

3rd LFW 0.46** 0.41** 0.31** 0.39** 0.37**  0.80** 0.77** 0.48** 0.41** 0.66** 0.68** 0.20** 0.58** 0.15* 0.74** 0.10 0.75** -0.02 0.18* 0.05 -0.11 0.10 
3rd DW 0.41** 0.39** 0.26** 0.35** 0.36** 0.84**  0.72** 0.40** -0.2** 0.47** 0.54** 0.17* 0.50** 0.09 0.66** 0.02 0.64** -0.06 0.167* 0.05 -0.12 0.15* 
3rd LL 0.01 -0.03 0.16* -0.02 -0.04 0.71** 0.68**  0.18* 0.15* 0.36** 0.40** 0.22** 0.70** 0.18* 0.87** 0.09 0.86** -0.2** 0.147* 0.00 -0.09 0.07 
3rd LW 0.37** 0.34** 0.30** 0.30** 0.29** 0.69** 0.57** 0.34**  0.14* 0.41** 0.40** 0.11 0.16* 0.03 0.20** 0.01 0.19* -0.04 -0.01 -0.10 -0.11 -0.10 

3rd LWC 0.14* 0.07 0.11 0.11 0.06 0.38** -0.17* 0.13 0.26**  0.37** 0.30** 0.04 0.17* 0.10 0.22** 0.13 0.26** 0.07 0.07 0.03 0.02 -0.03 
PFW 0.99** 0.96** 0.34** 0.96** 0.92** 0.45** 0.40** 0.00 0.37** 0.13*  0.95** 0.21** 0.40** 0.28** 0.49** 0.27** 0.55** 0.48** 0.32** 0.29** 0.02 0.28** 
PDW 0.96** 0.99** 0.17* 0.94** 0.93** 0.41** 0.39** -0.02 0.34** 0.08 0.97**  0.22** 0.45** 0.26** 0.53** 0.25** 0.59** 0.44** 0.33** 0.23** -0.06 0.28** 

RL (DAS 0) 0.20** 0.21** 0.09 0.30** 0.26** 0.09 328.00 0.10 0.07 -0.06 0.23** 0.23*  0.30** 0.90** 0.25** 0.87** 0.22** 0.02 -0.04 -0.10 -0.03 -0.06 
SL (DAS 0) 0.17* 0.20** -0.05 0.26** 0.28** 0.35** 0.37** 0.43** 0.16* 0.03 0.19** 0.22** 0.43**  0.22** 0.74** 0.10 0.62** -0.12 0.07 -0.02 -0.06 0.04 
RL (DAS 9) 0.42** 0.43** 0.11 0.52** 0.48** 0.22** 0.21** 0.18* 0.19** 0.04 0.46** 0.45** 0.87** 0.42**  0.26** 0.96** 0.25** 0.14* -0.01 -0.06 -0.03 -0.04 
SL (DAS 9) 0.44** 0.44** 0.04 0.44** 0.44** 0.55** 0.53** 0.60** 0.21** 0.09 0.44** 0.45** 0.31** 0.50** 0.42**  0.17* 0.89** -0.05 0.16* -0.02 -0.15* 0.05 

RL (DAS 16) 0.39** 0.39** 0.12 0.49** 0.45** 0.18* 0.17* 0.15* 0.18* 0.02 0.43** 0.41** 0.79** 0.30** 0.94** 0.38**  0.17* 0.19* -0.03 -0.04 0.00 -0.04 
SL (DAS 16) 0.62** 0.59** 0.20** 0.57** 0.56** 0.51** 0.46** 0.46** 0.25** 0.14* 0.61** 0.60** 0.21** 0.35** 0.38** 0.78** 0.36**  0.02 0.23** 0.05 -0.12 0.12 

NoL 0.74** 0.76** 0.15* 0.71** 0.69** 0.08 0.03 -0.3** 0.18* 0.09 0.74** 0.76** 0.07 -0.10 0.22** 0.09 0.22** 0.25**  0.22** 0.38** 0.172* 0.31** 
A 0.05 0.08 -0.05 0.05 0.06 -0.02 0.01 -0.04 -0.12 -0.04 0.05 0.08 0.13 -0.01 0.07 0.12 0.06 0.18* 0.16*  0.60** -0.15* 0.68** 
gs -0.01 0.01 -0.03 0.03 0.02 -0.14* -0.03 -0.17 -0.14* -0.2** 0.01 0.01 0.24** -0.08 0.13 -0.09 0.12 -0.08 0.06 0.49**  0.57** 0.90** 
Ci -0.09 -0.09 -0.07 -0.04 -0.05 -0.2** -0.12 -0.18* -0.19* -0.17* -0.08 -0.08 0.17* -0.04 0.03 -0.19* 0.01 -0.3** -0.06 -0.08 0.73**  0.37** 
E 0.12 0.15* -0.03 0.21** 0.19** -0.12 -0.03 -0.2** -0.12 -0.17* 0.15* 0.16* 0.27** -0.05 0.21** -0.05 0.19** -0.04 0.19** 0.40** 0.83** 0.61**  



58  RESULTS 

Different salt treatments and higher salt stress levels have an increasing impact on production 

of biomass and consequently inhibit plant growth. Figure 12 illustrates the effect of the tested 

treatments on shoot dry weight and root dry weight of the Z86 population. The effect of the 

tested treatments on shoot and root length of the Z86 population is plotted in Figure 13. 

 

 
Figure 12. Shoot and root dry weight of the Z86 population grown in hydroponic systems 

without salt control condition (green), 100 mM NaCl (yellow) and 100 mM Na2SO4 
(red) 

 
 

 

Both figures give an overview about the severity of the tested salt treatments on the specific 

plant parameters. Obviously, the phenotypic variability of the observed traits declines by 

increasing the salt stress level. Regarding Figure 12 and Figure 13, affected by highest salt 

stress treatment of 100 mM Na2SO4 all genotypes cluster in a denser cloud than under 100 mM 

NaCl and under control condition with no additional salt application. Shoot dry weight (SDW), 

root dry weight (RDW), shoot length (SL) and root length (RL) are the predominantly analyzed 

parameters in the literature for assessing the effect of salinity stress on plant growth.  
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Figure 13. Shoot and root length of the Z86 population grown in hydroponic systems without 
salt control condition (green), 100 mM NaCl (yellow) and 100 mM Na2SO4 (red) 

Hence, Figure 14 is summarizing the effect of 100 mM NaCl and Na2SO4, respectively, on these 

parameters relative to control condition, for the Z86 population as well for the parents Zentos 

and Syn86. 
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Figure 14. Overview of shoot fresh weight (SDW), root dry weight (RDW), shoot length (SL) 

and root length (RL) of Zentos, Syn86 and Z86 population mean under 100 mM 
NaCl and Na2SO4   relative to control conditions   

For SDW and SL the adverse effect of 100 mM Na2SO4 in comparison to 100 mM NaCl was 

dramatic. Surprisingly, Na2SO4 had marginal negative effect in respect to the mean RDW of 

the Z86 population (-4.8% relative to control condition) and Zentos (-3.6%) but strongly 

reduced RDW of Syn86. Furthermore, RL of all genotypes was highly decreasing RL at 100 

mM Na2SO4. Noteworthy, under the two salt types NaCl and Na2SO4, RDW and RL of Zentos 

and Syn86 behaved contrastingly. Surprisingly, the RL of Zentos was slightly increasing under 

100 mM NaCl. For all genotypes, including the parents, the adverse effect of Na2SO4 on SDW 

was distinctly higher than at the same concentration of NaCl.  

 

The STI values of SDW, RDW, SL and RL of the Z86 population tested in a hydroponic system 

with 100 mM NaCl and Na2SO4, respectively, are plotted in Figure 15 and Figure 16. Looking 

at the STI values for SDW, which is the most commonly used parameter in salt stress 

experiments at the seedling stage, it becomes apparent that the elite cultivar Zentos is 

outperforming the synthetic parent Syn86. Interestingly, as Zentos is facing a severe reduction 

of root length under 100 mM Na2SO4, Syn86 is showing better performance under stress 

condition than under control condition with no additional salt application. Generally, most 

genotypes performing higher under 100 mM NaCl treatment also show higher STI values under 

the concentration of Na2SO4. Genotype number 99 is one of the candidates showing consistently 

high STI value for SDW with +110% under NaCl and +92% under Na2SO4 treatment, 

comparing to the population average. Another genotype showing high STI values for SDW 
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under both salt types is genotype 117 with +93.9% and 73.3% under NaCl and Na2SO4, 

respectively, relative to the population mean. On the other side, genotypes with the highest 

reduction of shoot dry weight under 100 mM sodium chloride also perform weak under sodium 

sulfate treatment. Genotype 84 is facing under both treatments high losses of shoot dry weight. 

Expressed in STI value for SDW the reduction was by -58.2% and -53.2% under 100 mM NaCl 

and 100 mM Na2SO4, respectively.  

 

Consequently, with respect to the performance under both salt treatments and to the stability of 

measured parameters, genotype 117 was selected as one of the best performing genotypes. On 

the downside, genotype 84 and 57 were selected as the most susceptible genotypes. These 

genotypes, together with the parents Zentos and Syn86, were selected as candidate genotypes 

for further deep phenotyping and expressional analysis. 
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Figure 15. Bar plot of STI values of shoot dry weight (A), root dry weight (B), shoot length (C), root length (D) of the Z86 population tested in   
hydroponic system with 100 mM NaCl; genotypes are sorted according to the highest value; the parents are highlighted in green (Zentos) 
and red (Syn86); dashed lines = population means 

Syn86 

Syn86 

Syn86 

Syn86 

Zentos 

Zentos 

Zentos 

Zentos 
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Figure 16. Bar plot of STI values of shoot dry weight (A), root dry weight (B), shoot length (C), root length (D) of the Z86 population tested in 

hydroponic system with 100 mM Na2SO4; genotypes are sorted according the highest value; the parents are highlighted in green (Zentos) and 
red (Syn86); dashed lines = population means 

Syn86 

Syn86 

Syn86 

Syn86 

Zentos 

Zentos 

Zentos 

Zentos 



64  RESULTS 

Assessment of K+ and Na+ concentration in leaves under salinity stress and control 
condition 

To assess the sodium and potassium concentration of wheat plants exposed to salinity stress, 

the third leaf of the plants exposed to100 mM Na2SO4 and plants under control condition were 

analyzed using the Atomic Absorption Spectrometer (AAS). 

 

For most tested genotypes the Na+ concentration under salt stress condition was increasing 

while the K+ concentration was reduced. Nevertheless, as shown in Figure 17A the correlation 

of sodium and potassium concentration in both treatments was weak.  

 

Figure 17B is showing the relation between SDW and Na+/K+ ratio since shoot dry weight 

(SDW) is the main criteria for assessment of salinity tolerance at seedling stage. There was no 

correlation detected between both parameters, neither under controlled condition nor stress 

condition.   

 

Figure 18 is showing the fold change of K+ and Na+ under salt stress condition relative to control 

condition. However, both parameters were showing weak correlation. In this figure ten 

genotypes with highest and ten genotypes with lowest STI values for SDW are highlighted. 

Among the highlighted genotypes only genotype 95 is showing increased accumulation of K+ 

and high value for SDW. Interestingly, genotype 99 and 117, which also show high SDW 

values, show reduced K+ concentration in leaves under stress condition relative to control 

condition. However, both genotypes accumulate slightly less Na+ under salt stress condition 

than under control condition. 

 

The parents of the Z86 population, Syn86 and Zentos, were facing a strong reduction in K+ 

concentration and low increase in Na+ concentration under salt stress condition relative to 

control condition. The elite cultivar Zentos was not only performing better than the synthetic 

parent Syn86 with respect to SDW, it was facing a smaller reduction of potassium concentration 

under salt stress condition than Syn86. 
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Figure 17. (A) Na+ and K+ concentration [mg/g dry weight] and (B) relation between K+/Na+-
ratio (salt stress condition with 100 mM Na2SO4) in leaves of salt stress plants and 
SDW (STI value)  

 

 

 
Figure 18. K+ and Na+ fold change in leaves of Z86 population under salt stress condition 

relative to control condition 

Note: Black dots stand for 10 genotypes with highest SDW and red boxes indicate 10 genotypes with 
lowest SDW. 

 

The exceptional performance of the genotypes 95, 99 and 117 are outlined by the “Mean vs. 

Stability” biplot (Figure 19) which is incorporating STI values of SDW under 100 mM NaCl 

and Na2SO4 and K+/Na+ ratio in leaves.  These three genotypes show the highest performance 

A B 
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under salinity stress at seedling stage and outperform their parents Zentos and Syn86. Genotype 

number 8 is among the genotypes with the highest K+/Na+ ratio measured under salt stress 

condition. Nevertheless, as SDW is not correlated with K+/Na+ ratio, the biomass production of 

this genotypes is moderate.  

Figure 19. “Mean vs. Stability” plot of STI values for shoot dry weight (SDW) of Z86 tested 
under 100 mM NaCl and Na2SO4, respectively and K+/Na+-ratio in leaves. 

Note: Based on STI values for shoot dry weight (SDW) with 100 mM NaCl and Na2SO4 and K+/Na+-
ratio. In blue, the different parameters (SDW at 100 mM NaCl and Na2SO4 and K+/Na+ ratio of in 
leaves), in green the genotypes of the Z86 population, 152 and 153 indicate the parents Zentos and 
Syn86, respectively. The data were scaled based on the standard deviation. The red line passing through 
the biplot origin is referred to as the average-environmental axis (AEA). The arrow on the AEA indicates 
higher phenotypic performance. The green line, perpendicular to AEA passing through the biplot origin 
represents the stability axis. Positions distal to the biplot center indicate instability.  



RESULTS 67 

4.1.3. Evaluation of the Z86 population under field condition with natural 

salinization 

To assess the performance of the lines of the Z86 population field experiments under natural 

salinization, in three planting seasons were conducted in Karshi (Uzbekistan) during 2010, 2011 

and 2012. Due to the limited number of available seeds in the year 2010 and 2011 only field 

experiments under saline condition were conducted. Also, the parents of the Z86 population 

(Zentos and Syn86) were not tested under field conditions due to the limited number of 

available seeds. In the year 2012 field trials were conducted on both, saline and non-saline soils. 

Therefore, Table 18 presenting data from descriptive statistics is incomplete due to missing data 

from control plots. Furthermore, Table 19 includes data from analysis of variance and 

coefficients of broad-sense heritability only for parameters with available data from control and 

saline plots. In general, due to the spatial heterogeneity of the experimental site in respect to 

salinization level and salt type, the outcome of the measured parameters under control and stress 

condition were not distinct. Consequently, different from expectation, some parameters, e.g. 

yield, length of the spike (Table 18), were higher under stress condition than under control 

condition. 
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Table 18. Phenotypic parameters of the Z86 population collected from field experiments under control and saline soil conditions and grain quality characteristics 

Control Saline condition 

Parameter 
Z86 

Mean SD 
CV 
[%] 

ci 
95% 
lower 

ci 
95% 

upper Max Min 
Z86 

Mean SD 
CV 
[%] 

ci 95% 
lower 

ci 95% 
upper Max Min 

Germination rate [%] na na na na na na na 94.4 21.8 23.1 91.4 94.4 100.0 10.0 
Days to heading (DHD) 167.0 1.1 0.7 166.9 167.0 169.0 163.0 158.6 12.8 8.1 157.7 158.6 179.0 138.0 
Days to maturity (DMD) na na na na na na na 210.4 5.1 2.4 209.7 210.4 217.0 191.0 
Plant height (PH) 115.9 11.5 10.0 114.6 115.9 138.0 80.0 95.4 12.8 13.4 94.5 95.4 133.0 63.0 
Number of tillers (TLN) na na na na na na na 266.5 85.4 32.0 256.6 266.5 472.0 90.0 
Length of peduncle (PL) 42.8 5.5 12.8 42.1 42.8 60.0 28.0 42.5 5.6 13.2 41.9 42.5 52.0 28.0 
Length of spike (SL) 10.9 2.1 19.6 10.6 10.9 36.0 8.0 11.3 2.3 20.2 11.1 11.3 17.0 5.0 
SpS 20.5 2.5 12.0 20.2 20.5 25.0 10.0 20.5 2.5 12.3 20.2 20.5 25.0 15.0 
TKW 30.6 3.3 10.8 30.6 30.2 38.6 21.2 24.4 3.7 15.2 24.0 24.4 36.9 15.6 
Yield [T/ha] 1.96 0.68 34.85 1.88 1.96 4.43 0.52 1.99 0.94 47.44 1.92 1.99 4.67 0.22 

G
ra

in
 q

ua
lit

y 

Ash [%] 1.71 0.06 3.72 1.70 1.71 1.86 1.55 1.76 0.06 3.29 1.75 1.76 1.88 1.58 
Moisture [%] 10.21 0.85 8.31 10.11 10.21 11.81 9.25 8.89 0.22 2.47 8.87 8.89 9.81 8.50 
Hardness [%] 58.74 3.20 5.45 58.36 58.74 66.20 47.22 56.54 3.13 5.54 56.17 56.54 62.54 48.41 
Protein [%] 18.08 2.33 12.88 17.81 18.08 23.90 13.10 20.62 1.95 9.43 20.39 20.62 25.70 12.80 
Starch [%] 68.00 2.66 3.91 67.68 68.00 73.65 61.31 64.76 2.57 3.98 64.45 64.76 72.95 58.71 
Fiber [%] 2.70 0.21 7.74 2.67 2.70 3.28 2.14 2.63 0.23 8.57 2.61 2.63 3.26 2.16 
NDF [%] 18.60 1.20 6.47 18.46 18.60 24.68 15.00 18.45 1.11 6.01 18.31 18.45 21.18 16.15 
Sedimentation [ml] 58.10 11.44 19.69 56.75 58.10 92.09 28.09 70.22 9.05 12.89 69.14 70.22 89.62 29.00 

Note: SpS spikelet per spike; TKW 1,000 kernel weight; NDF neutral detergent fiber; na data not available. 



RESULTS     69 
 

Table 19. Analysis of variance on parameters collected of Z86 populations tested on field 
experiment 

 

 

 
Note: Significance levels p: * p ≤ 0.05; ** p ≤ 0.01; *** p ≤0.001; ns not significant; H² broad sense 
heritability; SpS spikelet per spike; TKW 1,000 kernel weight; NDF neutral detergent fiber.  

 
 
Table 19 summarizes the effect of genotype, treatment and genotype by treatment interaction 

obtained from analysis of variance for the phenotypic parameters of the Z86 population tested 

under field conditions. Most parameters were affected either by treatment or genotype or 

genotype and treatment. However, no significant genotype by treatment interaction was 

detectable. For most parameters, the estimation of broad-sense heritability (H²) was moderate 

to very high. Only the heritability for the parameter ‘Days To Heading’ was close to 0, 

indicating that the phenotypic variance was due to the treatment and not genetically determined. 

Figure 20 is showing the data of important baking quality parameters measured with the NIR 

sensor. Surprisingly, salt stress positively affected the protein content (+14.2%) and the 

sedimentation rate (+20.1%) of the tested wheat genotypes, relative to control condition. This 

implies, that salinity stress is positively affecting baking quality of wheat seed. However, the 

grain yield production is highly affected by salt stress, since the amount of starch, which is the 

main component in seed endosperm is negatively affected by salt stress. 

 

 Genotype (G) Treatment (T) GxT H² 
[%] 

Parameter (df 150) (df 1) (df 150)  

Days to heading (DHD) 0.06 ns 90.90 *** 0.05 ns 0.10 

Plant height (PH) 1.07 ns 518.99 *** 0.96 ns 13.7 

Length of peduncle (PL) 0.05 ns 2.69 *** 0.01 ns 98.6 

Length of spike (SL) 1.23 ns 5.58 * 0.75 ns 31.2 

SpS 0.00 ns 2.50 *** 0.05 ns 94.3 

TKW 2.72 *** 563.85 *** 0.72 ns 46.2 

Yield [T/ha] 0.14 ns 1.23 * 0.78 ns 23.3 

Starch 1.31 * 208.43 *** 0.73 ns 38.2 

Protein 1.21 ns 184.85 *** 0.77 ns 30.8 

Fiber 3.68 *** 14.79 *** 0.89 ns 59.9 

NDF 1.91 *** 2.63 ns 1.13 ns 28.4 

Sedimentation 2.24 *** 233.36 *** 0.87 ns 61.6 

Ash 1.43 ** 105.67 *** 0.80 ns 27.3 

Moisture 0.81 ns 460.25 *** 0.51 ns 23.8 

Hardness 3.18 *** 98.05 *** 0.69 ns 64.9 
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Table 20 is showing the Pearson's correlation (r) of phenotypic parameters measured from field 

trials under natural salinization and control plots with low salt level. As described earlier, due 

to the spatial heterogeneity of the experimental site, for some parameters no distinct reduction 

induced by salt stress was detectable. This was also affecting the calculated correlations factors. 

However, moderate positive correlation (0.52; p<0.01) was detected between grain yield and 

number of tillers under salinity stress. 

 

 

 

 

 

 

Figure 20. Major baking quality parameters of seeds of Z86 population measured with 
the NIR sensor; Significance levels p: *** p < 0.001 
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Table 20. Pearson's correlation coefficient (r) for parameters measured from Z86 population tested in field trials under natural salinization 

   DHD DMD PH TLN PL SL SpS TKW Yield Ash Moisture Hard. NDF Protein Starch Fiber Sed.  
C

on
tr

ol
 

DHD  0.261** 0.171* -0.143 0.017 -0.032 -0.106 -0.112 0.108 -0.037 0.038 -0.059 0.101 -0.055 0.046 0.068 -0.112 

St
re

ss
 

                     

DMD -  0.042 -0.168* -0.289** -0.057 0.071 -0.065 -0.159* -0.099 0.163 -0.049 0.114 -0.196* 0.134 -0.005 -0.238** 

PH -0.0 - 
 

0.001 0.079 0.012 0.041 0.055 0.227** -0.063 0.181* 0.090 -0.043 -0.035 0.044 0.019 0.002 

TLN - - -  0.148 0.138 -0.015 0.127** 0.406** -0.113 0.027 0.042 -0.184* -0.085 0.107 -0.083 -0.045 

PL -0.104 - 0.396** -  0.138 0.031 0.011 0.142 0.006 -0.095 0.143 -0.175* 0.129 -0.120 -0.017 0.259** 

SL 0.015 - 0.211* - 0.085  0.406** 0.089 0.132 -0.115 0.183* 0.056 -0.069 -0.061 0.098 -0.082 -0.007 

SpS 0.060 - -0.017 - 0.002 0.031 
 

0.049 -0.125 -0.022 0.087 0.000 0.116 -0.039 0.023 -0.031 -0.024 

TKW -0.008 - 0.297** - 0.170* 0.138 0.029  0.392** -0.446** -0.044 0.606** -0.377** -0.384** 0.453** -0.651** 0.010 

Yield -0.165* - 0.270** - 0.210** -0.099 0.011 0.308** 
 

-0.393** 0.062 0.312 -0.216 -0.322 0.375** -0.407** -0.165 

Ash -0.027 - 0.005 - 0.082 -0.079 -0.008 -0.194* -0.114 
 

-0.362** -0.642** 0.319** 0.923** -0.927** 0.686** 0.575** 

Moisture -0.019 - 0.076 - -0.040 0.133 -0.072 0.203* 0.025 -0.094  0.071 -0.017 -0.340 0.406** -0.003 -0.294 

Hard. 0.138 - 0.143 - 0.1000 -0.078 -0.016 0.445** 0.197* -0.385** 0.188*  -0.434** -0.512** 0.610** -0.829** 0.110 

NDF -0.081 - -0.352** - -0.161 0.003 -0.007 -0.166* -0.074 0.362** -0.113 -0.473**  0.156 -0.265** 0.304** -0.237** 

Protein 0.002 - 0.028 - 0.167* -0.060 0.019 -0.193* -0.143 0.902** -0.222** -0.293** 0.256** 
 

-0.951** 0.645 0.770** 

Starch -0.007 - 0.028 - -0.145 0.124 0.004 0.322** 0.205* -0.903** 0.307** 0.444** -0.364** -0.940**  -0.739** -0.623** 

Fiber -0.017 - -0.016 - 0.003 -0.035 -0.040 -0.360** -0.164* 0.441** 0.456** -0.526** 0.160 0.312** -0.7**  0.151 

Sed. 0.091 - 0.138 - 0.242** -0.095 0.042 0.043 -0.059 0.676** -0.178* 0.233** -0.042 0.844** -0.6** -0.027  

 
Note: DHD days to heading, DMD days to maturity, PH plant height, PL length of peduncle, SL length of spike, SpS spikelet per spike, TKW 1000 kernel weight, 
Yield (T/ha), TP1-8 NDVI measurement time points, Hard. seed hardness, NDF Neutral Detergent Fiber, Sed. sedimentation; Significance levels p: * p ≤ 0.05;  
** p ≤ 0.01.
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As for the data collected at germination stage and seedling stage, salt tolerance index STI and 

stress-weighted performance SWP values were calculated for the parameters obtained from the 

field experiments (Table 21). Obviously, the correlation matrix is elucidating higher correlation 

coefficients for most correlations calculated with SWP in comparison with STI. According to 

Saade et al. (2016), in comparison to STI, the SWP index is more suitable to differentiate the 

high performant genotypes from low performant genotypes. Such as the correlation between 

the amount of grain yield and protein content of seeds: STI is showing no significant correction, 

whereas the SWP value is indicating a highly significant negative correlation of -40% (p<0.01). 

Table 21. Pearson's correlation coefficient (r) for salinity tolerance index (STI) and stress-
weighted performance (SWP) values calculated from parameters obtained from field 
trials under saline and non-saline conditions 

Yield Ash Moisture Hardness NDF Fiber Protein Sedimentation Starch 

ST
I 

Yield -0.399 -0.018 0.447** -0.283** -0.435** -0.397** -0.271** 0.390** 

SW
P 

Ash -0.199** -0.083 -0.745** 0.410** 0.799** 0.918** 0.702** -0.912** 

Moisture -0.012 -0.238** 0.155* -0.125 0.057 -.192** -0.143* 0.230** 

Hardness 0.219** -0.480** 0.096 -0.468** -0.846** -0.678** -0.270** 0.751** 

NDF -0.103 0.290** -0.044 -0.458** 0.405** 0.346** 0.104 -0.394** 

Fiber -0.278** 0.507** 0.288** -0.696** 0.185* 0.742** 0.418** -0.810** 

Protein -0.128 0.930** -0.285** -0.309** 0.099 0.396** 0.862** -0.941** 

Sedimentation -0.011 0.543** -0.232** 0.328** -0.297** -0.075 0.769** -0.724** 

Starch 0.219** -0.913** 0.354** 0.475** -0.240** -0.555* -0.924** -0.575** 

Note: Correlations ≥ 0.4 are highlighted with color code: red r = 0.8-1.0, orange r= 0.6-0-79, yellow r = 
0.4-0.59; Significance levels p: * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; NDF Neutral Detergent Fiber. 

Yield and grain quality are major characteristics for selection of modern wheat varieties. 

Affected by salt stress the grain quality is increasing but the yield potential is decreasing. 

However, as the measured raw protein contents of all genotypes fulfill the minimum 

requirement for category A of wheat grain quality of minimum 12.5% protein content 

(Steinberger et al. 1995), the focus should be laid on grain yield production as the major 

selection criteria. As described earlier, SWP index for traits measured from field trials under 

the saline condition is a valuable parameter for identification of salt tolerant genotypes. SWP 

facilitates the selection of ideal germplasm for cultivation or breeding purpose by identification 

of salt tolerant genotypes tested in field trials. Figure 21 is showing the SWP values for yield 

and protein all genotypes of the Z86 population. Among the high yielding genotypes are also 

individuals with high performance at germination stage (Genotype 17) and SDW at seedling 

stage (genotype 108 and 117), RL at seedling stage (genotype 108 and 136).
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Figure 21. Stress-weighted performance index (SWP) values of yield (circles) and protein content (dots) of the Z86 population tested in field trials 

under natural salinization; genotypes sorted according to highest yield value
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4.1.4. Combined analysis of phenotypic parameters across all analyzed growth 

stages 

As mentioned earlier, yield performance and quality characteristics are essential demands to 

select appropriate varieties to cultivate under certain environmental conditions. The response 

of the tested genotypes to salt stress is varying from one development stage to the other. 

Furthermore, different salt types and concentrations also show diverse views on the impact of 

salt stress on plant development. To overcome the complexity, biplot analyses were conducted 

in order to visualize the performance of the tested genotypes across the tested environments and 

stage. Figure 22 is showing the “Mean vs. Stability” plots for the STI values of three 

developmental stages, namely germination test (100 mM NaCl and Na2SO4), shoot dry weight 

obtained from hydroponic experiment (100 mM NaCl and Na2SO4) and the grain yield obtained 

from field trials. 

Note: A based on STI values for germination scoring and SDW with 100 mM NaCl and grain yield data 
from field trials, B based on STI values for germination scoring and SDW with 100 mM Na2SO4 and 
grain yield data from field trials. In blue, the different environments (germination stage, seedling stage 
and maturity stage), in green the genotypes of the Z86 population; the red line passing through the biplot 
origin is referred to as the average-environmental axis (AEA). The arrow on the AEA indicates better 
phenotypic performance. The green line, perpendicular to AEA passing through the biplot origin 
represents the stability axis. Positions distal to the biplot center indicate instability.  

A B 

Figure 22. “Mean vs. Stability” plot of salinity tolerance index (STI) values for germination 

scoring, shoot dry weight (SDW) and grain yield from field trials of Z86 population 
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The “Mean vs. Stability” view of the GGE Biplot (Figure 22) incorporates the three 

developmental stages, germination, seedling and maturity stage to the average-environmental 

axis (AEA).  According to Figure 22A, incorporating data from germination stage and seedling 

stage tested with NaCl and yield data from field trials under natural salinization, genotype 130 

and 150 showed high performance. However, comparing across all tested growth stages, 

genotype 130 showed higher stability than genotype 150. On the opposite side, genotype 64 

was showing weakest performance across all developmental stage. As shown in Figure 22B, 

incorporating data from germination and seedling stage tested with Na2SO4 and yield data from 

field trials under natural salinization, genotype 28 is regarded as most stable genotype with high 

performance. This indicates that the rank of this genotype was consistent across all 

environments with a generalized mega-environment. However, genotype 99 and 108 showed 

higher phenotypic performance but weaker stability when comparing the three developmental 

stages. Like under NaCl treatments, the weakest performance was presented by genotype 64, 

making this genotype most susceptible across all environments. 

Obviously, the genotypes were showing differential performance across the tested salt 

treatments and at the various growth stages. Considering the fact that the correlations of 

genotypic performance under salinity stress at germination stage and further growth stages are 

low, a GGE Biplot was constructed incorporating data from SDW at seedling stage and grain 

yield from field trials. Figure 23 simplified the selection of better performing genotypes and 

with higher stability at seedling stage and maturity stage. Accordingly, entry number 64 can be 

regarded as the most susceptible genotype. On the other hand, several genotypes were showing 

high performance, among them, entry number 67, 95, 99, 108 and 117. These genotypes can be 

regarded as most tolerant genotypes with entry number 95 showing higher performance and 

considerably moderate stability across the tested environments. 
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Figure 23. “Mean vs. Stability” plot of salinity tolerance index (STI) values for shoot dry weight 
(SDW) at seedling stage with 100 mM NaCl and Na2SO4 and plot yield of Z86 
population 

Note: Based on STI values for shoot dry weight (SDW) with 100 mM NaCl (SDW_NaCl), and 100 mM 
Na2SO4 (SDW_ SO4), and Yield. In blue, the different environments, in green the genotypes of the Z86 
population; the red line passing through the biplot origin is referred to as the average-environmental axis 
(AEA). The arrow on the AEA indicates better phenotypic performance. The green line, perpendicular 
to AEA passing through the biplot origin represents the stability axis. Positions distal to the biplot center 
indicate instability.  
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4.1.5. Application of sensors for non-destructive measurement of water-status 

and salinity stress  

Multiple sensors were utilized within the scope of different experiments for phenotyping plants 

non-destructively. Salinity stress as well as drought stress to a great extent induce similar 

physiological processes in plants by implication of osmotic imbalances due to reduced soil 

water potential (Rao et al. 2006, Pessarakli 2014). Hence, analysis of water content can be a 

valuable trait for assessment of plants exposed to drought or salinity stress (Uddin et al. 2016). 

 

As the EMISENS dual-mode microwave resonator will be described in detail in the publication 

presented in Appendix 5, the outcome of the LI-COR LI-6400XT gaze exchange analyzer will 

be presented within this chapter. 

 

 

Non-invasive assessment of leaf water status using a dual-mode microwave   resonator 

 

The results of the EMISENS dual-mode microwave resonator are presented in detail in the 

publication attached in Appendix 5. Within the context of this chapter the result of the 

experiments conducted with the respective sensor will be presented briefly. 

  

A significant change in the resonant frequency shift of Mode 1 (2.4 GHz) between fresh and 

totally dried wheat leaves was demonstrated, which is far beyond the variation from leaf to leaf 

for a given plant (Figure 24). It is notable that the frequency shift of the dry leaf is zero within 

the measurement accuracy limits which indicates that water represents the dominant part of the 

response.  
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Figure 24. Comparative dielectric conductivity of fresh and totally dried wheat leaves 

Note: Six wheat leaves in total were measured fresh and subsequently completely dried. The dots 

represent the average relative frequency shift values (FRS) of five measurements (technical replicates) 

and the lines the average values of six leaves. 

 

For Mode 1, the measured values of FRS and IQS as a function of percentage of fresh weight 

for four different types of plants were normalized to the average value of the corresponding 

fresh leaves (Figure 25). Although the absolute values of FRS and IQS differ from leaf to leaf 

due to a different filling factor κ (Eq. 4 in Appendix 5) the normalized FRS and IQS values 

exhibit a systematic decrease with increasing weight loss, which indicates that water provides 

the most significant contribution to the dielectric permittivity of leaf tissue. The data points of 

individual leaves show this trend. 

 

The averaged values displayed in Figure 25 as horizontal lines are representative mean values 

for all leave stages. Based on t-test, significant differences between the mean values were 

revealed (p < 0.05). Measurement of three leaves and calculation of their mean values show 

stronger correlations to the water content than the single leaves measurement. Assuming that 

the mass density of the dry leave tissue is small in comparison to that of water, the weight 

percentage represents the volumetric water concentration – multiplied by factor of about 0.5-

0.7 (maximum water volume concentration in a fresh leaf) (Ulaby and Jedlicka 1984). 

According to our data, the normalized FRS values drop to about 0.45-0.55 for wheat and maize, 

and to slightly higher values of about 0.65-0.75 for potato and canola - as result of weight 

reduction or water loss from 100% to 50%. It is remarkable, however, that the FRS – weight 

dependences exhibit a recognizable positive curvature and deviate from linearity, in contrast to 

the slightly negative curvature being observed by broadband dielectric measurements on wheat 

leaves and stalks (Ulaby and Jedlicka 1984). For potato leaves and in particular for canola 

leaves, where a considerable portion of water is stored in relatively thick veins, this effect is 

most pronounced.   
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Figure 25. Experimental results of microwave measurements on leaves from four different 

crops 
Note: The analysis was performed at six time-points from initial fresh weight (100%) up to 50% of the initial weight by 
consecutive 10% drying in each step. (A) - Wheat, (B)-Maize, (C) - Canola, and (D) - Potato. Normalized FRS and IQS 
values based on values at 100% fresh weight for FRS and IQS, respectively are shown. E (Wheat), F (Maize), G (Canola) 
and H (Potato) display IQS values divided by FRS values for single leaves at different drying stages, and water contents, 
respectively. Bars indicate arithmetic means over three leaves. The absolute averaged FRS values at 100% fresh weight 
are 5.5⋅10−5 for wheat, 1.25⋅10−4 for maize, 1.41⋅10−4 for canola and 1.24⋅10−4 for potato. The colors of the dots indicate 
the developmental stage of the leaves: blue (first stage, young leaf), green (second stage, intermediate leaf) and red dots 
(third stage, older leaf). 
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For the fresh weight data, the average ratio IQS/FRS varies only slightly between 2.8 and 3 for 

the three different plants. 

 

Non-invasive assessment of ionic conductivity in leaves using a dual-mode microwave 

resonator 

 

The loss tangent of distilled water at 2.4 GHz is 0.12 and 0.3 for an assumed ionic conductivity 

of 14,000 μS/cm. In other words, within the framework of perturbation theory and the 

assumption that the losses are due to water and ions only, the analysis yields a nearly ten times 

higher conductivity than reported in the literature. In order to resolve this puzzle, we took a 

closer look at the IQS and FRS values of Mode 0, because the separation of ionic conductor 

losses from water dipole relaxation losses is much more pronounced at this low frequency 

(Table 22). In order to improve the measurement statistics, we measured FRS and IQS for 6 

fresh leaves from one plant (indicated by the numbers in Table 22). Each of the listed FRS and 

IQS values corresponds to the average of five subsequent measurements performed on one leaf, 

the quoted error represents the standard deviation of these five subsequent measurements. 

 

Table 22. Measured FRS and IQS (f=150MHz, Mode 0) for six different fresh leaves of one 
wheat plant and calculated ionic conductivity 

Leaf number 
FRS 

(weighted 
mean) 

FRS 
(CV %) 

IQS 
(weighted 

mean) 

IQS 
(CV %) 

σ[μS/cm] 
(weighted 

mean) 

σ 
(CV %) 

1 1.30⋅10−5 40 5.25⋅10−5 27 1.4⋅104 48 
2 1.47⋅10−5 26 6.11⋅10−5 15 1.4⋅104 30 
3 1.27⋅10−5 46 7.78⋅10−5 27 2.0⋅104 53 
4 1.86⋅10−5 21 6.84⋅10−5 52 1.2⋅104 56 
5 1.94⋅10−5 7 8.79⋅10−5 20 1.5⋅104 21 
6 1.96⋅10−5 29 9.52⋅10−5 15 1.6⋅104 14 

Average     1.46⋅104 14 
  

Note: Each data point corresponds to the average of five subsequent measurements; σ ionic conductivity 

σ, determined from IQS/FRS by Eq. 6 (Appendix 5); CV coefficient of variation. 

 

 

Furthermore, in order to demonstrate the practical applicability of the microwave technique, 

wheat plants being challenged by salt stress were measured (at the moment only by Mode 1). 

The measured FRS values reveal a clear difference between the control leaves and the stressed 
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ones (Figure 26). The decrease in the FRS value is likely to be linked to an increase of 

osmolarity induced by salt stress which is adversely affecting the uptake of water by the roots. 

Figure 26. Analysis of wheat leaves from nine genotypes after 15 days of salt stress 

Note: Green dots represent control, red and blue dot leaves stressed with 100 mM NaCl and 50 mM 
Na2SO4, respectively. X-axes represent the genotypes analyzed (numbered 1–9) and the y-axes the 
corresponding FRS values.  

A reduction of the water content in the plant cell leads to an increase of osmolarity. Therefore, 

the osmotic potential of canola leaves at 6 time-points was determined. A strong negative 

correlation (r = -0.97) between IQS/FRS values and the respective osmotic potential of the 

leaves at different steps of water reduction was found (Figure 27).  

Figure 27. Correlation between osmotic potential and IQS/FRS values for canola leaves 

Note: Dot-colors indicate measurement of leaves with water content decreasing stepwise: black -100% 
(initial fresh weight); brown -90%, green -80%; yellow -70%; blue -60% and red -50% of the initial 
weight. Each dot represents the mean values from four leaves. For each leave, two measurements were 
performed to define osmotic potential and five for the IQS/FRS value. 
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Fast response of photosynthetic parameters of wheat plants exposed to sudden increase of 

salt stress 

Gaz exchange measurements were conducted in order to investigate the immediate change of 

photosynthetic parameters that evolve within the first minutes after exposing plants suddenly 

to high salt concentration. The salt shock experiment was conducted with the parents of the Z86 

population, Zentos and Syn86. In contrast to the previously described gradual application of 

salt in three increments until reaching the final concentration of 100 mM NaCl or Na2SO4, 

respectively, for the salt shock experiment the 50 days old plants were transferred suddenly 

from control solution into solution with 100 mM NaCl.  

The fast and substantial decrease of photosynthetic parameters of wheat seedlings transferred 

from controlled solution to salt stress solution with 100 mM NaCl was detectable within the 

first minutes after salt stress initiation, revealing fast reaction of plants exposed to salt shock as 

the photosynthetic activity of the plants were declining immediately. 

Figure 28 is showing the means of the photosynthetic parameters for Syn86 and Zentos 15 

minutes before stress initiation until 45 minutes after stress initiation. The gas exchange 

analyzer LI-COR LI-6400XT (Biosciences 2008) was allowing detection of fast response of 

photosynthetic parameters of plants exposed to salt shock non-destructively. Both genotypes, 

exposed to salt shock experienced a drop of measured photosynthetic parameters. 
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Immediate response after initiation of salt stress was apparent only for photosynthetic rate 

indicating genotypic variation (Figure 28A). As the stomatal conductance, intercellular CO2 

concentration and transpiration rate were not showing effects for the genotype, and genotype 

by treatment interaction, the investigation of fast responses of plants immediately exposed to 

salinity stress was focused on the photosynthetic rate (A), which is assigned for CO2 fixation 

by plants. 

A Photosynthetic rate B Stomatal conductance 

C Transpiration rate D Intercellular CO2 con. 

Figure 28. Time course of photosynthetic parameters of Zentos and Syn86 15 minutes before 
until 45 minutes after exposition to 100 mM NaCl salinity stress 

Note: A Photosynthetic rate (A), B stomatal conductance (gs), C transpiration rate (E), D intercellular 

CO2 concentration (Ci); x-axis is showing 15 minutes before initiation of salt stress and 45 after stress 

initiation; green colored lines indicate the genotype Zentos and red line indicates Syn86. 
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To examine more closely the differential genotypic response of wheat genotypes exposed to 

salt shock condition, the experiment was repeated with Syn86, Zentos and two entries of the 

Z86 population, which were selected based on their performance of SDW production under 

salinity stress, namely genotype 84 and 117, representing salt sensitive and salt tolerant 

genotypes, respectively. 

Figure 29 illustrates the photosynthetic rate (A) of Zentos, Syn86, genotype 84 and genotype 

117. With a delay of approximately 8 minutes after stress initiation (SI, 0 minutes) the A of 

Zentos, Syn86 and genotype 84 start declining dramatically. Unlike other genotypes, the A of 

genotype 117 declined with an extended delay of 15 minutes after stress initiation. The 

photosynthetic rate of Zentos hit the low point of 9 µmol CO2 m-2 s-1 after 16.5 minutes (-15.8% 

rel. to SI). The dramatic drop of A of Syn86 reached the bottom of 6.8 µmol CO2 m-2 s-1 after 

19 minutes of salt stress (-33.1%). After 24.5 minutes A of genotype 117 reached the bottom 

value of 8 µmol CO2 m-2 s-1 (-21.2% rel. to SI).  

In contrast to our assumption, the decline of A of genotype 84 was less than expected where 

after 20.5 minutes the bottom value of 9.4 µmol CO2 m-2 s-1 was reached. But the extent of 

decline (-14.3% rel. to SI) was less than of other comparing genotypes.  

In summary, genotype 117 was able to maintain the photosynthetic rate for a longer period than 

all other comparing genotypes. Considering all tested genotypes, Syn86 was more sensitive 

towards salinity stress showing a severe decline in photosynthetic rate. The extent of variation 

of other measured photosynthetic parameters (stomatal conductance, transpiration rate, 

intercellular CO2 concentration) was less in comparison with photosynthetic rate (see Table 

23). 
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The descriptive statistics of measured photosynthetic parameters are summarized in Table 20. 

For the sake of comparability and conductance of statistical test only the first 30 minutes after 

stress application was considered due to the limited available data for genotype 84. 

Figure 29. Time course of photosynthetic rate of Zentos, Syn86, genotype number 84 and 117; 
colored shadows indicate standard deviations 
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Table 23. Summary of statistics of immediate effect on photosynthetic parameters of Zentos, 
Syn86, genotype 84 and 117 exposed to salinity stress 

Parameter Zentos Syn86 Genotype 117 Genotype 84 
Photosynthetic rate 
A0 10.7±0.4 10.2±0.5 10.2± 10.9±0.6 
AMIN 9.0 6.8 8.0 9.4 
Time to reach AMIN 16.5 18 24.5 20.5 
A (rel. to A0) -15.8% -33.1% -21.2% -14.3% 
Stomatal conductance 
gs 0 0.27±0.1 0.21±0.0 0.18±0.0 0.24±0.0 
gs MIN 0.09 0.06 0.07 0.09 
Time to reach gs MIN 16.5 20.5 22 17.5 
gs (rel. to gs 0) -66.0% -70.7% -61.8% -62.0% 
Transpiration rate 
E0 2.86±0.57 2.48±0.2 1.99±0.1 2.56±0.2 
EMIN 1.18 0.92 0.83 1.12 
Time to reach EMIN 18 21 24 19.5 
E (rel. to E0) -58.7% -62.9% -58.2% -56.2% 
Intercellular CO2 conc. 
Ci 0 406.0±13.9 396.4±7.8 386.9±4.9 399.9±11.3 
Ci MIN 311.4 310.0 283.6 306.7 
Minutes to reach Ci MIN 18.5 22 25.5 20 
Ci (rel. to Ci 0) -23.3% -21.8% -26.7% -23.3% 

Note: A Photosynthetic rate, gs stomatal conductance, E transpiration rate, Ci intercellular CO2 
concentration; 0 time of stress initiation; MIN minimum value. 

Repeated measures analysis of variance 

Repeated measures analysis was conducted incorporating additionally time (of response) as 

factor in the ANOVA model to detect genotype by treatment by time interaction effects 

(genotype*treatment*time). In Table 24Table 24 tests of hypotheses for between-subject effects 

without integration of time as factor are presented. From this analysis, there is a significant 

between-genotypes effect (p-value = 0.024) and between-treatment effect (p-value = 0.002). 

Obviously, without integration of time the genotype by treatment interaction effect is not 

significant (p-value = 0.29) as the course of the photosynthetic rate of the tested genotypes were 

showing temporal offsets (Figure 29).   
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Table 24. The GLM procedure repeated measures analysis of variance tests of hypotheses for 
between-subjects Effects 

Source DF Type III SS Mean Square F-value p-value 
Genotype 3 297.53 99.18 4.14 0.024 
Treatment 1 326.94 326.94 13.65 0.002 
Genotype*Treatment 3 97.99 32.66 1.36 0.290 
Error 16 383.36 23.96 

Note: DF degree of freedom, F F-value.

Different to this table, Table 25 is showing the univariate analyses for within-genotype effects 

and related interactions within the time-dependent course.  

Table 25. The GLM procedure repeated measures analysis of variance univariate tests of 
hypotheses for within-subject effects 

Source DF Type III SS Mean 
square 

F 
value 

p 
value 

Adjusted p 
G - G H-F-L 

Time 56 211.11 3.77 30.87 <.0001 <.0001 <.0001 
Time*Genotype 56 37.65 0.67 5.51 <.0001 0.0093 0.0035 
Time*Treatment 56 208.29 3.72 30.46 <.0001 <.0001 <.0001 
Time*Treatment*Genotype 56 37.00 0.661 5.41 <.0001 0.0100 0.0039 
Error(Time) 560 222.42 0.40 

    

Note: DF degree of freedom, F F-value, G-G Greenhouse-Geisser, H-F-L Huynh-Feldt-Lecoutre. 

The p-values were adjusted with the lower-bound estimate Greenhouse-Geisser correction (G-

G) and Huynh-Feldt-Lecoutre correction (H-F-L). Both, the Greenhouse-Geisser and Huynh-

Feldt-Lecoutre adjusted p-values were significant for all factors and factor interactions, 

including Time*Treatment*Genotype. 

The univariate analysis assumes highly significant effects for all factors and factor interactions 

(p-value < 0.0001). The repeated measures ANOVA revealed highly significant genotype by 

treatment interaction effect 20 minutes after initiation of salt stress (F-value=21.25, p-

value=0.0058). Beyond the individual low points of the curves, the photosynthetic rate of 

Zentos was recovering faster and reaching a higher level, although still lower than under control 

condition, whereas Syn86 was slightly able to recover from the minimum photosynthetic rate 

values. The salt shock experiment indicates the divergence in the capability of both genotypes, 

Zentos and Syn86, coping with suddenly salinity stress and the ability to restore prior 

homeostatic condition. 
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4.2.  Genotypic characterization of the Z86 population 

The 151 lines of the Z86 population and their parents Zentos and Syn86 were genotyped using 

the Infinium iSelect 90K single nucleotide polymorphism (SNP) bead array assaying 81,587 

gene-associated SNPs. The number of SNP with known positions according to the rescaled 

genetic map by Wang et al. (2014) was 37,427 markers. After data cleaning with the removal 

of markers with more than 5% missing data and minor allele frequency less than 2.5% 11,050 

polymorphic SNP markers remained. The remaining Markers including their genetic positions 

is shown in Figure 30. The density and distribution of SNP markers on the 21 wheat 

chromosomes are visualized in the table inside the CIRCOS plot (Figure 30).  

 

Apparently, the D-genome is less saturated with SNP markers than the A and B genome. 

Whereas the marker density of the A and B genome are 3.7 SNP per cM and 4.7 SNP per cM, 

respectively. The marker density of the D genome was 1.1 markers per cM. Chromosome 4D 

had the biggest gaps of chromosomal segments with low marker saturation among all 

chromosomes with 68 markers covering 170 cM of chromosomal length (0.4 markers per cM). 

In contrast to chromosome 4D, the marker density of chromosome 6B was 6.7 SNP per cM 

with was 819 SNP covering 123 cM.  
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Note: The number of markers per cM are plotted in histograms along each chromosome. For better 

visualization in a histogram plot an interval was constructed aggregating markers in an interval of 1 cM. 

The scale for the number of markers is plotted as rings on the CIRCOS plot: inner ring = 50 markers, 

middle ring = 100 markers, outer ring = 150 markers. 

 

Despite preliminary marker cleaning, some particular regions on different chromosomes harbor 

a large number of markers on the same chromosomal positions. On chromosome 7A position 

136 cM, for example, accumulates 150 SNP markers. Furthermore, chromosome 1B (position 

65 cM) and chromosome 2A (position 102 cM) were containing 139 and 138 SNP, respectively. 

However, the largest chromosomal segment without remaining polymorphic and informative 

marker were on chromosome 4D with a gap of 59 cM (interval: 112 cM – 171 cM) and 46 cM 

(interval: 19 cM – 65 cM). 

Chr. Number Length [cM] SNP /cM 
1A 637 156 4.1 
2A 722 177 4.1 
3A 576 188 3.1 
4A 505 164 3.1 
5A 655 148 4.4 
6A 653 163 4.0 
7A 729 241 3.0 
1B 837 174 4.8 
2B 996 186 5.4 
3B 819 155 5.3 
4B 555 117 4.7 
5B 556 218 2.6 
6B 819 123 6.7 
7B 657 178 3.7 
1D 214 182 1.2 
2D 425 153 2.8 
3D 174 156 1.1 
4D 68 170 0.4 
5D 163 207 0.8 
6D 151 160 0.9 
7D 139 233 0.6 

 

Figure 30. Overview of marker saturation and marker density on the 21 chromosomes of wheat 
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4.2.1. Linkage Disequilibrium (LD) Analysis of the Z86 population 

The decay of linkage disequilibrium (LD) describes a hypothetical measure of an average 

genome-wide LD block sizes. Here, the extent of LD for every single chromosome of the three 

 sub-genomes of wheat were calculated separately. Figure 31 shows the LOESS fitted curves 
of pairwise LD (R2) value against the genetic distance [cM].  

Figure 31.  LD decay plots for individual chromosomes of the three sub-genomes of the Z86     
population 

A-genome 

D-genome 

B-genome 

Note: The LD decay plots show LD value for the distance of up to 80 cM, as for a distance above 50 
cM linkage between two markers is generally not assumed. Additionally, it is leading to unreliable 
estimations of LD. Also, negative LD values were set to zero. 
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The intersection of the LOESS curve and the threshold line of R²=0.1 was considered as 

estimate of LD decay for each chromosome (Breseghello and Sorrells 2006). Table 26 is 

showing LD decay estimates of all chromosomes, as well as the calculated sub-genome and 

genome-wide LD decay. 

Table 26. Overview of LD decay estimates [cM] at threshold auf R²=0.1 

Note: Errors in the genetic map of markers located on some chromosomes are assumed to be the reason 
for the disturbance in intra-chromosomal linkage as visible with increasing R² values with the higher 
genetic distance between markers. For the calculation of genome-wide and sub-genome-wide LD the 
values of chromosome 5B were not considered as the LD decay curve of chromosome 5B didn’t touch 
the threshold of R²=0.1. 

Different than expected the LD decay curve of chromosome 5B didn’t follow the expected 

shape as for the most chromosomes after reaching the minima of LD by increasing the distance 

between markers LD was increasing too. The LD decay of chromosome 5B reaches the R² 

minima of 0.32 at approximately 50 cM. Beyond the distance of 50 cM, the LD is increasing 

again.  

Frequently LD heatmaps are produced in order to visualize genetic linkage groups of individual 

chromosomes. Here, only the LD heatmaps of homeologous of chromosome 5 of the Z86 

population are shown. The LD heatmaps of all chromosomes of the Z86 population will be 

presented in Appendix 2. The LD heatmap of chromosome 5B is showing an unexpected 

manner when compared with the other chromosomes of the Z86 population. Obviously, there 

is high linkage between almost all markers, indifferent from their distance to each other. This 

is surprising as by increasing the distance between two markers the linkage between them is 

reduced because the probability for recombination (crossing over) increases. 

Chromosome A-genome B-genome D-genome 
1 14.1 13.8 16.1 
2 11.9 12.9 11.6 
3 14.5 14.9 10.4 
4 10.1 10.6 11.8 
5 11 - 18.1 
6 13.4 22.2 14.2 
7 11.4 11.3 12 
Sub-genome-wide LD 12.3 14.3 13.5 
Genome-wide LD 13.4 
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Figure 32. LD Heatmaps of chromosome 5A, 5B and 5B; The “R² key color” is indicating the 
R² correlation between SNP markers; where 0 stands for no correlation (blue color) 
and 1 stands to 100% correlation (red color) 

4.3. Identification of loci for multiple traits under salt stress and control conditions 

This chapter summarizes the results of the QTL analysis conducted for all analyzed trait across 

all tested environments and development stages (germination, seedling and maturity stage).  

The applied multi-locus approach used in the hierarchical QTL model was able to reduce the 

number of false-positive putative QTL and hence to endorse the power of detected true QTL. 

However, as shown in Figure 32, this additional procedure reduced the number of detected QTL 

and highlighting more significant QTL.  

Chr. 5B Chr. 5A 

Chr. 5D 
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Figure 33. Manhattan plot for germination scoring with 150 mM Na2SO4 showing comparison 
between putative QTL calculated with composite mapping (orange) and multi-locus 
(red).

The calculated QTL were further employed for detection of associations with informative genes 

and proteins involved in response to abiotic stress, particularly salinity stress and (important) 

cell regulatory mechanisms. The in-silico analysis was performed by utilization of BLAST tools 

of NCBI (https://blast.ncbi.nlm.nih.gov) and genome sequence assembly version TGACv1 of 

Triticum aestivum L., which is publicly accessible on EnsemblPlants (http://plants.ensembl.org). 

Overall, 116 QTL main effects (including M1*M2 interaction) and 165 QTL for marker were 

detected by treatment interaction (including M1*M2*treatment interaction). The full list of all 

detected QTL will be presented in Table 30 to Table 34  (Appendix 3). A summary of some 

identified important QTL related to salinity stress is outlined in Table 27.  

http://plants.ensembl.org/
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Table 27. Summary of identified QTL with major effect on salinity tolerance at different growth stages
QTL Marker Chr cM Annotation Purpose Trait Explained genetic variance 

[%] Reference 

QTL_2AS_1 BobWhite_c18852_91 2AS 82.23 
Concanavalin A-like 
lectin/glucanase domain 
containing protein 

Involved transcription factor activity 
for shoot Na+/K+ under in salt stress 

NaCl: RFW 
Field (stress): Sedimentation rate 

Epistatic with 2nd QTL: 
20.2-24.9 IPR013320 

QTL_2AL_1 wsnp_Ra_c4850_8698731 2AL 109.97 Fatty acid desaturase-6 
(Fad6) Na+/K+ homeostasis NaCl: RDW Single QTL: 16.6 AT4G30950 

QTL_2AL_2 BS00041707_51 2AL 105.53 FATTY ACID EXPORT 1 
(FAX1) 

Crucial for biomass production; Fatty 
acid (wax) transport to pollen cell wall 
etc. 

Field (stress): TKW Single QTL: 12.5 XP_0201490
29.1 

QTL_2DL_1 wsnp_Ra_c22648_32132929 2DL 82.82 P-type ATPase Ca2+ transmembrane domain; 
ROS scavenging 

Control: SL, 
Na2SO4: K/Na ratio Single QTL: 12.6-15.0 IPR001757 

QTL_3AL_1 Tdurum_contig8674_1236 3AL 188.38 
FERONIA; Malectin-like 
carbohydrate-binding 
domain 

Interacts with RALF (Rapid 
alkalization factor) for female fertility, 
growth regulation and ABA signaling 

Field (stress): Plant height Epistatic with 2nd QTL: 22.8 IPR024788 

QTL_4AS_1 BS00009492_51 4AS 59.99 Zinc finger, 
RING/FYVE/PHD-type 

Regulating Na+ and K+ Homeostasis, 
Reactive Oxygen Species Scavenging 
and Osmotic Potential 

Na2SO4: SL Epistatic with 2nd QTL: 20.8 IPR013083 

QTL_4BS_1 tplb0050o09_895 3DS 4.46 Aquaporin NIP4-1-like Non-selective water channel protein; 
involved in Na+ uptake Na2SO4: SFW, SDW, PFW, PDW, 

Single QTL: 11.1-16.3 
Epistatic with 2nd QTL: 
22.5-29.9 

LOC1097703
55 

QTL_5AS_1 BobWhite_c51109_415 5AS 35.38 Cobalamin-Independent 
Methionine Synthase 

Associated with lignification of the 
cell wall under salt stress Na2SO4: Germination Single QTL: 15.7 cd03312 

QTL_5AL_1 Excalibur_c41710_417 5AL 92.87 Myc-type, basic helix-loop-
helix (bHLH) domain 

Transcription factors in ABA-
mediated gene expression under 
drought and salt stresses 

Na2SO4: Germination Epistatic with 2nd QTL: 22.3 IPR011598 

QTL_5DS_1 BS00000020_51 5DS 102.91 Puroindoline b (PinB-D1) Grain texture and flour quality Field (control): Sedimentation value 
Field (stress): Fiber content 

Single QTL: 7.9-27.7 
Epistatic with 2nd QTL: 25.4 KC585018.1 

QTL_6AL_1 TA004297_0876 6AL 81.64 
S-adenosyl-L-methionine-
dependent; methyl-
transferase (SAM MTases) 

Salt stress response; Glycine betaine 
regulation NaCl: PFW Single QTL: 7.6 

Epistatic with 2nd QTL: 14.7 IPR029063 

QTL_7AL_1 Excalibur_rep_c66918_307 7AL 202.68 Pyrophosphate-energized 
proton pump  Involved in K+ transport Field (stress): Protein content, starch content Single QTL: 21.3 

Epistatic with 2nd QTL: 26.9 IPR004131 

QTL_7BS_1 Excalibur_rep_c116920_300 7BS 71.66 CLASP N terminal Regulation and stabilization of cell 
division 

Control: RL (0/9/16 DAS) 
NaCl: RL,  
Na2SO4: RL 

Single QTL: 22.9-47.6 
Epistatic with 2nd QTL: 38.1 
-50.8 

Pfam12348 

QTL_7BL_1 Tdurum_contig50984_553 7BL 72.74 Zinc finger, 
RING/FYVE/PHD-type 

Regulating Na+ and K+ Homeostasis, 
Reactive Oxygen Species Scavenging 
and Osmotic Potential 

Field (stress): Yield Epistatic with 2nd QTL: 37.5 IPR013083 

QTL_7BL_2 Kukri_rep_c101620_1848 7BL 171.10 Zinc finger, FYVE/PHD-
type 

Regulating Sodium and Potassium 
Homeostasis, Reactive Oxygen 
Species Scavenging and Osmotic 
Potential 

NaCl: Germination Single QTL: 10.2 IPR013083 

QTL_7DS.1 BobWhite_c8454_782 7DS 29.97 Glutathione S-transferase, 
N-terminal 

Detoxification; scavenging of Reactive 
Oxygen Species (ROS) regulation of 
osmotic potential; regulator of cell 
elongation and plant development 

Control: Germ, SFW, SDW, RFW, RL, 
PFW, PDW 
NaCl: SFW, SDW, RFW, RL, PDW 
Na2SO4: Germ; K/Na-ratio in 3rd leaves 

Single QTL: 7.0-37.1 
Epistatic with 2nd QTL: 
22.8-53.9 

At2g29470 

Note: The full list of all detected QTL will be presented in Table 30 to Table 34  (Appendix 3).
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The Venn diagram (Figure 33) visualizes the distribution and overlapping of all calculated QTL, 

including marker main effect, marker by treatment effects and epistatic effects, across all across 

all environments. Surprisingly, only a small number of common QTL were identified.  

As shown in Table 28 the marker BobWhite_c8454_782 localized on chromosome 7DS at 

29.97cM was the only significant marker that was detected across three developmental stages 

and environments. There was no marker detected being significant in all tested environments. 

Figure 34. Distribution and overlapping of the marker-trait associations calculated for all traits at 
germination stage, seedling stage (NaCl, Na2SO4) and maturity stage 
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Table 28. List of selected QTL detected across the tested environments 

Common environments QTL Marker Chr. cM 

Germination stage, seedling stage (NaCl and 

Na2SO4) 
QTL_7DS.1 BobWhite_c8454_782 7DS 29.97 

Seedling stage (NaCl and Na2SO4) 

QTL_2DL_1 wsnp_Ra_c22648_32132929 2DL 82.82 

QTL_3BS_1 RAC875_c81076_317 3BS 62.31 

QTL_5AL_2 IAAV1179 5AL 69.34 

QTL_5AL_3 Tdurum_contig17500_876 5AL 70.30 

QTL_7BS_1 Excalibur_rep_c116920_300 7BS 71.66 

QTL_7DS.2 RAC875_c25695_316 7DS 32.16 

Germination stage and seedling stage 

(Na2SO4) 

QTL_5DL_1 Kukri_c28182_129 5DL 196.08 

QTL_5DL_2 GENE_3006_113 5DL 203.88 

QTL_6BS_1 RAC875_c37871_249 6BS 0.38 

QTL_7DS.3 BS00067140_51 7DS 26.92 

Seedling stage (Na2SO4) and maturity stage 
QTL_4AS_1 Tdurum_contig48049_705 4AS 41.02 

QTL_5DL_3 Kukri_c96249_58 5DL 130.04 

Seedling stage (NaCl) and maturity stage QTL_2AS_1 BobWhite_c18852_91 2AS 82.23 

Note: The full list of all detected QTL will be presented in Table 30 to Table 34  (Appendix 3). 

For a better overview, the annotations of the detected genes were classified according to five 

major classes: “Transport and Trafficking”, “Cellular function”, “Repair and Defense”, 

“Hormone reaction and Signaling” and “Osmotic regulation”. QTL with no detected annotation 

were grouped in class Unknown. 

Figure 34 summarizes the classification of the biological functions of the associated genomic 

regions for the QTL main effects and QTL by treatment interaction effects. Notable under salt 

stress condition, the number of detected QTL for the categories “Osmotic regulations”, 

“Hormone reaction and Signaling” and “Repair and Defense” was more than 2-3 times higher 

than under control condition. In total, the three GO categories comprise 82% of the detected 

QTL under stress condition, whereas under control condition merely 36% of all QTL were 

annotated into these categories. The gene ontology (GO) table (Table 35 in Appendix 4) gives 

an overview of the calculated QTL and the biological function of the associated genomic 

regions. 
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Figure 35. Distribution of marker by trait associations (MTAs) with main effect and treatment   

interaction according to the ontology classes 

 

 

The circos plot (Figure 35) gives an overview on the detected QTL and also the digenic epistatic 

interactions detected at germination stage for control and different salt stress regimes. For all 

salt stress levels, 26 QTL regions and 11 epistatic interactions were detected. Figure 35 

highlights the hotspots for epistatic interactions on chromosome 7A, 7B, 5D and 7D. 

Furthermore, the SNP marker BobWhite_c8454_782, denoted as QTL_7DS.1, localized on 

chromosome 7D with 29.97 cM is explaining the highest genetic variation (20.8%) for seed 

vigor at germination under control condition. Obviously, the chromosomal region between the 

markers BS00067140_51 (26.92 cM) and BobWhite_c8454_782 (29.97 cM) on chromosome 

7D is a hotspot with substantial genetic effect on germination under control and salt stress 

conditions. Regarding the highest NaCl concentration with 250 mM NaCl the two QTL on 

chromosome 4A (147.1 cM) and 5A (36.9 cM) were responsible for 10.4% and 13.8% genetic 

variation, respectively. Whereas for the highest Na2SO4 concentration the QTL on chromosome 

4A (132.9 cM) and 7A (74.2 cM) explained 13.2% and 13.7% genetic variation, respectively. 
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Note: The rings represent the different tested salt stress levels. First inner ring control, bluish-colored 

rings represent increasing NaCl concentration (50-250 mM), reddish colored rings represent increasing 

Na2SO4 concentration (50-150 mM). The inner circle links represent M1xM2xT epistatic interaction. The 

colors of the links represent the salt concentration according to the color code. The complete QTL table 

for detected QTL at germination stage will be presented in Table 30 in Appendix 3. 

In respect to the different NaCl concentrations at germination stage 10 QTL with marker main 

effect, seven marker by treatment interaction effect were detected. In addition, five marker by 

marker interactions were detected, including SNP marker BS00094095_51 on chromosome 5A 

position 36.87 cM with epistatic effects with 100 mM and 200 mM NaCl treatments. Eleven 

epistatic and treatment interactions were found for the NaCl treatments. For both salt types, two 

hotspots for epistatic by treatment interaction were found on chromosome 7A (36.8 cM and 

Figure 36.  QTL and digenic epistatic interaction detected for control and different salt stress 
regimes at germination stage. 
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76.3 cM) and 7B (55-171 cM) affecting germination. Two major QTL BS00094095_51 on 

chromosome 5A (36.87 cM) and Excalibur_rep_c68955_422 on chromosome 7A (74.19 cM) 

were highly significant with LOD values higher than 6.3. Both QTL were associated with 

germination scores at germination tests with 200 mM NaCl and 150 mM Na2SO4. For both salt 

types, mainly three hotspots for epistatic by treatment interaction were found on chromosome 

7A (36 cM and 76 cM), 7B (55-171 cM) and 7D (26-30 cM). 

Figure 36 is illustrating the locations of the detected QTL for main effects and M*T interaction 

as well as the digenic epistatic treatment interactions (M1*M2*T) for six biomass related traits 

measured at seedling stage. A large number of the identified QTL are located on chromosome 

2A, 6A, 3B, 3D and 7D. Additional investigation of epistatic digenic interaction revealed 

epistatic interactions on several chromosomes. Noteworthy that multiple loci on chromosome 

2A are showing epistatic interactions with loci on other chromosomes. Whereas only a single 

locus on chromosome 7DS (QTL_7DS.1) is showing epistatic interactions with loci on other 

chromosomes. Obviously, this locus harbors a gene having pleiotropic effects on multiple 

quantitative traits.  

For the application of QTL analysis in a backcross population, it is a prerequisite that the parents 

of the segregating population differ genetically for the trait of interest (Tanksley and Nelson 

1996). Only with respect to root length and plant height, the synthetic parents Syn86 was 

outperforming the modern cultivar, whereas both genotypes had extremely contrasting 

phenotypes for root length under control condition. Accordingly, two major QTL were 

identified, correlating with root length under control condition. QTL_4BS_1 (SNP marker: 

TA003708_0300) was located on chromosome 4BS at 61.84 cM explain 43.4% of the genetic 

variance. QTL_7BS_1 (SNP marker: Excalibur_rep_c116920_300) was located on 

chromosome 7BS at 71.66 cM, explaining 47.6% of the genetic variance. Progenies of the Z86 

population possessing the allelic variation of Syn86 on QTL_4BS_1 and QTL_7BS_1 had in 

average 16.3% and 13.1% longer roots than genotypes with allelic variation of Zentos. In-silico 

analysis revealed linkage of this QTL_7BS_1 with CLASP N terminal (pfam12348) which has 

is in Arabidopsis a key role in regulation and stabilization of cell division. The second QTL 

related to root length, QTL_4BS_1 is associated in Arabidopsis with the COPRA protein 

(XP_020199365.1) which is involved in determining the orientation of cell expansion. 

The applied QTL model assigned in the SAS macro was enabling the detection of epistatic by 

treatment interaction effects (M1*M2*T), leading to detection of another pleiotropic QTL 
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(QTL_3DS_1; SNP marker tplb0050o09_895) on chromosome 3DS at 4.46 cM. Interestingly, 

this maker was detected for M1*M2*T interaction with multiple QTL located on chromosome 

2B (109.53 cM), chromosome 2D (49.59cM), and chromosome 3A (173.15 cM) having 

substantial effect on biomass production (SFW, SDW, PFW and PDW). Further in-silico 

analysis revealed that this QTL_3DS_1 was linked to the gene coding for the aquaporin channel 

protein (IPR034294). Aquaporins are plasma membrane intrinsic non-selective water exchange 

proteins involved in uptake of Na+ by roots. 

Figure 37. QTL and digenic epistatic interaction detected for control and different salt stress 
regimes at seedling stage 

Note: The colors indicate different traits according the legend (light colors stand for QTL with main 
effects, dark colors stand for M*T effects under stress conditions). Internal links indicate digenic 
epistatic treatment interaction (M1*M2*T) of the specific traits according the color code shown in the 
legend. The first outer ring is showing the marker density. The complete QTL table for detected QTL 
at seedling stage will be presented in Table 30 to Table 34 (Appendix 2). 
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4.4. Sequence and expression analysis of glutathione s-transferase under salinity 

stress in wheat 

Several highly interesting QTL were detected by the QTL analysis conducted for the three 

major developmental stages of winter wheat. One of the major QTL with pleiotropic effects on 

multiple traits including shoot biomass production under salinity stress and control condition 

was QTL_7DS.1 closely linked to the SNP marker BobWhite_c8454_782 localized on 

chromosome 7DS at 29.97 cM. The 101 bp of the SNP marker sequence was blasted against 

the genome sequence assembly version TGACv1 of Triticum aestivum L., which is publicly 

accessible on EnsemblPlants (http://plants.ensembl.org). Hundred percent marker sequence 

similarity with an expected value (E)-value of 4.1E-49 was detected between 3,573 to 3,673 bp 

of TGACv1_scaffold_623736_7DS, which is localized on short am of 7DS chromosome of 

Triticum aestivum. Further, in-silico investigations revealed the linkage of this marker with the 

gene glutathione S-transferase tau (τ) class, called as TaGSTu3 (KEGG Enzyme Nomenclature: 

EC.2.5.1.18), which is known for its involvement in cellular detoxification during biotic and 

abiotic stress response (Moons 2003, Liu et al. 2015). In general, TaGSTu3 and TaGSTu6 genes 

are tandemly arrayed along the wheat genome and closely linked (Liu et al. 2015). Sequence 

analysis confirmed the presence of TaGSTu6 approximately 15K bp downstream of TaGSTu3. 

Figure 37 shows a schematic overview of TaGSTu3 and TaGSTu6 gene structures, including 3 

and 5’UTR, exons and introns. The 15K bp distance between both genes was detected by in-

silico analysis of the genome sequence assembly TGACv1 of Triticum aestivum L. 

Figure 38. Genetic structure of TaGSTu3 and TaGSTu6 on chromosome 7DS; red triangle the 
corresponding SNP marker BobWhite_c8454_782, black triangles position of start 
codon ATG; curly bracket indicates the 15K bp gap between TaGSTu3 and 
TaGSTu6 

Both genes, TaGSTu3 and TaGSTu6, were analyzed by Sanger sequencing in order to detect 

sequence differences between Zentos and Syn86 that might affect protein functions. Since there 

TaGSTu3   TaGSTu6 

http://plants.ensembl.org/
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was no allelic variation between the analyzed genotypes detectable, focus was laid on gene 

expression analysis on TaGSTu3.  

Semi-quantitative PCR (sq-PCR) with RNA samples collected at 10, 16 and 30 days after stress 

application (DAS) were conducted to examine gene expression kinetics of TaGSTu3 in Zentos 

and Syn86. The gel electrophoresis in Figure 38 revealed that the sq-PCR was showing higher 

expression levels TaGSTu3 in Zentos under control and stress conditions, relative to Syn86. 

Except time-point 0, the relative expression of TaGSTu3 in Zentos was higher than in Syn86. 

Moreover, the sq-PCR was indicating a slight reduction of expression of TaGSTu3 in Syn86 

under stress condition over time.  

 

 

 

 

Subsequently, quantitative Real-Time PCR (qRT-PCR) was conducted to quantify the kinetics 

of TaGSTu3 expression in Zentos and Syn86 under control and salt stress conditions. Figure 39 

is showing the relative expression of TaGSTu3 at 10, 16 and 30 DAS for Zentos and Syn86 

calculated according to the algorithm described by Livak and Schmittgen (2001). 

Syn86 

TaGSTu3 (272 bp) 

TaEf-1α (151 bp) 

TaGSTu3 (272 bp) 

TaEf-1α (151 bp) 

Zentos 

Stress 
30 DAS 

Stress 
16 DAS 

Stress 
10 DAS 

Control 
30 DAS 

Control 
16 DAS 

Control 
10 DAS 

Control 
0 DAS 

Figure 39. Gel electrophoresis of sq-PCR of TaGSTu3 gene of Zentos and Syn86 under 
controlled and salt stress conditions relative to the expression of the reference gene 
TaEf-1α at 0, 10, 16 and 30 days after stress application (DAS)  
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Figure 40. Expression of TaGSTu3 in Zentos and Syn86 relative to the expression of the 
reference gene TaEf-1α at 10, 16 and 30 DAS under control and salt stress 
conditions. Significance levels p: * p ≤ 0.05 

As shown in Figure 39 at all three time points the relative expression of TaGSTu3 in Syn86 was 

significantly lower under salt stress than under control condition (p<0.05). Due to the 

experimental error, a clear trend during the experimental duration for expression of TaGSTu3 

in Syn86 under salt stress condition was not detectable. Obviously, the expression of TaGSTu3 

in Zentos was higher under both conditions when compared to Syn86. In contrast to Syn86, the 

expression of TaGSTu3 in Zentos under stress condition was stable. The TaGSTu3 expression 

under control condition was slightly increasing during the experimental period. This leads to a 

significant difference (p<0.05) in the expression of TaGSTu3 between control and salt stress at 

30 DAS. 

However, to further understand the reason for the differential expression of TaGSTu3 in Zentos 

and Syn86, the promoter regions, ~1.100 bp upstream of the start codon ATG, of both genotypes 

were analyzed using the multiTF program of MULAN online package (Ovcharenko et al. 2005). 

This analysis allows effective investigation of cis-regulatory elements or Transcription Factor 

Binding Sites (TFBS). MULAN analysis of the promoter sequence of Zentos and Syn86 

revealed differences in number and sequence of specific TFBS which are known for their 

relationship with salt stress response and involvement of phytohormone activity. The summary 

of the detected TFBS related to salt stress response is presented in Figure 40. 
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Figure 41. Depiction of transcription binding sites (TFBS) detected by MULAN analysis in the 
promoter region of Zentos and Syn86; colors indicate specific TFBS; arrows indicate 
missing TFBS in the promoter region of Syn86 

Screening the promoter region of TaGSTu3 revealed DNA binding motifs in both genotypes 

which are activating higher expression of genes related to salt stress response. Two of the 

detected TFBS, namely NAC69, DOF3 were localized in the promoter region of the genotype 

Zentos, while both motifs were not present in Syn86. Additionally, the promoter region of 

Zentos had two copies of the motifs AGL3-1 and RITA1 whereas the promoter region of Syn86 

had single copies of both TFBS.  

Analysis for digenic epistatic interaction (M1*M2) and digenic epistatic treatment interaction 

(M1*M2*T) revealed epistatic interactions of QTL_7DS.1 with five other QTL. Among them 

QTL_6AL_2 with the SNP marker RFL_Contig3175_1271 on chromosome 6A at 136.85 cM 

was explaining 22.8% of the genetic variance of the genotype by treatment interaction effect of 

the analyzed trait SDW. This QTL was associated with NADH dehydrogenase [ubiquinone] 1 

alpha subcomplex subunit 9 (LOC109748854) which is also involved in stress response, ROS 

detoxification and in electron transport chain. Interestingly, a gene coding for the NAC domain 

containing protein was localized at a distance of 3.99 cM. This gene was also detected by 

association with another QTL (QTL_6AL_3; Kukri_rep_c103186_134 on chromosome 6A at 

140.87 cM). QTL_6AL_3 was associated with shoot length at 9DAS under 100 mM Na2SO4. 
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DISCUSSION 

Above all abiotic stress factors, drought and salinity stress have the highest impact on global 

wheat productivity and pose a major challenge to food security (Chandna et al. 2013, Tardieu 

et al. 2017). Introgression of exotic alleles, which enhance salinity tolerance in modern elite 

cultivars is regarded as feasible approach in order to develop adapted high yielding and high-

quality cultivars that are tolerant to salinity. Synthetic hexaploid wheat (SHW), descending 

from hybridization between diploid and tetraploid progenitors of wheat are regarded as a 

genetic resource of exotic alleles absent in modern cultivars (Mujeeb-Kazi et al. 1996, Colmer 

et al. 2006).  

Previously the synthetic backcrossed wheat population Z86, comprising 151 progenies 

descending from the synthetic hexaploid wheat Syn86 and the German elite winter wheat 

cultivar Zentos, was proposed as an ideal population for quantitative trait loci (QTLs) approach 

enabling the localization of exotic alleles by  enhancing baking quality (Kunert et al. 2007) and 

tolerance towards biotic stress (Naz et al. 2008).  

The main aim of the current study was to detect genetic regions in the Z86 population which 

were associated with salinity tolerance at germination, seedling and at maturity stage under 

field condition with natural salinization. The assessment of the lines of the Z86 population at 

different stages and salt treatment levels enables the determination of genomic regions 

associated with salinity tolerance at specific stress condition at a given developmental stage. 

The goal was to detect morphological, physiological and genetic differences within the tested 

genotypes to detect genomic regions which were associated with the respective traits. The 

following discussion will be divided into five subchapters:   

1. Phenotypic characterization of the Z86 population and the parents Zentos and Syn86

2. Genetic characterization of the Z86 population

3. Detection of QTL for the measured phenotypic traits

4. Expression of glutathione s-transferase under salt stress in wheat

5. Non-invasive assessment of leaf water status using a dual-mode microwave resonator

(Appendix 5)
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5.1. Phenotypic characterization of the Z86 population and the parents Zentos and 

Syn86 

Survival of plants in saline conditions requires multiple adaptations at different developmental 

stages in respect to adverse effects of salt (Shannon 1997, Munns and Tester 2008). An 

increasing number of studies focus on specific plant developmental stages for investigation of 

salinity stress and adaptation mechanisms on multiple crops, such as tomato (Foolad 1999), 

pepper (Chartzoulakis and Klapaki 2000), spinach (Wilson et al. 2000) and rice (Rad et al. 

2011). In the frame of this study, the focus was on the entire life cycle of wheat plants, from 

germination of seeds to the harvest of produced seeds. For this purpose, the AB-lines of the 

synthetic advanced backcross winter wheat population Z86 were characterized by their 

response to different salt treatments at germination, seedling and maturity stage. Whereas the 

tests at germination and seedling stage were conducted under climate chamber and greenhouse 

conditions, ultimately the phenotypic characterization of the Z86 at maturity stage was carried 

out under field conditions with natural salinization in Uzbekistan.  

5.1.1. Germination stage 

The importance of the germination stage in plants withstanding salinity stress is controversially 

discussed (Kent and Läuchli 1985, Kaya et al. 2003, Munns and James 2003, Singh et al. 2012). 

However, the use of germination tests to determine the degree of variation in responses to salt 

stress levels of a large collection of genotypes helps to identify materials carrying potentially 

interesting traits for further exploitation in a reasonable timeframe (Mano and Takeda 1997, 

Chinnusamy et al. 2005, Munns et al. 2006, Charu et al. 2015, Aflaki et al. 2017). As salt 

tolerance at the germination stage is described as germination rate or germination score value 

(Mano et al. 1996), the Z86 population was exposed to different concentrations of NaCl and 

Na2SO4 at germination stage. Both, sodium chloride and sodium sulfate are regarded as the 

most important and widely studied salt types as they predominantly affect soil salinity in many 

parts of the world (Flowers et al. 1977, Egamberdiyeva et al. 2007, Pessarakli 2011). 

With respect to salinity tolerance during seed germination, the response of the genotypes of the 

Z86 population and their parents Zentos and Syn86 was diverse. In the frame of this research 

work germination tests with different concentrations of NaCl and Na2SO4 confirmed that the 

deleterious effect of salt on germination of wheat seeds increased by increasing the 
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concentration of the salt. Furthermore, the effect of the equal concentration of Na2SO4 was 

approximately two-fold higher than the same concentration of NaCl. This was not surprising 

since at equimolar salt concentration Na2SO4 supplied twice the concentration of Na+ than 

NaCl. Additionally, the findings in this study are in concordance with several presented 

observations (Lauter and Munns 1986, Almansouri et al. 2001, Munns 2011). Looking at the 

parents of the Z86 population, Zentos and Syn86, surprisingly, at germination stage the elite 

cultivar Zentos was performing better under the tested salt concentrations than the synthetic 

genotype Syn86 (Figure 7), while many publications endorse synthetic hexaploid wheat as more 

tolerant than modern elite cultivars, making them ideal donors of exotic alleles contributing to 

tolerance towards biotic and abiotic stresses like salinity tolerance (Gorham et al. 1990, 

Pritchard et al. 2002, Dreisigacker et al. 2008, Talbot et al. 2008). As well at highest 

concentration of sodium chloride and sodium sulfate as the aggregated germination scoring 

values across all tested salt concentrations, Syn86 is showing the weakest performance. 

Although the performance of Zentos was better than of Syn86, still the majority of its progenies 

surpassed their parents, indicating the complex genetic nature of salinity tolerance (Figure 9). 

 

The “Mean vs. Stability” view of the genotype and genotype by environment interaction (GGE) 

biplot analysis is frequently used for interpretation of multi-environment data structure by 

scientists and breeders as it is visualizing the relative performance and the variability of 

performance stability of the tested genotypes at different environments (Yan et al. 2000). With 

respect to high grain yield and yield stability under salinity stress Sharma et al. (2012) were 

utilizing GGE analysis to identify superior wheat genotypes by integration of multi-

environmental field data from different years. The interpretation of the “Mean vs. Stability” 

biplot analysis suggests that entry number 16 is performing better than other genotypes with 

respect to high and stable germination scores across all tested salt treatments. In summary, the 

performance of Zentos was better and more stable than Syn86 which was can be regarded as 

most susceptible among the tested genotypes at germination. 
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5.1.2. Seedling stage 

Hydroponic systems are recognized as ideal testing methods for investigating the basic 

mechanisms plants as they give a high degree of control and reproducibility (Genc et al. 2007, 

Shavrukov et al. 2012). NaCl and Na2SO4 concentrations of 100 mM are prevalently used in 

hydroponic experiments with wheat (Munns et al. 2006). In the frame of this study, hydroponic 

experiments with 100 mM NaCl or Na2SO4 were used for assessment of salinity stress on the 

advanced backcross winter wheat population Z86 and their parents Zentos and Syn86. Several 

morphological parameters including the production of root and shoot biomass were phenotyped 

as these traits are widely used for phenotyping plants at seedling stage exposed to abiotic stress 

like drought and salinity stress (Gregorio et al. 1997, Munns and James 2003, Rajendran et al. 

2009). Additionally, the aerated hydroponic system designed in this study was enabling quick 

measurement of root length with little disturbance of the plants. 

The adverse effect of 100 mM Na2SO4 in comparison to 100 mM NaCl on SDW and SL was 

dramatically higher. Surprisingly, Na2SO4 had marginal negative effects on the mean RDW of 

the Z86 population (-4.8% relative to control condition) and Zentos (-3.6%) but strongly 

reduced RDW of Syn86. Furthermore, RL of all genotypes highly decreased at 100 mM 

Na2SO4. Therefore, it is reasonable to conclude that wheat plants exposed to 100 mM Na2SO4 

concentration at seedling stage tend to compensate the reduction of RL by producing bushy and 

shorter roots to maintain their root biomass. Obviously, production of root biomass is highly 

depending on the salt stress concentration and the susceptibility of a specific genotype. Similar 

observations were described for Atriplex halimus subsp. Schweinfurthii Nedjimi and Daoud 

(2006) where the authors describe the halophytic behavior of  Atriplex halimus subsp. 

Schweinfurthii under different concentrations of Na2SO4. The root biomass of Atriplex halimus 

exposed to moderate sodium sulfate concentrations of 50 mM was increasing, where it was 

reduced exposed to higher concentrations of Na2SO4. Noteworthy, under the two salt types 

NaCl and Na2SO4, RDW and RL of Zentos and Syn86 behaved contrastingly. For all genotypes, 

including the parents, the adverse effect of Na2SO4 on SDW was distinctly higher than at the 

same concentration of NaCl. This is in line with previous studies (Matar et al. 1975, Inal 2002). 

The salinity tolerance index (STI), applied for the parameters measured at the seedling stage, 

showing higher tolerance of Zentos than Syn86. Only a few genotypes, among them genotype 

67, 95, 99, 117, surpassed the production of shoot dry weight (SDW) of the elite cultivar under 

100 mM NaCl and Na2SO4, respectively. These genotypes showed high stability of SDW under 
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salinity stress at seedling stage. On the opposite side, genotype 57 and 84 was also showing 

stable but low STI values for SDW.  

It is widely accepted that discrimination of Na+ and preferential uptake of K+ are important 

mechanisms of plants to cope with salinity (Greenway and Munns 1980, Flowers and Yeo 1995, 

Munns et al. 2002, Tester and Davenport 2003, De Leon et al. 2017). Furthermore, maintaining 

higher K+/Na+ ratio is one of the major strategies of non-halophytic plants to overcome 

excessive concentrations of Na+ (Greenway and Munns 1980, Munns et al. 2006, Amtmann and 

Beilby 2010).  

Mineral component analysis, assessing Na+, K+ and the K+/Na+ ratio of third leaves of wheat 

seedlings exposed to 100 mM Na2SO4 and under control condition, was not giving a clear 

correlation with the shoot dry weight (SDW) at seedling stage. Overall, the results of the 

hydroponic experiment with 100 mM Na2SO4 did not support the widely described observation 

of Na+ discrimination and preferential uptake of K+ in genotypes with salt tolerant genotypes 

relative to susceptible genotypes (Munns et al. 2006). A similar observation was described by 

Genc et al. (2007) assessing the salinity tolerance of a diverse collection of 21 bread wheat 

genotypes. The authors assumed that salinity tolerance might be achieved through a 

combination of Na+ exclusion and tissue tolerance. Recently Li et al. (2017) reported the 

differential response of two genotypes of rice (Oryza sativa L. ssp. Japonica) to moderate salt 

stress treatment. Despite the differential performance of the tested genotypes with respect to 

the production of biomass and other physiological traits, they did not show differences for K+, 

Na+ and K+/Na+ ratio in shoots. They assumed that effective osmoregulation is achieved by the 

accumulation of soluble sugars and proline to maintain water potential and that the up-

regulation of ROS detoxifying systems underlie the greater salt tolerance of the tolerant 

genotype. Interestingly only one genotype (genotype 95), with the highest SDW among the 

whole population, was able to maintain K+/Na+ ratio greater than 1, which is according to Jones 

et al. (1979) necessary for non-halophytes like wheat to withstand salinity stress. According to 

the classification of Asch et al. (2000), this genotype is regarded as Na+-includer since it takes 

up more potassium under salt stress condition to maintain the K+/Na+ ratio. On the other side 

genotype 99 and 117, which are also regarded as salt tolerant with respect to STI value of SDW, 

can be classified as Na+-excluder, since their K+ concentration was reduced by 35% and 32%, 

respectively, while both genotypes maintained their sodium concentration under salt stress on 

the same level as under control condition. 
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5.1.3. Maturity stage 

With respect to the evaluation of plants under field condition, yield and yield components are 

considered to have higher importance than biomass or harvest index (Shannon 1997). Hence, 

salinity tolerance for field crops is usually expressed as yield production under salt stress 

condition relative to control condition. For this purpose, field trials were conducted in the year 

2010, 2011 and 2013 under natural salinization in Karshi (Uzbekistan). Due to the spatial 

heterogeneity of the experimental site with respect to salinization level and salt type, the 

outcome of the measured parameters under control and stress condition were not distinct. 

According to the analysis of variance for the parameters measured from field trials, significant 

treatment effects were measured for almost all traits but none of the traits showed genotype by 

treatment interaction effects. This is obvious looking at the yield [T/ha], which is the main trait 

for field trials. The population mean for grain yield was slightly increased under salt stress 

condition (+1.5%) relative to non-saline condition. This result might due to the heterogeneities 

for soil salinity condition at the experimental site, which is obvious when looking at the 

coefficient of variation [CV] for yield. Under the controlled condition, the CV was 34.8% and 

under salt stress condition 47.4% (Table 18). Consequently, different from expectation, some 

parameters, e.g. yield, length of the spike (Table 18), were higher than under control under 

stress conditions. Number of productive tillers (TLN) is one of the most important yield 

components. Despite a high CV (32%) for number of tillers under stress condition, our 

observation was in agreement with several authors  who also detected a stronger reduction of 

tillering of salt sensitive wheat genotypes under stress in comparison with more tolerant wheat 

genotypes (Francois et al. 1986, Akram et al. 2002, Katerji et al. 2005, Läuchli and Grattan 

2007, Munns et al. 2016). 

Grain protein content and sedimentation values are the most important parameters for 

nutritional quality and baking properties. Both parameters were positively affected by salinity 

stress. But there were weak negative correlations between protein content and yield (r=-0.33; 

p<0.01) as well as between sedimentation value and grain yield (r=-0.17; p<0.05). In 

comparison to control, under salinity conditions, the sedimentation value and protein content 

increased by 20.9% and 14.2%, respectively. Similar results were obtained for other crops like 

durum wheat (Triticum turgidum L. spp. durum) (Francois et al. 1986), barley (Hordeum 

vulgare L.) (Katerji et al. 2006) and faba bean Vicia faba L. (Qados 2011). It is widely accepted 

that salinity stress inhibits starch biosynthesis by reducing photosynthetic activity and 

consequently decreases the storage of starch in endosperm of kernels (Kashem et al. 2000, 
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Almansouri et al. 2001, He et al. 2013). Additionally, according to Turki et al. (2012) the 

nitrogen metabolism, which is contributing to higher protein content, is relatively stable and 

less effect by salt stress rather than starch metabolism. Furthermore, Rani et al. (2012) assume 

that salt stress proteins prevent denaturation or natural damage of proteins, which are essential 

for survival and recovery from salt stress. The protein quality, comprising baking quality 

protein glutenin and gliadin, were not tested in this study. Nevertheless, reports indicate that as 

salinity positively affects protein concentration, by increasing the protein/starch ratio in grain,  

on the other side it reduces protein quality (Francois et al. 1986, Katerji et al. 2005, Naserian et 

al. 2014).  

 

In the present thesis two indices, particularly the stress tolerance index (STI) and the stress-

weighted performance (SWP), were used to investigate the salinity tolerance of the tested 

genotypes. The stress tolerance index or salinity tolerance index (STI) is frequently used in 

order to investigate the stress/salinity tolerance of various plants (Clavel et al. 2006, Porch 

2006, Rocha et al. 2014, Negrão et al. 2016) as it takes into account the average performance 

of the specific trait of the population under control condition as well as the performance of the 

specific genotype under control and stress condition. However, the stress-weighted 

performance (SWP), established by Saade et al. (2016), is more appropriate for evaluation of 

genotypes and genotype by treatment interaction effects for traits measured in the field as the 

SWP index is more suitable to differentiate the high performing genotypes from low performant 

ones. Different to SWP which selects for lines that have above-average stress/control scores 

and have high phenotypic values under control conditions, STI is also underlining genotypes 

with above-average stress/control scores even though some lines do not perform well under 

control condition (Saade et al. 2016).  

 

The correlation matrix (Table 21) for the grain quality parameters calculated with the ST index 

and the SWP index elucidates higher correlation coefficients for most correlations calculated 

with SWP in comparison with STI. Interestingly, the correlation calculated with the STI values 

shows no significant correction between grain yield and protein content of grains, whereas the 

SWP value indicates a highly significant negative correlation of -40% (p<0.01). 

 

Looking at the combined analysis of the performance of the Z86 population at germination, 

seedling stage and maturity stage, none of the genotypes selected as tolerant or susceptible at 

germination stage were showing high performance at seedling stage. This finding was 
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consistent with several reports, indicating that little or no correlation has been detected between 

germination and later growth stages for species as diverse as bread wheat (Francois et al. 1986, 

Mano et al. 1996, Munns and James 2003). Several reports confirm that plants show differential 

sensitivity to salinity at different growth stages. In general, plants tend to increase their salt 

tolerance as they progressively develop during the growing season (Maas and Poss 1989, 

Francois 1994, Wilson et al. 2000). Hence, looking at the seedling and the maturity stages 

(Figure 23) entry number 64 can be regarded as the most susceptible genotype, a weak 

performance showing across all tested environments. Interestingly, entry number 64 showing 

the highest performance at germination stage while at seedling and maturity stage this entry can 

be regarded as the weakest genotype for salinity tolerance. On the other hand, supported by 

previous figure (Figure 22), entry number 6, 99, 130 and 150 can be regarded as most tolerant 

genotypes with entry number 6 showing higher performance stability across the tested 

environments.  

 

Several authors express their concerns for the robustness of field experiments. They assume 

that especially grain yield of foreign or not adapted genotypes will be highly influenced by the 

environmental and exogenic stress factors. Therefore the genotype effect or the genotype by 

treatment interaction effect might not be significant (Richards et al. 1987, Jafari-Shabestari et 

al. 1995, Munns et al. 2006).  Additionally, evaluation of a large number of genotypes under 

saline conditions is difficult because of the variability of salinity within fields (Richards 1983, 

Daniells et al. 2001). Moreover, screening a large number of genotypes for salinity tolerance is 

difficult due to the complexity and polygenic nature of salinity tolerance, which involves 

responses to cellular osmotic, ionic and oxidative stresses (Platten et al. 2013, Adem et al. 2014, 

Hoang et al. 2016). This argumentation may also apply to the field experiments that were 

conducted under continental climate zone conditions in Karshi, with high annual variation in 

temperature between summer and winter season (Gintzburger et al. 2005). Whereas the Z86 

population was descending from the cross between the German elite cultivar Zentos, which was 

adapted to temperate European climate and the resynthesized wheat genotype (Syn86).  
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5.1.4. Application of sensors for non-destructive assessment of steady-state 

conditions 

 

Multiple sensors were utilized within the scope of different experiments for phenotyping plants 

non-destructively. Salinity and drought stress induce in part the same physiological processes 

in plants (Rao et al. 2006, Pessarakli 2014). Both stressors cause osmotic imbalances due to 

strongly negative soil water potential. Hence, analysis of the water content can be a valuable 

trait for the assessment of plants exposed to drought or salinity stress (Uddin et al. 2016).  

 

The results of the non-invasive assessment of water content and electrical conductivity in leaves 

of different crops with the dual-mode microwave sensor are discussed in detail in the 

publication (See Appendix 5). In this chapter the usage of the microwave sensor will be briefly 

discussed. Also, the outcome of the LI-COR LI-6400XT gaze exchange analyzer for wheat 

plants exposed to salinity stress will be presented in this chapter. 

 

Non-invasive assessment of leaf water status using a dual-mode microwave resonator 

The definition of the water status in plant tissue is of importance for the plant researcher to 

better understand the physiological processes and molecular mechanisms leading to tolerance 

with respect to drought stress on the one hand (Munns et al. 2000, Pessarakli 2014). Systematic 

phenotyping of plants needs standardized and non-invasive methods to define and assess 

physiological parameters like the water of single plants or group of plants to environmental 

(Munns et al. 2010). 

 

Currently water content in plants is measured by destructive methods such as comparing the 

fresh and dry weight of plant tissues (Jordens et al. 2009). Nevertheless, these methods do not 

allow the instantaneous and continuous monitoring of the water content in living tissue. 

Therefore, non-destructive techniques that require very weak interaction with the plant tissue 

in order to avoid altering its physiological activities are highly desired. 

 

Non-destructive analysis by radiation in the microwave to terahertz range is most promising for 

the development of non-invasive methods to determine the water content because of the strong 

water absorption in this frequency range (Ferrazzoli et al. 1992, Menzel et al. 2009, Castro-

Camus et al. 2013).  
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Different to microwave moisture sensors based on planar microwave transmission lines like the 

one reported by Rezaei et al. (2012) and planar antennae approaches by Sancho-Knapik, et al. 

(2011) our method allows the determination of the real and imaginary components of the 

complex dielectric permittivity at two well separated frequencies.  

 

The sensor used in this study (Dadshani et al. 2015), enables simultaneous dielectric 

measurements at two distinct and far separated frequencies. Due to the combination of a 

microwave (f = 2.5 GHz) and a sub-microwave frequency (f = 150 MHz) in one sensor device 

the method has a strong potential for simultaneous non-invasive assessment of water and salt 

status in a single leaf.  

 

Accordingly, two parameters, relative frequency shift (FRS) and inverse Q factor (IQS), which 

were affected by the dielectric properties of the tested plant material, were calculated (See Eq. 

5 and Eq. 6). Consequently, the calculated ratio IQS/FRS measured at 2.4 GHz (Mode 1) was 

showing a high negative correlation (r = -0.97; p<0.01) with the osmotic potential of the tested 

leaves (Figure 27).  

 

The sub-microwave frequency Mode 0 (f = 150 MHz) allows the determination of the ionic 

conductivity of the leaf juice non-invasively. And a strong correlation between the measured 

ratio of loss and frequency shift data to the osmotic potential was found, which indicates that 

the microwave method can be used for contact-free assessment of the osmolytes status of in a 

leaf.  

 

Previous reports were showing the applicability of a sub-microwave frequency for 

determination of electrical conductivity of shock compressed fluids  (Hawke et al. 1969) and 

foods (Jha et al. 2011). However, to the best of our knowledge, this is the first report of non-

invasive determination of the electrical conductivity of the fluid inside a plant leaf. 

 

For potato leaves and in particular for canola leaves, where a considerable portion of water is 

stored in relatively thick veins, this effect is most pronounced. We presume that the drying 

process by evaporation works slower for large veins. As a result, the measured weight may not 

be representative for the real water concentration in the largest veins: if the largest veins are 

located close to a field maximum of the resonant field, the measured FRS values may 
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overestimate the average water concentration in the leaf, which explains the observed curvature 

qualitatively. 

 

However, our approach has proven to be highly reproducible and applicable for leaves of 

various size, shape and thickness. The frequency shift versus water content curves are slightly 

sub linear for the larger leaves, which may result from the inhomogeneous water distribution in 

the veins. For canola leaves, a strong correlation between the measured ratio of loss and 

frequency shift data to the osmotic potential was found, which indicates that the microwave 

method can be used for contact-free assessment of the osmolytes status of a plant.  

 

Due to the combination of a microwave (f = 2.5 GHz) and a sub-microwave frequency (f = 150 

MHz) in one sensor device the method has a strong potential for simultaneous non-invasive 

assessment of water status and electrical conductivity (salt status) in a single leaf under test. 

Moreover, our evanescent field approach overcomes the wavelength limitation and enables the 

use of much lower frequencies at 150 MHz and 2.4 GHz, with the advantage of cheap electronic 

components as being used in wireless communication. The potential commercial availability of 

an evanescent field dual-mode microwave sensor system at moderate cost enables the 

implementation of non-invasive water and conductivity assessment in biological research 

laboratories. 
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5.1.5. Non-destructive measurement of photosynthetic parameters of wheat 

plants exposed to salinity stress at seedling stage 

Continuous gaze exchange measurements were conducted in order to investigate the immediate 

change of photosynthetic parameters that evolve within the first minutes after exposing plants 

suddenly to high salt concentration. The salt shock experiment was conducted with the parents 

of the Z86 population, Zentos and Syn86 and on two lines of the Z86 population (genotype 84 

and genotype 117) which were selected as extremes in respect to their tolerance towards salinity 

stress. All plants experienced, although different in magnitude, shortly after exposure to salinity 

stress a drop and subsequent recovery of photosynthetic parameters (see Figure 29). Application 

of repeated measures analysis of variance by using an orthogonal polynomial transformation 

option and including time as within-subject factors, revealed highly significant genotype by 

treatment interaction effect 20 minutes after initiation of salt stress (F-value=21.25, p-

value=0.0058). 

To the best of our knowledge, this is the first study of continuous measurement of 

photosynthetic parameters of wheat plants exposed to sudden salinity stress.  

Similarly shaped curves of photosynthetic rates were described by Kawasaki et al. (2001), 

exploring initial phase of salt stress in two contrasting rice genotypes. Measuring gaze exchange 

parameters in faba beans (Vicia faba L.) exposed to 50 mM NaCl, Geilfus et al. (2015) observed 

no significant difference in photosynthesis rates of stressed plants and plants under controlled 

conditions within 25 minutes after onset of the treatments. After 25 minutes, the photosynthetic 

rates declined gradually but even after 60 minutes, no recovery of photosynthesis rate was 

detectable. As the authors were linking the early metabolite response of plants exposed to 

salinity, they measured an increase of spermidine production in leaf samples, which is 

associated with inhibited photosynthetic activity triggering high amount of reactive oxygen 

species (ROS). However, the deviation in respect to the time point of impairment of 

photosynthetic activity presented in this study and the study presented in Geilfus et al. (2015) 

and Kawasaki et al. (2001) might be caused due to differences in tested species and the intensity 

of the applied salt stress. Exposing maize and barley seedlings to salinity shock Passioura and 

Munns (2000) observed similarly shaped curves for leaf elongation rates as described for the 

photosynthetic parameters in this study. Furthermore, Munns et al. (2000) investigated 

elongation rates of leaves of barley and maize plants exposed to salinity shock with and without 

excised roots. They experienced a brief decline and quick recovery of elongation rate in plants 
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with excised roots in contrast to plants with intact roots. Obviously, looking at Syn86 under 

control condition having 82% longer roots than Zentos (see Table 10), root length has a high 

impact on the level of impairment induced by salinity stress. Plants with shorter roots and less 

root surface might have an advantage in comparison with plants with longer roots and greater 

root surface since they have a comparably smaller root area which is in contact with the 

deleterious solution. Especially, plants with inefficient exclusion mechanisms are facing an 

unhampered accumulation of Na+ in root cytosol (Flowers et al. 1997).   

 

As described earlier, reduction of root length under salinity stress might be a long-term response 

of plants to cope with salinity in the hydroponic system by avoiding overload of Na+. In 

summary, the outcome of this study is supporting the hypothesis established by Neumann 

(1995), hypothesizing that root reduction might be an adaptive biophysical response of plants 

to cope with salinity stress. Vice versa, salt-tolerant plants with the efficient regulation of 

K+/Na+ homeostasis might be able to maintain longer roots, which is of importance for uptake 

of water and nutrients. However, this observation might be in contrast to observation from 

natural soil conditions since hydroponic systems are artificial systems where plants roots are 

continuously surrounded by the hydroponic solution. 

 

Hydroponic systems are effective and reliable techniques for evaluation of a large number of 

plants under controlled environmental conditions. However, along with the practical 

advantages, hydroponics are artificial systems that come along with some fundamental 

characteristics. These include the absence of natural substrates like soil that permits plant to 

develop roots with defined spatial characteristics (architectural and morphological) which 

might affect the research questions. As under salt stress condition plants tend to reduce root 

length in order to avoid over-excess of Na+ intrusion from lower soil levels. However, in 

hydroponic system this reaction is disturbed as the salinity level in the whole system has the 

same concentration. 
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5.2. Genetic characterization of the Z86 population 

The 151 AB-lines of the Z86 winter wheat population and their parents Zentos and Syn86 were 

genetically characterized in order to employ the genetic information for detection favorable 

alleles for various traits related to salinity tolerance. Due to the biparental character of the 

population, only 11,050 informative SNP markers remained for application in QTL analysis. 

As the average marker density on chromosomes of A and B subgenome were 2.6 and 6.7 SNP 

per cM, respectively, the marker density on chromosomes of subgenome D was comparably 

low with on average 1.1 SNP per cM. Chromosome 4D showed the lowest marker density with 

0.4 markers per cM, generating marker gaps of up to 59 cM. This was not surprising as only 

15% of the markers on the 90K array were mapped to the D genome (Wang et al. 2014).  

LD decay analysis is commonly used for genome-wide association mapping (GWAS) 

(Terwilliger and Weiss 1998, Klein et al. 2005, Manolio 2010). Typically, LD is an essential 

criterion for linkage and association mapping. However, linkage mapping depends usually on 

linkage as single cause of LD, while association mapping depends on all causes which effect 

LD, namely breeding system, migration, selection, mutation and drift. For QTL localization it 

is not trivial to separate the linkage effects on LD from the other ones. One method to detect 

the linkage effect on LD would be to estimate the LD decay in respect to the distance between 

the markers on the chromosome. Usually the estimate of the LD decay at threshold of R²=0.1 

is taken as a critical value to define a confidence interval for the nonparametric bootstrap 

approach to increase the accuracy of QTL localization (Visscher et al. 1996, Bennewitz et al. 

2002). 

In association panels, the highest extent of significant LD is expected to be in the D-genome of 

polyploid wheat and lower LD in the A- and B-genomes (Chao et al. 2010, Peng et al. 2011). 

The LD of linkage populations have generally higher values than in natural populations due to 

the low number of genotypes involved in the construction of the segregating populations and 

on the other hand numerous historical recombinations among the natural populations (Mackay 

and Powell 2007, Sakiroglu et al. 2012). Considering the bi-parental crossing scheme and few 

recombination events, the LD of the Z86 populations was moderate with 12.3, 12.7 and 13.5 

for the A-, B and D-genome, respectively. Noteworthy that unlike association panels, LD of the 

D-genome is not significantly higher than the A- and B-genome. 
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Figure 31 is showing the LOESS fitted LD curves of the Z86 population. Other than expected 

the recombination fraction (R²) of some chromosomes showed increasing values after reaching 

the bottom line. This phenomenon might be explained by the LOESS function, established by 

Cleveland (1979) which is a polynomial fit method assigned for smoothing locally weighted 

regression.  

Surprisingly, the LD decay curve of chromosome 5B showed an offset behavior and therefore 

an unconventional shape. Even at the lowest point (50 cM) R² is not lower than 30% and 

increasing by the enhanced distance between the markers. This might be affected by 

chromosomal rearrangements on the chromosome 5B induced by the artificial 

allopolyploidizations of wild emmer (T. turgidum spp. dicoccoides) with T. tauschii producing 

the neoallohexaploid wheat. Numerous and structural aberrations of chromosomes of 

neoalloploids, denoted as ‘genomic shock’, have been described previously especially in 

synthetic hexaploid wheat (Gill et al. 1991, Nelson et al. 1995, Frizon et al. 2017, Yu et al. 

2017). However, the pairing homeologues gene (Ph1), which is usually ensuring the correct 

homologue pairing and recombination, and hence enabling the bivalent manner of hexaploid 

wheat chromosomes during meiosis, is also located on chromosome 5BL of hexaploid wheat 

(Okamoto 1957, Riley and Chapman 1958). The malfunction of homologue pairing in some 

synthetic hexaploid wheat genotypes was also observed by Yang et al. (2011) who concluded 

that the cytological instability of synthesized wheat genotypes was due to the absence of Ph1 

gene. However, this might not explain the unusual structural anomaly of the chromosome 5B 

whereas at this high extent no structural anomaly was detected for other chromosomes. 

It has been extensively discussed by several authors (Dvořák et al. 1993, Feldman and Levy 

2005, Peng et al. 2011), that the second spontaneous alloploidization process, producing the 

allohexaploid wheat, was 0.5 million years after the first alloploidization step between two 

diploid grasses to produce the wild emmer (T. turgidum spp. dicoccoides). Additionally, 

Marcussen et al. (2014) assumed that only a single introgression event for the formation of the 

hexaploid wheat and hence a reduced genetic variability of the D-genome was the reason for 

the persistently limited recombination rate. Hence, Dvorak et al. (2011) conclude that gene flow 

from tetraploid wheat to T. aestivum was the main source of genetic variability of modern 

hexaploid wheat. According to Chao et al. (2010), the high extent of significant LD on the D-

genome in natural populations is reflecting the episodes of recent occasions of hybridization 
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event and subsequent limited number of recombination events affecting the D-genome of the 

allohexaploid wheat.  

Ultimately, it is generally accepted that based on the historical hybridization events the D-

genome genetically constitutes a bottleneck with reduced genetic variability (Ogbonnaya et al. 

2005, Dubcovsky and Dvorak 2007, Peng et al. 2011). On the other side, increasing the genetic 

variability of the D-genome of modern wheat by introgression of exotic alleles descending from 

Aegilops tauschii is discussed to be an alternative that could contribute to tolerance against 

multiple biotic and abiotic stresses (Colmer et al. 2005, van Ginkel and Ogbonnaya 2007).  
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5.3. Detection of QTL for the measured phenotypic traits 

Soil salinity is one of the major abiotic stress factors in many parts of the world threating wheat 

production, leading to yield reduction and quality losses. Breeding new cultivars with 

adaptation to harsh environmental conditions by introgression of exotic alleles into modern 

cultivars is widely accepted are a mean to overcome the genetic bottleneck imposed by 

domestication and modern breeding process (Tanksley and McCouch 1997, Nevo and Chen 

2010). Especially in modern bread wheat, the D genome is thought to be a major limiting factor 

for improvement and adaptation to different environmental conditions, due to its relatively 

narrow genetic variability (Song et al. 2017). Many articles underline the potential of synthetic 

hexaploid wheat (SHW) as bridge germplasm to introduce the genetic diversity of close 

relatives of wheat into modern breeding programs. The potential of SHW as donor of favorable 

genes enhancing salinity tolerance of modern wheat genotypes by discriminating Na+ and 

preferentially uptake of K+ are widely discussed (Gorham et al. 1990, Lindsay et al. 2004). The 

use of synthetic backcross-derived lines (SBLs), based on the cross between SHW as donor of 

exotic alleles and modern wheat cultivars as recurrent parent, are widely used for application 

in QTL analysis for multiple traits and for detection of epistatic interactions (Juenger et al. 

2005, Ogbonnaya et al. 2013). 

In this study, the advanced backcross winter wheat population Z86 was evaluated at different 

salt treatment regimens during the entire growing cycle, from germination to final maturity 

stage. Subsequently, QTL analysis was conducted for 48 traits revealing 116 marker-trait 

associations, including digenic epistatic effects (M1*M2) and 165 QTL with marker by 

treatment interactions, including digenic epistatic treatment interaction effects (M1*M2*T).  

For complex traits such as salinity tolerance, there is a need to estimate the effect of epistatic 

QTL effects and epistatic by treatment interaction (M1*M2*T) effects (Ravi et al. 2011) in 

addition to detection of simple QTL for main effect or M*T interaction effects. Several studies 

were conducted to calculate M1*M2*T interaction by application of composite interval mapping 

(Yang et al. 2007, Xu et al. 2013). However, to the best of our knowledge, the applied 

hierarchical model established at our institute is the first systematic approach for the detection 

of QTL main effects, marker by treatment interaction effects as well as for epistatic by treatment 

interaction effects by application of multi-locus approach. 
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The detected QTL indicate a shift from more housekeeping and plant development associated 

genes under control condition to more signaling and stress-responsive genes under salt stress 

condition. Overall, according to the gene ontology classification, 82% of the identified QTL 

were denoted as involved in “Osmotic regulations”, “Hormone reaction and Signaling” and 

“Repair and Defense” under stress condition, whereas under control only 36% of all MTAs 

were from these categories. The same three gene ontology (GO) categories regulating salinity 

tolerance were also reported in Munns et al. (2005) and elsewhere. It is also widely accepted 

that a wide range of physiological and biochemical plant responses to complex stress factors 

like drought and salinity stress are regulated by constitutive and adaptive genes, with spatial 

and temporal diversity in their expression pattern (Witcombe et al. 2008, Agarwal et al. 2013, 

Thoen et al. 2017). 

As the correlation between traits measured at the different developmental stages (germination 

stage, seedling stage, and maturity stage in field trails) was low, only a few overlapping QTL 

with treatment interaction effects were detected. Plants are differently affected by salt stress at 

various growth stages. Therefore, it was not surprising that the QTL analysis for germination, 

seedling and maturity stage showed only a few overlapping QTL. Similar findings were 

reported for tomato (Foolad 1999), pea (Okçu et al. 2005), rice (Das et al. 2015), barley (Mano 

and Takeda 1998) and durum wheat (Almansouri et al. 2001).  

Other than expected, the German elite cultivar Zentos outperformed the synthetic genotype 

Syn86 in most of the measured traits. The lower performance of some SHW lines in comparison 

to elite cultivars, especially in respect to end-use quality and threshing, was reported previously. 

Moreover, it is widely accepted that the genotypic variability among SHW genotypes is huge 

and some SHW are more susceptible to different abiotic and biotic stress factors than modern 

elite cultivars (Dreisigacker et al. 2008). Therefore, according to the QTL analysis conducted 

for most traits, the majority of the favorable alleles were derived from the elite parent and not 

from the synthetic parent. 

The synthetic parents Syn86 was outperforming the modern cultivar only for root length and 

plant height under control as well as under salt stress conditions. This was not surprising as 

decades of breeding efforts focused on the reduction of plant height to reduce lodging risk and 

on the other hand neglected the root system (Rickman et al. 1985, Waines and Ehdaie 2007). 

Accordingly, two major QTL, QTL_4BS_1 (4BS, 61.84 cM) and QTL_7BS_1 (7BS, 71.66 
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cM) correlating with root length under control condition were explaining 43.4% and 46.6% of 

the genetic variation, respectively. Progenies of the Z86 population possessing the allelic 

variation of Syn86 on QTL_4BS_1 and QTL_7BS_1 had in average 16.3% and 13.1% longer 

roots than genotypes with an allelic variation of Zentos. In-silico analysis of QTL_4BS_1 and 

QTL_7BS_1 revealed associations with the COPRA protein (XP_020199365.1) and with 

CLASP N terminal (pfam12348), respectively. Both genes were involved in cell expansion and 

cell division. Several studies detected a significant correlation of drought tolerance with root 

parameters like root length in synthetic wheat (Atta et al. 2013, Becker et al. 2016). The authors 

suggested the integration of synthetic wheat in breeding programs in order to produce drought-

tolerant varieties.  

Another interesting QTL (QTL_3DS_1) with the marker tplb0050o09_895 on chromosome 

3DS at 4.46 cM was found to have a stress effect on several biomass-related traits (SFW, SDW, 

PFW and PDW) at seedling stage under control and salinity conditions. The exotic allele was 

outperforming the elite cultivar and a single QTL (QTL_3DS_1) was adjudicated to explain 

11.1-16.3% of the genetic variation by M*T interaction (Table 33 in Appendix 3). In digenic 

interaction with other QTL (QTL_2BL_1 with Excalibur_rep_c77221_93 on chromosome 2BL 

at 109.5 cM, QTL_3AL_2 with wsnp_Ku_c46762_53407442 on chromosome 3AL at 173.2 

cM and QTL_2DS_1 with Kukri_rep_c72254_186 on chromosome 2DS at 49.6 cM) 

QTL_3DS_1 was associated with 22.5-29.9% of the genetic variation by M*M*T interaction 

(Table 27 and Table 33 in Appendix 3). This QTL was linked to the gene coding for the 

aquaporin transporter protein (IPR034294). Aquaporins are playing a crucial role in the uptake 

of water by plant roots and they are also involved in the non-selective exchange of cations like 

Ca2+ and Na+, CO2, urea etc. (Byrt et al. 2017). Several reports indicate that aquaporins are 

implicated in Na+ uptake, whether selective or non-selective and hence a potential source of 

toxic Na+ influx in the plants (Mansour 2014, Assaha et al. 2017). The importance of aquaporins 

in adaptation to salinity stress was demonstrated in Arabidopsis by overexpression of aquaporin 

genes from banana, wheat and rice (Mansour 2014, Xu et al. 2014). However, aquaporins seem 

to play a crucial role in the combined network of transporters and channels mediating Na+ 

transport in plants. The identified aquaporin gene could be a valuable candidate in respect to 

the approach of mining beneficial alleles for making wheat more tolerant towards salinity stress. 

Data from field trials led to the detection of some interesting QTL in respect to salinity tolerance 

and grain quality. QTL_3AL_1 linked with the marker Tdurum_contig8674_1236 on 
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chromosome 3AL at 188.38 cM linked with FERONIA, which is a Receptor-like kinase 

containing a Malectin-like carbohydrate-binding domain (IPR024788). Several studies indicate 

the pleiotropic property of this gene which seems to play a major role by interacting with RALF 

(rapid alkalinization factor) in female fertility (Haruta et al. 2014, Li et al. 2016) and 

involvement in ABA signaling pathways by interacting with ABA Insensitive 1 and 2 (ABI1/2) 

in cross-talk with RALF which is also involved in downregulation of ABA and upregulation of 

auxin (Yu et al. 2012). Recent studies underline the importance of FERONIA for salt stress 

response in Arabidopsis (Chen et al. 2016) and rice (Landi et al. 2017). 

In general, QTL mapping has proven to be a powerful tool for identification of genomic regions 

in a bi-parental population either in F2 population, advanced backcross population (AB), 

Recombinant Inbred Lines (RILs), Near-isogenic lines (NILs), Double haploid lines (DH) etc. 

However, QTL analysis is highly depended on the genotypic and phenotypic diversity of the 

population under study. Low mapping resolution due to limited number of recombination 

events are leading to large linkage groups, hampering the detection of associated genes. For this 

purpose, fine mapping by application of sub-ILs, carrying small introgressions of the exotic 

genotype in the background of the modern cultivar is desirable for detection of favorable alleles. 

However, different to GWAS, QTL mapping is an efficient method to detect rare alleles and is 

widely utilized to discover exotic alleles from wild species if applied for an appropriate 

population. Uga et al. (Uga et al. 2013) were able to localize the DEEPER ROOTING 1 (DRO1) 

allele which controls root growth angle descending from a wild rice genotype by application of 

QTL analysis with a NIL population. By introducing of DRO1 into a shallow-rooting rice 

cultivar by backcrossing, the authors were able to confirm the contribution of DRO1 in 

controlling root architecture in rice. By application of a sub-ILs population of barley, carrying 

small introgression of wild barley (ISR42-8) in the background of the recurrent elite cultivar 

(Scarlett), Schmalenbach et al. (Schmalenbach et al. 2008) were able to produce a high-

resolution fine-mapping population that was applied for detection of agronomic traits 

(Schmalenbach et al. 2009) as well as for malting quality (Schmalenbach and Pillen 2009). 

Advanced backcross QTL populations developed from crosses between wheat cultivars and 

synthetic genotypes were used for mapping of QTL for several traits including quality traits 

(Narasimhamoorthy et al. 2006, Kunert et al. 2007). Furthermore, several studies using 

synthetic backcross populations were able to detect QTL related to salinity tolerance, including 
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K+/Na+ controlling locus Kna1 (Dubcovsky et al. 1996, Shavrukov et al. 2011). Several authors 

conclude that synthetic hexaploid wheat could be deployed to mitigate the impact of salinity by 

application in QTL mapping (De León et al. 2011, Ogbonnaya et al. 2013).  

 

However, besides the requirements of high mapping resolution for the application of QTL 

analysis, it is a prerequisite that the parents of the used population differ highly in the phenotype 

of the trait of interest and the respective QTL population is segregating for the target phenotype 

(Tanksley and Nelson 1996). Within this study the SHW Syn86 was not showing higher salinity 

tolerance than the modern winter wheat cultivar Zentos. The German elite cultivar was 

outperforming the synthetic genotype in respect to several traits, under control condition as well 

as under salinity stress condition. However, Syn86 offers an ideal source of exotic alleles, such 

as for root length. Application of AB-lines carrying exotic introgressions of Syn86 in breeding 

programs might help producing varieties with increased and deeper root growth which is 

essential for drought resistance and exploitation of deeper soil level for essential nutrients. 
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5.4. Sequence and expression analysis of glutathione S-transferase under salt stress 

in wheat  

Several highly significant QTL were detected by the QTL analysis conducted for the three 

major developmental stages of winter wheat. One of the major QTL with pleiotropic and 

digenic epistatic effects on multiple traits, including shoot biomass production under salinity 

stress and control condition, was QTL_7DS.1 closely linked to the SNP marker 

BobWhite_c8454_782 localized on the short arm of chromosome 7DS at 29.97 cM. Further in-

silico investigations revealed the linkage of this marker with the enzymes of glutathione S-

transferase tau class (TaGSTu3). As part of a superfamily of multifunctional enzymes, 

glutathione S-transferases (GST; KEGG Enzyme Nomenclature EC.2.5.1.18) are present in all 

kingdoms of living organisms (Wiktelius and Stenberg 2007). GSTs are well known for their 

role in detoxification of exogenous xenobiotics such as herbicides (Dixon et al. 1998, Moons 

2003).  

 

Apart of exogenous toxins, plants are threatened by endogenous production of reactive oxygen 

species (ROS). Plants produce ROS particularly as by-products of photosynthesis in reaction 

centers of photosystem I (PSI) and photosystem II (PSII) in chloroplast thylakoids (Sandermann 

2004, Asada 2006). ROS accumulation in plants is known to cause substantial oxidative damage 

to proteins, lipids, carbohydrates and DNA which ultimately results in oxidative stress (Ahmad 

et al. 2008, Gill and Tuteja 2010). As salinity stress is rapidly inhibiting photosynthetic aperture 

of plants leading to high increase of ROS production such as H2O2. Under salinity stress GST 

is playing a key role in detoxification of H2O2 by catalyzing the conjunction with glutathione 

(GSH) to produce H2O (see Figure 3) (Wilce and Parker 1994, Frova 2003, Martínez-Márquez 

et al. 2017).  

 

In plants, ROS are also involved in stress and hormone signaling by mediation of Ca2+-signal 

transduction and activation of Ca2+-permeable channels in plant membranes (Mori and 

Schroeder 2004). However, the right balance between ROS scavenging and ROS production as 

essential requirement of signaling pathways is of critical importance for plants (Ahmad et al. 

2008).  

 

Among the high number of GST classes the tau class (τ), denoted as GSTu, are meant to be the 

only distinct plant-specific GSTs (Munyampundu et al. 2016).  Several reports indicate the 

importance of GSTu enzymes for the alleviation of salinity stress in rice (Moons 2003), tomato 
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(Csiszár et al. 2014) and sorghum (Chi et al. 2010). Whereas some reports point out GFTs, 

mainly GSTfs belonging to phi class of GSTs, improve salinity tolerance of wheat (Cummins 

et al. 2003, Niazi et al. 2014, Bacu et al. 2017), till now there is no such report concerning the 

ameliorating effect of tau class GSTs on salinity tolerance of wheat. 

 

Generally, GSTs of the same class are arranged as adjacent as tandem duplications and are 

grouped cluster-wise (Edwards et al. 2000, Labrou et al. 2015). These special characteristics of 

GSTs have great importance on their multifunctionality and diversification in their enzyme 

specificity and activity toward different substrates (Dixon et al. 2002, Lan et al. 2009, Liu et al. 

2015). Sequencing the genomic region, we were able to localize TaGSTu6 approximately 15K 

bp downstream of TaGSTu3. Interestingly, analyzing the divergence in enzymatic activities of 

GSTu genes in soybean (Glycine max L. (Merr.)) Lui et al. (2015) found out that GSTu3 and 

GSTu6 are also tandemly clustered. The authors assumed both genes to be paralogous, arised 

by gene duplication during polyploidization events in the evolutionary history of soybean. Liu 

et al. (2015) additionally classified GSTu3/6 tandem genes in soybean sharing affinity to the 

same substrate spectrum. The genetic structure of TaGSTu3 with two introns and TaGSTu6 with 

one intron confirmed the typical gene structure model of tau class GTSs described by Labrou et 

al. (2015). Since no allelic variation between the sequences of Zentos and Syn86 were detected, 

either for TaGSTu3 neither for TaGSTu6, gene expressional analysis under control and salt 

stress condition were conducted. Preceding Semi-quantitative PCR (sq-PCR) and finally, 

Quantitative Real-Time PCR (qRT-PCR) with RNA, extracted from the third leaf, revealed 

higher expression of TaGSTu3 in Zentos in comparison to Syn86. Investigation of TaGSTu3 

kinetics in Zentos and Syn86 at three-time points (10, 16 and 30 days after salt stress application 

(DAS)) was showing minor but steady increase of TaGSTu3 expression in Zentos under control 

condition whereas under salt stress condition the expression of Zentos remained nearly 

unchanged. Nevertheless, only after 30 DAS the expression of TaGSTu3 in Zentos was 

significantly higher than under salt stress conditions. In respect to TaGSTu3 expression in 

Syn86, as well under control as under stress condition, the expression was lower than in Zentos. 

Furthermore, at all time points the expression of TaGSTu3 in Syn86 leaves under salt stress 

condition was significantly lower than under control condition.  

 

The evidence from expression analysis, especially the incremental increase in expression of 

TaGSTu3 under salt stress condition, may indicate causal mutations in the promoter region of 

TaGSTu3 being responsible the differential expression pattern of the gene in both genotypes.  
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Subsequent analysis of the promoter region 1.1K bp upstream of TaGSTu3 of Zentos and Syn86 

revealed differences in number and sequence of specific TFBS and DNA binding domains 

which are known for their relationship with salt stress response and involvement of 

phytohormone activity. The DNA binding domains DOF2 and NAC691/NAM were detected 

in the promoter region of Zentos but not in Syn86. DOF2 (DNA-binding with one finger) 

belongs together with DOF1 to the class of zinc finger domains playing critical roles as 

transcriptional regulators in plant growth and development (Yanagisawa 2004, Hernando-

Amado et al. 2012). The DOF2 transcription factor might be a key regulator of TaGSTu3 

inducing, in interplay with other beneficial genes, higher vigor and biomass production of 

Zentos under controlled conditions as well as under salt stress condition. The involvement of 

DOF family members in response to biotic stress factor are known for many plants (Kang et al. 

2016, Wen et al. 2016). Their involvement in reaction to abiotic stress was discovered recently, 

including osmotic stress in poplar (Populus trichocarpa Torr. & A.Gray ex. Hook.) (Hernando-

Amado et al. 2012), salinity, drought, heat and freezing stress in tea plant (Camellia sinensis 

L.) (Li et al. 2016) and  against salt stress in Chinese cabbage (Ma et al. 2015).  

 

The members of NAC transcription factor family belong to the large group of transcription 

factors such as WRKY, bZIP, MYB, AP2/EREBP comprising ~7% of the genome code for 

putative TFs (Shao et al. 2015). Their role in response to biotic, abiotic and particularly salinity 

stress in many plants are widely investigated in Arabidopsis thaliana (Jiang and Deyholos 

2006) rice (Ohnishi et al. 2005) and wheat (Xia et al. 2010). Mao et al. (2012) and Huang et al. 

(2015) demonstrated an increase in salinity tolerance by transferring the transcription factor 

TaNAC2 and TaNAC29, from wheat to Arabidopsis. According to Fujita et al. (2004), NAC 

proteins are involved in ABA-dependent stress-signaling pathway. The phytohormone ABA 

plays a critical role in linking the stress-responsive signaling cascades under a large number of 

abiotic and biotic stress factors (Lee and Luan 2012, Lindemose et al. 2013). The positive role 

of ABA in the response to salinity stress in wheat is widely accepted (Kasuga et al. 1999, Afzal 

et al. 2006, Niazi et al. 2014). Furthermore, several studies confirmed the higher expression of 

GSTs induced by the phytohormone ABA. Moons et al. (2003) found out that salt stress and 

ABA rapidly induced expression of OsGSTu3 in rice roots. Studying wheat gene expression 

responses to abiotic stresses including drought and salt stress Xue et al. (2006, 2011) revealed 

that the expression of TaNAC69 was upregulated in roots of wheat seedlings. Besides this, the 

authors found out that TaNAC69 genes were highly expressed in roots under controlled 

condition. They assumed that TaNAC69 gene are not only involved in stress response and they 
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might also be required for normal cellular activity in roots. This assumption is in agreement 

with our observations. Analysis of digenic epistatic interactions revealed significant 

M1*M2*treatment interaction of QTL_7DS.1 with another QTL (QTL_6AL.2) on chromosome 

6AL at 136.85 cM, explaining 22.8% of the genetic variance for SDW under salinity stress. 

Interestingly, we found at a distance of 3.99 cM a candidate gene coding for a ‘NAC domain 

containing protein’ which is assumed to regulate the expression of TaGSTu3. 

Hence, by analysis of epistatic by treatment interaction not only the gene coding for TaGSTu3 

was detected but also the corresponding gene coding for the NAC-domain, which is assumed 

to regulate the expression of TaGSTu3.  

Additionally, the promoter region of TaGSTu3 in Zentos had two copies of the motifs AGL3-1 

and RITA1, whereas the promoter region of Syn86 was containing single copies of both TFBS. 

As AGL3-1 is known for its involvement in abiotic stress response (Zeng et al. 2015),  RITA1 

is associated with gene expression in developing seeds (Izawa et al. 1994). 

The higher number of TFBS present in the promoter region of Zentos than Syn86 were 

accountable for the higher expression of TaGSTu3 in Zentos. This is in line with Shen et al. 

(1996) and Riley et al. (2008) reporting  that ABA-responsive genes were not activated by a 

single copy of the transcription factor ABRE. And hence, multiple TFBS were needed 

(required) for efficient activation of the ABA pathway.  

In summary, the complex regulation of TaGSTu3 gene expression, embedded in the network of 

stress response is regulated by substrate specificity of GSTu genes, tandem arrangement and 

gene duplication, as well as number and specificity of transcription binding sites in the promoter 

region of the gene. Additionally, the detection of numerous TFBS associated with multiple 

effects may indicate the versatility of TaGSTu3. As GSTs are involved in manifold cellular 

functions, induced by a wide variety of phytohormones, they play a vital role in plant 

development and growth as well (Jiang et al. 2010).  

It is also widely accepted that a wide range of physiological and biochemical plant responses 

to complex stress factors like drought and salinity stress are regulated by constitutive and 

adaptive genes, with spatial and temporal diversity in their expression pattern (Witcombe et al. 

2008, Agarwal et al. 2013, Thoen et al. 2017). 
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However, for a broad understanding of TaGSTu3 interacting with its tandem duplicate gene 

TaGSTu6 in respect to their effect on salinity tolerance and mechanisms involved, it might be 

of interest to further analyze the expression of TaGSTu6 gene, too. Additionally, as Moons 

(2003) suggested, investigation of GSTu expression in root tissue and early after stress 

application might enlighten involvement of GSTu in wheat plants under salinity stress. 

Successful introgressions of GST genes from one species to another species improving 

tolerance towards biotic and abiotic stress factors like salinity were reported for several crops 

like Nicotiana tabacum L. (Yu et al. 2003) and Oryza sativa L. (Zhao and Zhang 2006). By 

producing transgenic Arabidopsis plants carrying the LeGSTu2 gene of tomato (Lycopersicon 

esculentum Mill.)  Xu et al. (2015) were able to study the functional analysis of the gene and to 

enhance the salinity and drought tolerance of Arabidopsis plants. Therefore, introgression of 

TaGSTu3 and the regulating elements from Zentos to the model plant Arabidopsis may 

contribute to understanding gene regulation pathways of TaGSTu3 and its role in detoxification 

process under salinity stress. 

Finally, as proposed by Frova (2003) and Nianiou‑Obeidat et al. (2017), GST pyramiding might 

be an effective biotechnical approach to produce improved wheat varieties with enhanced 

capabilities to withstand various stress conditions, such as salinity stress. 
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CONCLUSION 

• In the frame of this study the advanced backcross (AB) winter wheat population “Z86”,

containing introgressions of the synthetic hexaploid wheat Syn86L in the background of the

German elite winter wheat cultivar Zentos, was evaluated under salinity stress. The AB-lines

of the Z86 population and their parents were diversely affected by different salt treatments

at various growth stages. Notably, the elite cultivar Zentos performed better under salinity

stress for most of the studied traits than the donor parent synthetic Syn86.

• Application of the dual-mode microwave resonator tested it this study allowed non-

destructive, instantaneous and continuous monitoring of the water content and ionic

conductivity in leaves of several mono- and dicotyledonous plants. Furthermore, non-

invasive measurement of photosynthetic parameters of wheat plants exposed to sudden

salinity stress (salinity shock) revealed genotype specific decrease and subsequent recovery

of photosynthetic parameters, where Zentos was performing better than Syn86. Significant

genotype by treatment interaction effect was detected 20 minutes after initiation of salt

stress.

• Phenotypic data were subjected to QTL analysis using genome data based on iSelect 90K

SNP array. QTL analysis revealed for 48 traits 116 marker-trait associations and 165 QTL

with marker by treatment interactions. One of the major QTL (QTL_7DS.1) was identified

on chromosome 7D having a major effect on shoot dry weight under salt stress. Interestingly,

this QTL appeared to have pleiotropic effects on other traits, such as root length, root fresh

weight, and K+/Na+ ratio in leaves.  In this QTL region, I identified a gene which is coding

for an enzyme belonging to the tau class of the glutathione S-transferase family (GST),

denoted as TaGSTu3. This was the first report of a tau class GST found to be involved in

salt stress response in wheat. Expression analysis at three time-points (10, 16 and 30 days

after salt application) at seedling stage revealed higher expression of TaGSTu3 in Zentos

under salinity stress whereas in the comparing parent Syn86 the expression of TaGSTu3 was

decreased significantly. In addition, this QTL revealed a digenic epistatic interaction with a

transcription factor gene, localized on chromosome 6AL at 136.85 cM, regulating the

expression of TaGSTu3 under salinity stress.



132 CONCLUSION 

• Finally, the detected favorable alleles introgressed in the AB-lines of the Z86 population can

be directly employed in breeding programs via marker-assisted selection. Pyramiding of

diverse advantageous alleles might be an effective biotechnological approach to produce

improved wheat varieties with enhanced capabilities to withstand various stress conditions,

such as salinity stress. Additionally, the integration of the tested sensor technologies in

phenotyping procedures allows instantaneous and continuous non-destructive monitoring of

plants exposed to various stress conditions.
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Appendix 1 

Table 29. Genotypes of the Z86 advanced backcross winter wheat population 

EN Genotype EN Genotype EN Genotype EN Genotype EN Genotype 
1 WW33-07 34 WW34-51 67 WW35-92 100 WW40-51 133 WW43-17 
2 WW33-09 35 WW34-56 68 WW35-93 101 WW40-52 134 WW43-18 

3 WW33-10 36 WW34-62 69 WW35-95 102 WW40-59 135 WW43-27 

4 WW33-17 37 WW34-63 70 WW36-13 103 WW40-60 136 WW43-30 

5 WW33-18 38 WW34-65 71 WW36-28 104 WW40-62 137 WW43-37 

6 WW33-19 39 WW34-67 72 WW36-70 105 WW40-63 138 WW43-39 

7 WW33-20 40 WW34-71 73 WW36-86 106 WW40-66 139 WW43-45 

8 WW33-22 41 WW34-75 74 WW36-91 107 WW40-70 140 WW43-49 

9 WW33-32 42 WW34-79 75 WW36-94 108 WW40-72 141 WW43-73 

10 WW33-33 43 WW34-80 76 WW36-96 109 WW40-75 142 WW43-74 

11 WW33-36 44 WW34-86 77 WW37-15 110 WW41-20 143 WW43-81 

12 WW33-44 45 WW34-92 78 WW37-17 111 WW41-22 144 WW43-89 

13 WW33-53 46 WW35-04 79 WW37-18 112 WW41-25 145 WW43-91 

14 WW33-55 47 WW35-07 80 WW37-22 113 WW41-27 146 WW43-93 

15 WW33-67 48 WW35-15 81 WW37-50 114 WW41-68 147 WW44-21 

16 WW33-78 49 WW35-21-1 82 WW37-54 115 WW41-92 148 WW44-31 

17 WW33-82 50 WW35-21-2 83 WW37-56 116 WW42-31 149 WW44-35 

18 WW33-96 51 WW35-25 84 WW37-58 117 WW42-32 150 WW44-78 

19 WW34-03 52 WW35-26 85 WW37-69 118 WW42-33 151 WW44-92 

20 WW34-16 53 WW35-30 86 WW38-02 119 WW42-35 

21 WW34-25 54 WW35-32 87 WW38-09 120 WW42-42 

22 WW34-27 55 WW35-33 88 WW38-14 121 WW42-48 

23 WW34-28 56 WW35-36 89 WW38-20 122 WW42-56 

24 WW34-30 57 WW35-48 90 WW38-57 123 WW42-58 

25 WW34-31 58 WW35-51 91 WW38-62 124 WW42-59 

26 WW34-33 59 WW35-55 92 WW38-78 125 WW42-77 

27 WW34-36 60 WW35-56 93 WW39-07 126 WW42-80 

28 WW34-37 61 WW35-60 94 WW39-62 127 WW42-81 

29 WW34-38 62 WW35-70 95 WW40-15 128 WW42-83 

30 WW34-41 63 WW35-75 96 WW40-20 129 WW42-84 

31 WW34-45 64 WW35-78 97 WW40-22 130 WW42-94 

32 WW34-48 65 WW35-84 98 WW40-23 131 WW43-04 

33 WW34-49 66 WW35-91 99 WW40-40 132 WW43-15 

Note: EN entry number 
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Appendix 2 

LD Heatmaps 

The heat maps shown below are graphically displaying for each chromosome the measure of 

pairwise linkage disequilibria between SNP markers. The “R² key color” is indicating the R² 

correlation between SNP markers; where 0 stands for no correlation (blue color) and 1 stands 

to 100% correlation (red color). 
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B-Genome 
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D-Genome 
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Table 30. Summary of QTL for germination test with 50-250 mM NaCl 

Note: LOD logarithm of the odds; FDR false discovery rate; R² explained genetic variance, H² broad-sense heritability; SE standard error 

Treatment Effect Marker 1 Position 
Flanking 

region LOD 
F 

value FDR 
R² 

[%] H² (SE) Marker 2 Position 

C
on

tr
ol

 

M Excalibur_c34167_128 1D 71.90 67.7-73.1 4.15 34.9 8.3E-02 9.8 
M Tdurum_contig11678_289 2A 126.38 126.3-126.4 3.70 15.2 1.3E-01 9.9 
M Excalibur_c41490_397 6A 84.11 84.1-81.1 4.60 24.5 5.6E-02 17.1 

73.6 (0.10) 

M Excalibur_c64119_345 6B 24.64 23.3-24.6 3.80 21.9 1.1E-01 15.8 
M BobWhite_c8454_782 7D 29.97 26.2-30.0 6.64 41.4 1.9E-03 20.8 
M Σ 46.4 

M1*M2 BobWhite_c8454_782 7D 29.97 26.2-30.0 12.5 49.6 4.3E-12 53.9 73.6 (0.10) Excalibur_c34167_128 1D 71.90 

50
 m

M
 

N
aC

l 

M*T Kukri_c31964_109 1A 56.10 48.45- 65.4 5.1 21.3 1.1E-03 15.6 

92 (0.01) 

M*T Kukri_c30847_551 2B 20.87 16.9-28.5 5.5 23.5 1.0E-03 15.4 
M*T wsnp_BE471213D_Ta_2_1 6D 153.08 150.4-160.5 5.0 21.2 1.1E-03 16.1 
M*T Σ 33.0 

 M1*M2*T Excalibur_c7546_1286 6D 150.43 150.4-150.5 6.1 15.9 4.3E-03 21.4 

92 (0.01) 

Kukri_c28182_129 5D 196.08 
 M1*M2*T Excalibur_c7546_1286 6D 150.43 150.4-150.5 5.5 14.2 4.3E-03 29.3 TA003665_0980 4B 59.94 
 M1*M2*T Σ 4.3E-03 32.2 

10
0 

m
M

  
N

aC
l 

M*T BobWhite_c11397_231 2B 16.88 16.9- 20.9 4.1 16.5 4.3E-03 8.8 

66.7 (0.12) 
M*T KUKRI_C16034_113 7B 109.09 99.7- 118.8 4.6 19.1 4.3E-03 12.9 
M*T Σ 19.3 

 M1*M2*T BobWhite_c11397_231 2B 16.88 16.9- 20.9 5.1 9.8 2.3E-03 22.4 

66.7 (0.12) 

Ex_c66324_1151 4A 66.0 
 M1*M2*T GENE_3006_113 5D 203.88 203.8-204.1 5.9 15.4 2.3E-03 21.1 Kukri_c16034_113 7B 109.1 
 M1*M2*T Σ 21.1 

15
0 

m
M

  
N

aC
l 

M*T Excalibur_c35316_154 1A 16.7 13.7-26.6 4.83 20.2 3.2E-03 12.4 
 M*T wsnp_Ex_c22202_31392780 2A 65.6 62.5-75.0 5.03 21.2 3.2E-03 12.0 
 M*T wsnp_Ex_c5412_9564478 2A 76.9 67.5-82.8 5.36 22.9 2.3E-03 19.2 
M*T IAAV5635 3D 40.5 33.0-47.1 5.83 25.2 2.3E-03 15.0 
M*T wsnp_JD_c38619_27992279 4A 75.5 75.0-75.5 5.60 24.2 2.3E-03 15.5 
 M*T Kukri_rep_c101620_1848 7B 171.1 170.1-172.0 3.37 13.1 8.0E-03 10.2 
M*T Σ 36.5 82.7 (0.08) 
M1*M2*T Ku_c766_2284 4A 37.05 7.41 19. 7.41 6.4E-04 27.9 82.7 (0.08) Tdurum_contig42153_5454 2A 52.00 

Appendix 3 
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Table 30. Summary of QTL for germination test with 50-250 mM NaCl (cont.) 

Table 31. Summary of QTL for germination test with 50-150 mM Na2SO4 

Note: LOD logarithm of the odds; FDR false discovery rate; R² explained genetic variance, H² broad-sense heritability; SE standard error 

Treatment Effect Marker 1 Position 
Flanking 

region LOD F value FDR 
R² 

[%] H² (SE) Marker 2 Position 
20

0 
m

M
 

N
aC

l 
M*T Excalibur_c45326_479 3B 139.62 132.1-144.7 3.3 12.7 2.0E-02 7.6 

96.9 (0.0) 

M*T BS00094095_51 5A 36.87 29.5- 46.7 5.2 21.8 2.0E-02 12.3 
 M*T wsnp_Ku_c24391_34351602 6B 7.79 0.3-17.7 4.7 19.8 2.0E-02 16.9 
 M*T BS00011523_51 6D 101.63 98.1-101.6 4.9 20.4 2.0E-02 14.9 

M*T Σ 48.8 
M1*M2*T wsnp_Ku_c24391_34351602 6B 7.79 0.3-17.7 6.42 28.8 2.4E-03 6.4 96.9 (0.0) wsnp_Ra_rep_c106119_89961852 6D 17.01 

25
0 

m
M

 
N

aC
l 

M*T wsnp_Ex_c33778_42210283 4A 147.1 138.6-154.3 4.5 18.6 1.5E-02 10.4 

94.7 (0.02) 

M*T BS00094095_51 5A 36.9 29.5-46.7 4.5 18.6 1.5E-02 13.8 
 M*T Excalibur_c76347_77 5D 144.7 144.7-147.2 3.1 11.8 6.7E-02 9.9 
 M*T RAC875_c37871_249 6B 0.4 0.4-9.6 3.4 13.3 4.5E-02 8.7 

M*T Σ 30.0 
M1*M2*T Excalibur_c76347_77 5D 144.69 144.7-147.2 6.1 11.8 2.1E-6 24.4 94.7 (0.02) Tdurum_contig20299_142 1B 76.09 

Treatment Effect Marker 1 Position 
Flanking 

region 
F 

value LOD FDR 
R² 

[%] H² (SE) Marker 2 Position 

50
 m

M
  

N
a 2

SO
4 M*T TA005883_0675 3D 23.67 22.9-25.1 26.58 6.1 7.2E-03 20.8 

92. (0.01) 
M*T Tdurum_contig62213_423 7B 171.11 166.2-177.5 16.26 4.0 1.6E-01 9.0 
M*T  Σ 25.3 

M1*M2*T Tdurum_contig12722_779 7A 76.28 13.80 5.80 3.9E-04 27.3 92.9 (0.01) Tdurum_contig62213_156 7B 171.11 

10
0 

m
M

  
N

a 2
SO

4 M*T Tdurum_contig59449_400 1B 71.85 62.4- 81.6 24.20 4.54 4.0E-03 12.2 

84.7 (0.09) 
M*T BobWhite_c51109_415 5A 35.38 26.5- 40.0 18.56 3.49 4.7E-03 15.7 
M*T Σ 22.2  

M1*M2*T BS00104199_51 1D 133.99 10.37 4.31 3.1E-04 29.2 84.7 (0.09) BobWhite_c8454_782 7D 29.97 

15
0 

m
M

  
N

a 2
SO

4 

M*T wsnp_Ra_c22775_32274079 4A 132.95 126.2-142.3 22.76 4.28 3.6E-02 13.2 

93.7 (0.01) 
M*T Excalibur_rep_c68955_422 7A 74.19 65.4-89.2 21.90 4.11 3.6E-02 13.7 
M*T Σ 17.1 

M1*M2*T Excalibur_rep_c68955_422 7A 74.19 19.19 8.31 1.3E-06 24.0 

93.7 (0.01) 

Kukri_c57006_127 6D 107.40 
M1*M2*T Excalibur_rep_c68955_422 7A 74.19 13.17 5.67 3.1E-05 19.9 Tdurum_contig43966_813 7B 81.76 
M1*M2*T BS00067140_51 7D 26.92 10.03 4.15 2.0E-04 22.3 Excalibur_c41710_417 5A 92.87 
M1*M2*T Σ 20.2 
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Table 32. Summary of QTL detected for traits measured at seedling stage with 100 mM NaCl 

  
Trait Effect Marker 1 Position 

Flanking 
region 

F 
value LOD FDR 

R² 
[%] H² (SE) Marker 2 Position 

Sh
oo

t f
re

sh
 w

ei
gh

t  

M Excalibur_c7026_2635 1A 52.55 43.3-61.8 12.6 3.27 3.0E-02 9.9 
 

   
M BS00098868_51 3B 21.33 19.6-30.4 19.6 4.70 4.4E-03 17.5    
M Ra_c24707_827 5A 42.77 42.8-43.3 16.1 4.0 1.4E-02 11.7    
M wsnp_Ex_c20457_29526403 6A 123.48 122.3-125.2 14.5 3.67 1.9E-02 18.7     
M wsnp_JD_rep_c48797_33040150 6A 84.11 84.1-85.1 28.4 6.38 1.1E-03 25.1     
M BobWhite_c8454_782 7D 29.97 26.2-30.0 23.8 5.54 8.4E-03 14.3     
M Σ       63.0 99.1 (0.04)    

M1*M2 Excalibur_c7026_2635 1A 52.55  13.6 5.34 3.3E-04 18.9  Ra_c24707_827 5A 42.77 
M1*M2 BS00098868_51 3B 21.33  19.6 9.61 8.0E-06 38.0  wsnp_JD_rep_c48797_33040150 6A 84.11 
 M1*M2 Excalibur_rep_c68955_422 7A 74.19  12.2 4.79 5.9E-04 22.8  wsnp_Ex_c20457_29526403 6A 123.48 
M1*M2 Σ       65.3 99.1 (0.04)    
M*T RAC875_c25513_403 2B 152.59 147.5-152.6 13.6 3.48 1.9E-01 10.8     
M*T Ku_c1575_485 3B 81.8 75.1-83.5 11.6 3.05  10.9     
M*T Tdurum_contig61242_161 4B 78.96 76.7-79.5 19.5 4.69  9.7     
M*T TA004297_0876 6A 81.64 81.6-85.4 12.7 3.29  7.6     
M*T Kukri_c57006_127 6D 107.4 10000-107.4 13.5 3.46 1.9E-01 8.8     
M*T BobWhite_c8454_782 7D 29.97 26.2-30.0 14.2 3.61 1.9E-01 8.4     
M*T Σ       42.9 97.6 (0.0)    

 M1*M2*T BS00045171_51 2A 48.44  8.6 4.5 4.7E-03 18.3  Kukri_rep_c72558_961 2D 42.59 
 M1*M2*T BS00105741_51 3B 14.10  16.2 6.3 4.4E-03 26.4  Kukri_rep_c72412_856 2A 79.33 
M1*M2*T  Σ       40.7 97.6 (0.0)    

Sh
oo

t d
ry

 w
ei

gh
t  

M BS00098868_51 3B 21.33 21.1-21.4 16.5 4.1 1.2E-02 16.0 

94.5 (0.02) 

   
M RAC875_s113853_61 3D 4.46 4.4-4.5 16.5 4.1 1.2E-02 19.7    
M wsnp_JD_rep_c48797_33040150 6A 84.11 74.2-85.4 30.4 6.8 4.0E-04 21.6    
M BobWhite_c8454_782 7D 29.97 26.2-30.0 21.47 5.09 1.6 15.0    
M Σ       46.1    

M1*M2 BobWhite_c1082_134 6A 85.07  18.2 9.12 5.0E-08 31.0 94.5 (0.02) BobWhite_c8454_782 7D 29.97 
M*T Kukri_rep_c72412_856 2A 79.33 79,3-79,3 11.9 3.13 1.9E-01 13.6     
M*T RAC875_c25513_403 2B 152.59 147.5-152.6 13.6 3.48 1.9E-01 10.8     
M*T BS00098868_51 3B 21.33 21.1-21.4 15.5 3.87 1.9E-01 14.0     
M*T Kukri_c57006_127 6D 107.40 107.4-107.4 13.5 3.46 1.9E-01 8.8     
M*T BobWhite_c8454_782 7D 29.97 26.2-30.0 14.2 3.61 1.9E-01 8.4     
M*T Σ       42.9 96.5 (0.0)    

 M1*M2*T BS00098868_51 3B 21.33   18.9 4.92 96 (0.0) 34.296.5 (0.0) wsnp_JD_rep_c48797_33040150 6A 84.11 
 Σ            
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Table 32. Summary of QTL detected for traits measured at seedling stage with 100 mM NaCl (cont.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Note: LOD logarithm of the odds; FDR false discovery rate; R² explained genetic variance, H² broad-sense heritability; SE standard error 

  

Trait Effect Marker 1 Position 
Flanking 

region 
F 

value LOD FDR 
R² 

[%] H² (SE) Marker 2 Position 

Sh
oo

t l
en

gt
h 

M wsnp_Ex_c7271_12483592 1A 71.05 68.2-71.6 31.3 6.98 1.2E-04 10.8 

77.5 (0.10) 

   
M wsnp_Ra_c22648_32132929 2D 82.82 72.9-86.0 15.5 3.89 4.4E-03 12.6    
M Kukri_c13830_556 3A 33.66 33.6-33.7 14.5 3.68 6.3E-03 12.1    
M RAC875_s113853_61 3D 4.46 4.4-4.5 14.0 3.58 7.4E-03 16.3    
M Tdurum_contig22511_355 4A 89.07 89.0-89.1 16.3 4.04 3.5E-03 13.6    
M BobWhite_c1082_134 6A 85.07 84.1-85.1 28.1 6.33 1.2E-04 18.5    
M Σ       62.2    

M1*M2 GENE_1012_303 2B 114.09  11.6 5.99 1.6E-04 24.7  Kukri_c13830_556 3A 33.66 
M1*M2 BobWhite_c1082_134 6A 85.07  27.3 9.90 7.0E-06 31.3  wsnp_Ex_c7271_12483592 1A 71.05 
M1*M2 Σ       54.9 77.5 (0.10)    
M*T Excalibur_c7026_2635 1A 52.55 52.5-52.5 29.8 6.67 7.5E-04 21.3     
M*T Kukri_c13830_556 3A 33.66 33.6-33.7 11.8 3.11 2.1E-02 9.4     
M*T BS00098868_51 3B 21.33 21.3-21.3 14.5 3.66 8.3E-03 10.9     
M*T wsnp_Ra_c1022_2067517 4A 58.38 58.4-58.4 19.0 4.60 1.9E-03 13.6     
M*T BobWhite_c1082_134 6A 85.07 84.1-85.1 25.2 5.79 7.5E-04 19.8     
M*T Σ       54.5 96.6 (0.01)    

M*M*T BS00098868_51 3B 21.33  29.4 10.21 1.0E-06 32.2  Kukri_rep_c104386_273 1A 70.10 
M*M*T BobWhite_c1082_134 6A 85.07  12.6 6.48 1.3E-04 29.3  Ku_c32426_324 7D 148.30 
M*M*T BobWhite_c1082_134 6A 85.07  14.5 7.47 4.4E-05 28.5  Kukri_c13830_556 3A 33.66 
M*M*T Σ       47.8 96.6 (0.01)    

R
oo

t f
re

sh
 w

ei
gh

t 

M GENE_1342_238 2A 101.97 101.9-103.6 15.3 3.85 7.2E-02 10.1     
M BS00023092_51 6A 80.09 80.0-80.1 17.2 4.24 7.2E-02 15.1     
M BobWhite_c8454_782 7D 29.97 26.2-30.0 18.2 4.44 7.2E-02 11.5     
M Σ       27.9 90.1 (0.05)    

M*T Kukri_c33374_1048 2A 20.14 18.0-20.1 15.8 3.92 8.9E-03 13.2     
M*T Excalibur_c34964_326 2A 113.30 113.3-113.3 24.3 5.63 2.6E-03 11.6     
M*T Tdurum_contig61242_161 4B 78.96 78.5-79.5 22.1 5.20 2.6E-03 9.2     
M*T Σ       30.9 90.1 (0.05)    

M1*M2*T Kukri_c33374_1048 2A 20.14  9.2 4.77 4.4E-04 19.7  tplb0040b02_681 7B 177.45 
M1*M2*T BobWhite_c18852_91 2A 82.23  16.1 8.22 6.8E-05 20.2  Tdurum_contig61242_161 4B 78.96 
M1*M2*T Σ       41.1 93.2 (0.03)    
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Table 32. Summary of QTL detected for traits measured at seedling stage with 100 mM NaCl (cont.) 
Trait Effect Marker 1 Position Flanking 

region 
F 

value LOD FDR R² 
[%] H² (SE) Marker 2 Position 

R
oo

t d
ry

 
w

ei
gh

t 

M  Excalibur_c49496_705 1B 122.52 15.6 3.91 1.7E-02 14.0 
M wsnp_Ex_c14953_23104041 2A 131.97 16.6 4.11 1.3E-02 13.4 
M Excalibur_c63409_73 2B 56.87 29.4 6.62 9.3E-04 15.8 
M Kukri_c11274_973 7B 72.74 27.2 6.20 9.3E-04 22.8 
M RAC875_rep_c70325_345 7D 143.68 22.0 5.19 3.3E-03 16.8 
M Σ 44.4 94.2 (0.03) 

R
oo

t d
ry

 w
ei

gh
t 

M1*M2 CAP11_c3464_68 1D 92.91 10.1 5.24 5.9E-05 19.9 Tdurum_contig64286_182 2D 103.33 
M1*M2 Excalibur_c63409_73 2B 56.87 34.2 15.84 6.0E-13 55.5 Kukri_c11274_973 7B 72.74 
M1*M2 Σ 29.4 94.2 (0.03) 
M*T Excalibur_c49496_705 1B 122.52 120.0-122.5 14.0 3.58 6.8E-02 13.7 
M*T wsnp_Ra_c4850_8698731 2A 101.97 101.9-104.1 15.8 3.93 6.6E-02 16.6 
M*T Tdurum_contig92931_882 4B 57.87 57.8-66.3 16.0 3.99 6.6E-02 10.0 
M*T RAC875_c25695_316 7D 32.16 32.1-37.4 16.2 4.03 6.6E-02 10.6 
M*T Σ  35.8 95.2 (0.02) 

M1*M2*T RAC875_c81076_317 3B 62.31 62.0-62.5 13.4 6.94 1.3E-03 21.0 Tdurum_contig46247_106 4B 78.57 
M1*M2*T RAC875_c25695_316 7D 32.16 32.1-37.4 9.9 5.18 3.1E-03 27.9 tplb0060b03_432 7B 166.99 
M1*M2*T Σ  40.0 95.2 (0.02) 

R
oo

t l
en

gt
h 

M  Tdurum_contig8382_300 1A 57.93 57.9-58.0 32.7 7.19 2.6E-04 20.3 92.5 (0.03) 
M IAAV1179 5A 69.34 69.3-69.4 28.8 6.50 2.6E-04 18.6 
M RAC875_c13785_2042 6A 84.11 84.1-84.1 22.1 5.20 1.1E-03 13.6 
M Excalibur_rep_c116920_300 7B 71.66 70.7-73.8 30.0 6.66 2.6E-04 25.4 
M BobWhite_c8454_782 7D 29.97 26.2-30.0 22.9 5.37 9.2E-04 11.0 
 M Σ 46.5 

M1*M2 D_F1BEJMU01A0OMY_356 2D 8.52 8.9 4.60 1.8E-04 20.5 IAAV1179 5A 69.34 
M1*M2 BS00022747_51 7A 135.81 29.2 10.24 2.6E-06 29.0 RFL_Contig1599_906 7B 69.39 
M1*M2 Σ 45.0 92.5 (0.03) 
M*T wsnp_JD_c38619_27992279 4A 75.50 75.0-75.5 38.5 8.22 5.4E-05 20.2 
M*T Tdurum_contig17500_876 5A 70.30 70.0-70.3 28.9 6.51 1.7E-04 18.1 
M*T Kukri_c57006_127 6D 107.40 107.0-107.4 18.0 4.39 1.2E-03 12.2 
M*T BS00066651_51 7A 127.75 127.1-129.0 31.4 6.92 1.7E-04 22.2 
M*T BobWhite_c8454_782 7D 29.97 26.2-30.0 20.8 4.95 7.2E-04 15.9 
M*T Σ  48.8 94.1 (0.02) 

M1*M2*T BS00066651_51 7A 127.75  13.8 7.03 5.2E-06 34.8 BS00072025_51 4A 66.28 
M1*M2*T Excalibur_rep_c116920_300 7B 71.66 70.7-73.8 24.3 11.76 1.1E-07 38.1 Tdurum_contig17500_876 5A 70.30 
M1*M2*T Σ 56.6 94.1 (0.02) 
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Table 32. Summary of QTL detected for traits measured at seedling stage with 100 mM NaCl (cont.) 

  Trait Effect Marker 1 Position Flanking 
region 

F 
value LOD FDR R² 

[%] H² (SE) Marker 2 Position 

Pl
an

t f
re

sh
 w

ei
gh

t 

M  Excalibur_c7026_2635 1A 52.55 52.5-52.6 13.1 3.39 2.5E-02 9.0     
M  BS00098868_51 3B 21.33 21.3-21.3 18.9 4.56 5.7E-03 15.8     
M RAC875_s113853_61 3D 4.46 4.4-4.5 18.7 4.53 5.7E-03 22.9     
M wsnp_JD_rep_c48797_33040150 6A 84.11 84.1-85.1 27.3 6.19 1.5E-03 25.9     
M IAAV1495 6A 136.70 136.7-136.8 11.8 3.10 3.8E-02 17.8     
M BobWhite_c8454_782 7D 29.97 26.2-30.0 28.1 6.36 1.5E-03 7.0 95.0 (0.02)    
M Σ       59.2     

M1*M2 Excalibur_c7026_2635 1A 52.55  12.1 4.81 5.7E-04 29.8  RFL_Contig5037_560 6A 117.77 
M1*M2 IAAV1495 6A 136.70  10.5 4.19 1.3E-03 22.3  wsnp_CAP11_c3226_1588070 2B 147.47 
M1*M2 BobWhite_c8454_782 7D 29.97 26.2-30.0 18.3 9.18 1.2E-05 29.2  RAC875_s113853_61 3D 4.47 
M1*M2 Σ       64.1 95.0 (0.02)    
M*T RAC875_c25513_403 2B 152.59 149.9-152.6 11.4 3.02 9.9E-02 11.8     
M*T Ku_c1575_485 3B 81.80 75.1-83.5 11.6 3.05 9.9E-02 10.9     
M*T Tdurum_contig61242_161 4B 78.96 76.7-79.5 19.5 4.69 5.0E-02 9.7     
M*T TA004297_0876 6A 81.64 81.6-85.4 12.7 3.29 9.9E-02 7.6     
M*T Kukri_c57006_127 6D 107.40 102.1-110.4 14.7 3.72 9.9E-02 9.7     
M*T BobWhite_c8454_782 7D 29.97 26.2-30.0 15.6 3.91 9.9E-02 7.0     
M*T Σ       34.6 96.4 (0.01)    

M1*M2*T BS00068050_51 2A 48.44  7.79 4.06 2.9E-03 14.7  
 

TA004297_0876 6A 81.64 

M1*M2*T BS00105741_51 3B 14.10  17.26 6.65 1.3E-03 24.1  Kukri_rep_c72412_856 2A 79.33 
M1*M2*T BS00065863_51 4A 29.86  11.26 5.90 1.3E-03 23.9  BobWhite_c8454_782 7D 29.97 
M1*M2*T Σ       52.5 96.4 (0.01)    

Pl
an

t d
ry

 w
ei

gh
t 

M BS00062869_51 2A 154.97 154.9-155.0 14.9 3.77 1.3E-02 17.0     
M BS00098868_51 3B 21.33 21.3-21.4 16.8 4.14 7.4E-03 14.6     
M RAC875_s113853_61 3D 4.46 4.4-4.5 20.5 4.89 2.2E-03 25.0     
M RAC875_c13785_2042 6A 84.11 84.1-81.2 29.6 6.61 5.7E-04 23.9     
M RFL_Contig5037_560 6A 117.77 117.7-117.8 12.6 3.28 2.8E-02 17.8     
M BobWhite_c8454_782 7D 29.97 26.2-30.0 30.1 6.72 5.7E-04 11.1     
M D_GA8KES401CTZ29_94 7D 161.13 161.1-161.8 13.3 3.42 2.3E-02 10.0     
M Σ       56.0 95.3 (0.02)    

M1*M2 RAC875_c13785_2042 6A 84.11  22.2 8.28 1.9E-05 29.7  wsnp_Ex_c55051_57706127 3A 47.20 
M1*M2 CAP8_c665_242 7B 101.19  23.9 8.73 1.9E-05 29.6  RAC875_c13785_2042 6A 84.11 
M1*M2 BobWhite_c8454_782 7D 29.97 26.2-30.0 20.0 9.92 4.3E-06 32.5  RAC875_s113853_61 3D 4.46 
M1*M2 Σ       40.8 95.3 (0.02)    
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Table 32. Summary of QTL detected for traits measured at seedling stage with 100 mM NaCl (cont.) 

Trait 
 Effect Marker 1 Position Flanking 

region 
F 

value LOD FDR R² 
[%] H² (SE) Marker 2 Position 

Pl
an

t d
ry

 w
ei

gh
t 

M*T Kukri_rep_c72412_856 2A 79.33 75.0-80.1 14.6 3.71 1.8E-01 12.9 
M*T Excalibur_c63409_73 2B 56.87 56.3-56.9 13.7 3.51 1.8E-01 10.9 
M*T BS00098868_51 3B 21.33 15.1-25.1 16.5 4.08 1.8E-01 11.8 
M*T Kukri_c17962_379 4A 114.46 114.5-118.7 12.2 3.19 1.8E-01 9.5 
M*T Kukri_c57006_127 6D 107.40 102.1-110.4 12.7 3.30 1.8E-01 8.5 

 
97.0 (0.0) M*T BobWhite_c8454_782 7D 29.97 26.2-30.0 15.6 3.91 1.8E-01 11.0 

M*T Σ 44.1 
M1*M2*T BS00098868_51 3B 21.33 15.9 8.10 1.4E-04 28.6 RAC875_c63883_76 2D 6.75 
M1*M2*T BobWhite_c8454_782 7D 29.97 26.2-30.0 10.6 5.58 2.0E-03 22.8 RFL_Contig3175_1271 6A 136.85 
M1*M2*T Σ 44.1 97.0 (0.0) 
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Table 33. Summary of QTL detected for traits measured at seedling stage with 100 mM Na2SO4

Note: LOD logarithm of the odds; FDR false discovery rate; R² explained genetic variance, H² broad-sense heritability; SE standard error 

Trait 
 Effect Marker 1 Position Flanking 

region 
F 

value LOD FDR R² 
[%] H² (SE) Marker 2 Position 

R
oo

t l
en

gt
h 

0 
D

A
S M  Kukri_c28182_129 5D 196.08 196.1-199.8 12.6 6.77 2.7E-05 23.0 90.9 (0.04) 

M Excalibur_rep_c116920_300 7B 71.66 70.7-73.8 18.2 7.85 2.7E-05 22.9
M BobWhite_c8454_782 7D 29.97 26.2-30.0 10.1 4.85 2.1E-04 15.2 
M Σ 40.8 

M1*M2 RAC875_c8121_1997 3B 95.10 13.7 7.02 2.8E-06 34.6 
M1*M2 BobWhite_c8454_782 7D 29.97 21.1 10.27 9.5E-07 37.1 
M1*M2 Σ 54.3 90.9 (0.04) 

R
oo

t l
en

gt
h 

9 
D

A
S 

M  Kukri_c65146_460 4B 63.40 104.7-104.8 47.9 9.81 1.5E-07 22.8 
M wsnp_Ex_rep_c107564_91144523 4D 70.59 114.8-114.9 43.3 9.08 1.5E-07 22.8 
M wsnp_RFL_Contig2606_2264492 5D 60.61 55.2-56.0 22.5 5.27 5.5E-05 15.6 
M Excalibur_rep_c116920_300 7B 71.66 70.7-73.8 57.5 11.30 3.1E-08 33.5 
M BobWhite_c8454_782 7D 29.97 26.2-30.0 14.4 3.67 1.1E-03 14.2 
 M Σ 57.0 94.9 (0.02) 

M1*M2 wsnp_Ex_c11106_18003332 7B 55.23 33.0 13.7 7.5E-10 52.7 94.9 (0.02) wsnp_Ex_c13337_21022658 7A 113.30 
M1*M2 BobWhite_c8454_782 7D 29.97 32.3 11.3 5.6E-09 42.7  Excalibur_rep_c116920_300 7B 71.66 
M1*M2 Σ 
 M*T wsnp_Ku_c17161_26193994 7B 91.24 89.6-92.5 62.6 12.18 6.0E-09 34.5 
 M*T BS00022449_51 7D 26.20 26.2-30.0 14.0 3.56 1.4E-03 9.9 
 M*T Σ 41.0 98.9 (0.0)  

M1*M2*T Excalibur_c11093_519 7B 92.52  47.5 15.80 5.8E-12 39.8 98.9 (0.0) wsnp_Ku_c46363_53116979 6B 113.67 
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Table 33. Summary of QTL detected for traits measured at seedling stage with 100 mM Na2SO4 (cont.)  

Trait Effect Marker 1 Position Flanking 
region 

F 
value LOD FDR R² 

[%] H² (SE) Marker 2 Position 

R
oo

t l
en

gt
h 

16
 D

A
S 

M  BS00022429_51 1B 30.34 29.0-33.9 18.9 4.56 1.5E-04 22     
M BS00022395_51 4A 121.67 115.5-123.1 12.7 3.29 2.0E-03 22     
M TA003708_0300 4B 61.84 55.1-63.0 62.1 12.09 4.0E-09 43.4     
M Kukri_rep_c101259_81 4B 104.79 104.1-109.8 22.8 5.37 3.4E-05 22     
M Excalibur_rep_c116920_300 7B 71.66 70.7-73.8 60.3 11.73 4.0E-09 47.6     
 M BobWhite_c8454_782 7D 29.97 26.2-30.0 17.2 4.24 3.0E-04 11.9     
M Σ       69.2 95.2 (0.01)    

M1*M2 Excalibur_rep_c116920_300 7B 71.66 70.7-73.8 57.0 16.77 1.0E-12 50.8  wsnp_Ex_c7002_12063380 6A 130.70 
M1*M2 CAP7_c9278_185 7D 123.51  11.7 4.57 4.2E-05 23.8  IAAV5564 4B 98.65 
M1*M2 Σ       63.5 95.2 (0.01)    
 M*T wsnp_Ex_c4148_7495656 4B 104.79 104.7-104.8 25.8 5.85 5.9E-05 21.3     
 M*T Kukri_c10913_480 5B 188.58 180.7-189.5 54.6 9.16 5.8E-06 32.7     
 M*T Excalibur_c20931_669 7B 73.79 72.7-77.1 55.8 8.40 5.9E-06 36.3     
 M*T BS00067140_51 7D 26.92 26.2-30.0 18.3 3.49 2.8E-03 8.0  

76.8 (0.14) 
   

M*T Σ       54.0    
M1*M2*T Excalibur_rep_c116920_300 7B 71.66 70.7-73.8 36.9 15.98 1.5E-12 49.2 76.8 (0.14) BS00068429_51 1B 41.21 

Sh
oo

t l
en

gt
h 

0 
D

A
S 

 M  RAC875_c2300_1021 2B 27.20 27.2-27.3 21.5 5.08 7.1E-02 13.7 86.4 (0.07)    
M1*M2 RAC875_c2300_1021 2B 27.20 27.20 16.5 6.35 1.4E-03 17.1 86.4 (0.07) Tdurum_contig82242_224 3B 36.82 
M1*M2 Tdurum_contig17500_876 5A  70.30 9.8 5.12 3.1E-03 19.1  Tdurum_contig48049_705 4A 41.02 
M1*M2 Σ       34.7     

Sh
oo

t l
en

gt
h 

9 
D

A
S 

M  TA001249_1083 2D 76.39 76.3-76.4 16.4 4.07 1.1E-01 6.4     
 M RAC875_c81076_317 3B 62.31 62.0-62.5 14.4 3.65 1.2E-01 6.8     
 M GENE_2778_24 4A 58.38 58.3-58.5 16.5 4.09 1.1E-01 10.7     
M BS00108573_51 7B 77.13 76.3-77.1 17.3 4.23 1.1E-01 10.1     
M Σ       24.0 88.4 (0.08)    

 M1*M2 GENE_2778_24 4A 58.4 58.3-58.5 17.0 6.58 7.0E-03 24.0 88.4 (0.08) RAC875_c43295_135 7A 148.43 
 M*T Kukri_c40204_141 2A 19.60 19.6-26.0 15.6 3.87 1.5E-01 13.0     
 M*T RAC875_c34767_147 2D 24.79 17.6-28.1 11.3 3.01 1.5E-01 13.1 

 
 

   
 M*T wsnp_Ex_c24474_33721784 4A 69.96 59.9-75.5 13.5 3.48 1.5E-01 11.8    
 M*T wsnp_Ku_c42416_50159402 5A 98.44 89.5-97.7 15.7 3.93 1.5E-01 14.2    
  M*T Kukri_rep_c103186_134 6A 140.87 136.8-140.9 11.5 3.03 1.5E-01 12.9     
  M*T Σ       34.6 90.4 (0.04)    

M1*M2*T Kukri_c40204_141 2A 19.60  12.8 6.49 1.7E-02 27.5  RAC875_c34767_147 2D 24.79 
M1*M2*T BS00040933_51 5A 36.73  11.2 4.49 2.0E-02 15.7  TA001249_1083 2D 76.39 
M1*M2*T Σ       44.5 90.4 (0.04)    
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 Table 33. Summary of QTL detected for traits measured at seedling stage with 100 mM Na2SO4 (cont.) 
Trait Effect Marker 1 Position Flanking 

region 
F 

value LOD FDR R² 
[%] H² (SE) Marker 2 Position 

Sh
oo

t l
en

gt
h 

16
 D

A
S 

M  TA001249_1083 2D 76.39 76.3-76.4 19.8 4.76 4.7E-02 8.3 
M GENE_2778_24 4A 58.38 58.3-58.5 16.6 4.68 4.8E-02 14.3 

88.5 (0.08) M Kukri_c45876_61 6D 153.08 153.1-153.1 19.9 4.78 4.7E-02 10.8 
M Σ 29.3 

 M1*M2 D_wsnpbe497701_Contig1_2 6D 87.17 10.4 5.47 7.0E-04 22.7 Tdurum_contig10672_117 4A 139.97 
 M1*M2 BS00063625_51 6D 116.85 18.9 7.21 6.0E-04 19.2 TA001249_1083 2D 76.39 
 M1*M2 BS00077791_51 7A 136.43 10.8 5.69 6.3E-04 17.8 Kukri_c45876_61 6D 153.08 
 M1*M2 Σ 44.4 88.5 (0.08) 
 M*T Tdurum_contig67750_272 3B 70.68 70.6-72.2 17.3 4.24 1.1E-01 10.8 
M*T BS00077791_51 7A 136.43 136.0-136.5 15.3 3.84 1.1E-01 9.8 
 M*T Σ 18.6 52.8 (0.19)  

M1*M2*T BS00009492_51 4A 59.99  16.9 6.55 3.0E-03 20.8 52.8 (0.19) BS00077791_51 7A 136.43 

Sh
oo

t f
re

sh
 w

ei
gh

t 

M TA001249_1083 2D 76.39 76.3-76.4 19.6 4.72 1.6E-01 11.8 
M wsnp_Ex_c10527_17198865 4A 48.52 48.5-49.0 12.5 3.25 1.6E-01 9.4 
M Σ 22.1 75.7 (0.08) 

M1*M2 TA001249_1083 2D 76.39 76.3-76.4 14.7 7.59 1.2E-03 17.5 wsnp_JD_c2722_3653988 3A 35.55 
 M1*M2 Kukri_c96249_58 5D 130.04 13.6 5.34 7.3E-03 24.8 Ra_c47493_933 5D 94.03 
M1*M2 Σ 42.0 75.7 (0.08) 
M*T RAC875_c11911_431 2D 34.15 34.1-34.2 20.3 4.85 4.9E-03 13.4 
M*T Kukri_rep_c72254_186 2D 49.59 49.3-50.8 20.7 4.92 4.7E-03 13.4 
M*T tplb0050o09_895 3D 4.46 4.0-5.6 25.7 5.90 4.1E-03 15.5 
M*T Σ 32.2 78.7 (0.06)  

M1*M2*T Kukri_rep_c72254_186 2D 49.59 12.7 6.60 5.1E-07 23.0 78.7 (0.06) tplb0050o09_895 3D 4.46 

Sh
oo

t d
ry

 w
ei

gh
t 

M  TA001249_1083 2D 76.39 76.3-76.4 20.5 4.91 1.1E-01 13.7 
M wsnp_Ex_c10527_17198865 4A 48.52 48.5-48.6 12.6 3.28 1.1E-01 9.8 
M  RAC875_rep_c69766_246 7A 126.40 126.4-130.3 15.5 3.88 1.1E-01 11.7 
M  Tdurum_contig61864_1352 7A 199.64 199.0-191.0 13.0 3.37 1.1E-01 9.9 
M Σ 30.4 81.3 (0.06) 

M1*M2 TA001249_1083 2D 76.39 76.3-76.4 15.0 7.72 8.0E-04 26.0 wsnp_JD_c2722_3653988 3A 35.55 
 M1*M2 RAC875_c9095_217 3B 62.67 10.1 5.29 6.7E-03 19.4 RAC875_rep_c69766_246 7A 126.40 
M1*M2 Σ 43.4 81.3 (0.06) 
M*T Excalibur_c20175_370 2D 40.05 40.0-41.0 12.8 3.32 1.5E-01 10.0 
M*T wsnp_JD_c10602_11238420 3B 74.26 74.2-74.3 11.4 3.03 2.4E-01 8.5 
M*T Excalibur_c19658_127 3D 4.56 4.0-5.6 21.9 5.16 1.5E-02 11.5 
M*T Σ 20.3 82.7 (0.06) 

M1*M2*T Kukri_rep_c72254_186 2D 49.59  12.4 6.4 7.3E-07 22.5 82.7 (0.06) tplb0050o09_895 3D 4.46 
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Table 33. Summary of QTL detected for traits measured at seedling stage with 100 mM Na2SO4 (cont.) 
  Trait 

 Effect Marker 1 Position Flanking 
region 

F 
value LOD FDR R² 

[%] H² (SE) Marker 2 Position 

R
oo

t f
re

sh
 

w
ei

gh
t 

M  BS00050993_51 7B 52.91 52.0-53.9 20.8 4.95 2.3E-02 11.5     
M1*M2 RAC875_c9095_217 3B 62.67  17.8 6.80 9.9E-04 24.1  TA001249_1083 2D 76.39 
M1*M2 BobWhite_c8027_421 7B 72.27  13.7 7.05 9.9E-04 20.3  Excalibur_c19658_127 3D 4.56 
M1*M2 Σ       43.2     

R
oo

t d
ry

 w
ei

gh
t M  RAC875_c9095_217 3B 62.67 57.9-69.7 20.0 4.80 2.1E-02 13.1     

M Excalibur_c19658_127 3D 4.56 4.0-4.6 12.7 3.29 2.3E-02 10.2     
M Σ       21.1     

M1*M2 RAC875_c30315_692 5D 69.13  19.7 7.46 9.2E-04 19.8  Tdurum_contig62976_84 2A 101.97 
M1*M2 RAC875_c46980_148 7A 156.23  14.6 5.65 3.1E-03 20.8  wsnp_Ra_c24707_34262900 5A 43.27 
M1*M2 Σ       36.1     

Pl
an

t f
re

sh
 w

ei
gh

t 

M  TA001249_1083 2D 76.39 76.3-76.4 17.4 4.29 4.4E-02 9.4 80.7 (0.07)    
M wsnp_Ex_c10527_17198865 4A 48.52 47.5-48.5 13.1 3.38 5.5E-02 12.7     
M Σ       23.1     

M1*M2 TA001249_1083 2D 76.39  13.6 7.06 2.9E-03 24.6 80.7 (0.07) wsnp_JD_c2722_3653988 3A 35.55 
M1*M2 RAC875_c9095_217 3B 62.67  9.4 4.93 1.1E-02 20.9  Ra_c47493_933 5D 94.03 
M1*M2 Σ       47.9     
M*T Kukri_rep_c72254_186 2D 49.59 49.3-50.8 20.37 4.86 4.8E-03 13.2     
M*T tplb0050o09_895 3D 4.46 4.0-4.6 27.04 6.17 3.0E-03 16.3     
M*T Σ       23.3 79.9 (0.10)    

 M1*M2*T RAC875_c40298_394 2A 101.97  8.8 4.61 1.9E-03 20.3  wsnp_JD_c9902_10674725 3B 62.67 
 M1*M2*T Excalibur_rep_c77221_93 2B 109.53  18.9 9.54 1.1E-05 29.9  tplb0050o09_895 3D 4.47 
 M1*M2*T Kukri_rep_c100676_151 6B 58.26  8.6 4.51 2.1E-03 19.8  RAC875_c40298_394 2A 101.97 
 M1*M2*T CAP7_c3950_160 7B 155.42  8.1 4.21 2.9E-03 19.3  Excalibur_c130_3813 6B 117.66 
 M1*M2*T Σ       49.9 79.9 (0.10)    

Pl
an

t d
ry

 w
ei

gh
t 

M  TA001249_1083 2D 76.39 76.3-76.4 17.5 4.31 4.2E-02 10.4     
M wsnp_Ex_c10527_17198865 4A 48.52 47.5-48.5 13.6 3.48 4.2E-02 10.2     
 M Ra_c47493_933 5D 94.03 94.0-95.0 12.5 3.25 4.0E-02 9.7     
M Σ       23.5 83.8 (0.08)    

M1*M2 TA001249_1083 2D 76.39 76.3-76.4 13.86 7.17 3.3E-03 24.6  wsnp_JD_c2722_3653988 3A 35.55 
M1*M2 RAC875_c23775_406 5A 84.13  8.71 4.57 2.1E-02 20.0  Ra_c47493_933 5D 94.03 
M1*M2 Kukri_c96249_58 5D 130.04  12.11 4.81 1.9E-02 21.0  Ra_c47493_933 5D 94.03 
M1*M2  Σ        46.2 83.8 (0.08)    
M*T wsnp_JD_c10602_11238420 3B 74.26 74.2-77.2 12.3 3.21 1.8E-01 8.0     
M*T tplb0050o09_895 3D 4.46 4.0-4.6 21.7 5.13 1.4E-02 11.1     
M*T  Σ        18.8 85.6 (0.06)    
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Table 33. Summary of QTL detected for traits measured at seedling stage with 100 mM Na2SO4 (cont.) 

  
Trait Effect Marker 1 Position Flanking 

region 
F 

value LOD FDR R² 
[%] H² (SE) Marker 2 Position 

 P
la

nt
 d

ry
 

w
ei

gh
t 

 M1*M2*T BS00022487_51 2A 64.06  7.7 4.05 7.4E-03 13.1  wsnp_JD_c10602_11238420 3B 74.26 
M1*M2*T IAAV2585 2A 74.98  7.7 4.04 7.5E-03 16.6  Kukri_rep_c72254_186 2D 49.59 
 M1*M2*T tplb0050o09_895 3D 4.46  14.9 7.64 4.4E-04 26.2  wsnp_Ku_c46762_53407442 3A 173.15 
 M1*M2*T Σ       37.6 85.6 (0.06)    

N
a+  c

on
c.

 in
 3

rd
 le

av
es

 

M CAP8_c5108_139 2B 46.76 42.4-46.8 21.3 5.06 4.5E-03 14.7     
M Ex_c66324_1151 4A 65.95 65.0-66.0 16.4 4.08 1.3E-02 13.0     
M BS00064548_51 6A 82.79 82.7-83.7 28.5 6.47 1.6E-03 13.5     
M RAC875_c22233_83 7A 42.47 40.0-42.5 12.4 3.22 3.1E-02 9.0 97.2 (0.01)    
M RAC875_c25695_316 7D 32.16 32.1-37.4 22.6 5.31 3.3E-03 15.4     
M Σ       47.9     

M*T Excalibur_c9206_671 3B 30.33 30.3-30.7 26.1 6.00 8.7E-03 12.9 97.2 (0.01)    
M*T BS00021965_51 6A 119.64 119.0-119.7 14.7 3.71 1.2E-01 11.6     
M*T RAC875_c25695_316 7D 32.16 32.1-37.4 15.4 3.87 1.2E-01 12.0     
M*T Σ       33.1     

K
 c

on
c.

 in
 3

rd
 

le
av

es
 M*T wsnp_Ex_rep_c66545_6482

9026 
2B 99.16 99.1-103.3 11.3 3.00 1.3E-01 10.7     

M*T Tdurum_contig4576_603 5A 82.66 82.5-82.7 16.6 4.08 1.3E-01 12.2     
M*T Σ       18.9 80.5 (0.10)    
M*T wsnp_Ra_c22648_32132929 2D 82.8 72.9-86.0 13.6 3.49 1.3E-01 15.0     

K
+ /N

a+  c
on

c.
 r

at
io

n 
in

 3
rd

 

M*T BS00024499_51 3B 110.2 110.0-110.3 13.5 3.45 1.3E-01 13.8     
M*T IAAV1179 5A 69.3 69.3-69.4 15.9 3.97 1.3E-01 10.4     
M*T RAC875_c93959_96 6A 117.9 117.8-118.0 12.6 3.29 1.3E-01 7.9     
M*T BS00029127_51 6A 130.4 130.3-130.4 14.8 3.74 1.3E-01 11.1     
M*T BobWhite_c8454_782 7D 30.0 26.2-30.0 18.0 4.40 1.3E-01 9.5     
M*T Σ       40.2 99.0 (0.0)    
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Table 34. Summary of QTL detected for traits measured from field trials 

 

  

Trait Effect Marker 1 Position Flanking 
region 

F 
value LOD FDR R² 

[%] H² (SE) Marker 2 Position 

G
ra

in
 y

ie
ld

 [t
/h

a]
 

M Kukri_c14889_1086 5A 70.3 60.6-76.3 33.2 7.2 5.0E-04 24.1 97.9 (0.01)    
M1*M2 BobWhite_c28635_896 1B 70.7  8.9 4.5 3.5E-05 18.4  RAC875_c13490_1344 5A 100.90 
M1*M2 D_contig74612_253 2D 4.7  20.8 6.4 3.7E-07 23.9  Kukri_c14889_1086 5A 70.30 
M1*M2 Σ       34.3 97.9 (0.01)    
M*T RAC875_c2257_728 1B 57.60 57.6-60.3 34.6 7.3 4.4E-04 26.7 99.8 (0.0)    

M1*M2*T Kukri_c11141_203 7B 113.9  8.9 4.64 5.0E-04 37.5  Tdurum_contig50984_553 7B 72.74 
M1*M2*T Kukri_c11141_203 7B 113.9  26.6 9.1 4.5E-06 36.9  RAC875_c2257_728 1B 57.60 
M1*M2*T Σ       49.8 99.8 (0.0)    

T
K

W
 

M Tdurum_contig76550_500 2B 143.0 142.9 22.3 5.3 3.4E-03 11.7     
M  Tdurum_contig48049_705 4A 41.0 41.0 11.8 3.1 1.7E-02 7.8     
M D_GB5Y7FA02FHK0M_407 6D 53.1 53.8-54.3 19.0 4.6 3.4E-03 13.7     
M Σ        31.9 97.7 (0.01)    

  M1*M2 Kukri_rep_c83485_398 2A 98.4  14.6 7.5 6.8E-06 19.7 97.7 (0.01) Tdurum_contig76550_500 2B 143.00 
M*T BS00041707_51 2A 105.53 105.5-108.5 22.4 5.2 1.3E-02 12.5 

99.4 (0.0) 

   
M*T Kukri_c24642_426 5A 38.72 38.7-38.7 17.1 4.2 1.3E-02 15.1    
M*T D_GB5Y7FA02FHK0M_407 6D 53.08 53.0-54.3 27.9 6.3 2.6E-03 18.4    
M*T Σ       34.7    

M1*M2*T D_GB5Y7FA02FHK0M_407 6D 53.08  18.4 9.0 5.2E-06 33.9 99.4 (0.0) RAC875_c13942_2973 7D 111.21 

Sp
ik

es
 le

ng
th

 

M RAC875_c43002_382 1A 142.31  36.9 7.9 9.7E-05 23.2     
M Tdurum_contig25641_409 1B 70.71  25.4 5.8 1.7E-03 15.7     
M wsnp_Ex_c361_707953 3A 177.24  14.0 3.6 1.7E-02 11.7     
M BobWhite_c48435_165 5B 90.35  32.2 7.1 2.1E-04 20.3     
M Σ       38.1 91.2 (0.04)    

  M1*M2 Excalibur_c39686_664 3D 129.25  29.1 13.9 2.0E-12 45.4 91.2(0.04) Tdurum_contig25641_409 1B 70.71 
M*T RAC875_c55872_149 5A 111.20 111.2-111.2 25.0 5.7 1.7E-02 25.0 97.6 (0.02)    

M1*M2*T D_contig24344_227 3D 123.83  15.5 7.7 3.6E-04 31.2 97.6 (0.02) D_contig24344_227 3D 123.83 

Sp
ik

el
et

 p
er

 sp
ik

e 

M Kukri_c31964_109 1A 56.1 56.1 11.5 3.0 5E-02 10.7     
M BobWhite_c82_578 6A 99.0 99.0 17.3 4.3 5E-02 12.4     
M Σ       20.3 94.3 (0.03)    

  M1*M2 BobWhite_c82_578 6A 99.0  16.6 6.4 9.4E-03 21.9 94.3 (0.03) Excalibur_c7033_159 1A 77.78 
M*T wsnp_JD_c825_1223506 1A 131.56 131.6 14.7 3.7 3.0E-01 11.7     
M*T Tdurum_contig13117_1316 1B 86.07 86.1 11.8 3.1 3.0E-01 8.5     
M*T BS00065105_51 2B 81.75 81.8 13.3 3.4 3.0E-01 11.3     
M*T Σ       28.3 99.5 (0.0)    

M1*M2*T Excalibur_c7033_159 1A 77.78  16.2 8.0 3.6E-04 32.8 99.5 (0.0) Tdurum_contig13117_1316 1B 86.07 
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Table 34. Summary of QTL detected for traits measured from field trials (cont.) 
Trait Effect Marker 1 Position Flanking

region 
F 

value LOD FDR R² 
[%] H² (SE) Marker 2 Position 

Pe
du

nc
le

 le
ng

th
 

M  BobWhite_c3146_128 2B 109.53 109.5 13.4 3.5 5.5E-02 9.1 

92.0 (0.05) 
M Excalibur_c9166_913 7A 45.25 42.0- 45.3 11.4 3.0 6.1E-02 9.1 
M D_GBUVHFX01BEHL1_132 7D 95.68 95.6- 97.4 16.6 4.1 5.5E-02 11.7 
M Σ 19.5 

M1*M2 BS00003866_51 4A 61.91 16.5 6.4 2.7E-05 20.1 D_GBUVHFX01BEHL1_132 7D 95.68 
M1*M2 BS00101071_51 5A 25.27 7.9 4.1 1.2E-04 14.0 wsnp_Ku_c19618_29134473 1B 70.08 
M1*M2  . 34.2 92.0 (0.05) 
 M*T RAC875_c82888_83 1D 67.72 67.7- 73.2 18.6 4.5 4.7E-02 15.7 99.4 (0.0) 

M1*M2*T tplb0051d06_1385 5A 53.47 16.5 6.2 3.1E-03 26.3 BobWhite_c32313_688 4A 110.13 
M1*M2*T BS00022550_51 7B 61.26 12.4 6.3 3.1E-03 25.0 wsnp_Ku_c53270_57959459 1D 81.93 
M1*M2*T Σ . 47.6 99.4 (0.0) 

Pl
an

t h
ei

gh
t 

M  wsnp_CAP12_c1337_682282 1B 136.1 132.5 - 136.1 19.7 4.7 1.5E-02 12.6 
M D_GBB4FNX02ILZW2_114 7D 161.1 160.0-162.0 12.0 3.1 1.5E-02 10.0 
M Σ 14.0 7.2 25.2 98.3 (0.0) 

M1*M2 D_GBB4FNX02ILZW2_114 7D 161.13  14.0 7.2 2.8E-03 25.3 98.3 (0.0) wsnp_CAP12_c1337_682282 1B 136.11 
M*T wsnp_Ex_c7266_12475249 5A 86.4 86.3-83.6 23.5 5.4 2.9E-02 18.3 99.0 (0.0) 

M1*M2*T Tdurum_contig8674_1236 3A 188.38  17.1 6.5 1.2E-03 22.8 99.0 (0.0) wsnp_Ex_c7266_12475249 5A 86.36 

D
ay

s t
o 

he
ad

in
g 

M*T IAAV2683 1B 85.57 85.1-86.0 14.9 3.7 1.7E-02 15.3 
M*T wsnp_BE590634B_Ta_2_5 1B 96.41 96.0-99.2 13.0 3.3 3.3E-02 16.9 
M*T wsnp_Ex_rep_c70756_69644826 2B 65.01 63.0-66.3 15.4 3.8 1.5E-02 16.7 
M*T Σ 26.0 98.5 (0.0) 

M1*M2*T BS00003568_51 6D 150.56 17.3 8.4 1.6E-07 35.2 IAAV2683 1B 85.6 
M1*M2*T BS00065981_51 7B 95.71 49.1 20.0 1.1E-16 55.7 D_contig32283_420 1D 115.6 
M1*M2*T Σ 39.2 98.5 (0.0) 

Pr
ot

ei
n 

co
nt

en
t 

M BS00064570_51 2B 16.88 98.4 12.1 3.2 4.9E-02 7.6 
M1*M2 BS00064570_51 2B 16.88 9.6 5.1 4.9E-02 17.2 83.5 (0.17) RAC875_c21358_62 2B 141.32 
M*T RAC875_c13490_1344 5A 100.90 100.9-104.9 19.6 4.7 5.0E-02 16.6 84.9 (0.15) 

M1*M2*T IACX8386 2B 138.78 11.9 6.1 1.0E-02 24.5 RAC875_c13490_1344 5A 100.90 
M1*M2*T RAC875_c13490_1344 5A 100.90 13.3 5.2 1.3E-02 19.1 RAC875_c2253_238 6A 37.13 
M1*M2*T BobWhite_c33778_146 5D 204.58 13.5 5.3 1.3E-02 18.9 RAC875_c13490_1344 5A 100.90 
M1*M2*T IACX72 7A 126.80 10.0 5.1 1.3E-02 21.7 RAC875_c13490_1344 5A 100.90 
M1*M2*T Excalibur_rep_c66918_307 7A 202.68 10.5 5.4 1.3E-02 21.3 RAC875_c13490_1344 5A 100.90 
M1*M2*T D_GBQ4KXB01C5QDQ_113 7D 139.07 15.1 5.8 1.1E-02 21.0 RAC875_c13490_1344 5A 100.90 
M1*M2*T Σ 84.9 (0.15) 
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Table 34. Summary of QTL detected for traits measured from field trials (cont.) 

 

  

Trait Effect Marker 1 Position Flanking 
region 

F 
value LOD FDR R² 

[%] H² (SE) Marker 2 Position 

St
ar

ch
 c

on
te

nt
 M wsnp_CAP11_c1506_840951 5A 98.44 98.4-99.1 13.1 3.4 2.5E-02 8.9 85.8 (0.12)    

M1*M2 BS00022178_51 1D 133.99  5.8 3.0 3.2E-02 13.9  wsnp_Ex_rep_c70299_69243835 2A 140.94 
M1*M2 BS00012069_51 5D 204.58  11.8 4.7 3.2E-02 14.6  wsnp_CAP11_c1506_840951 5A 98.44 
M1*M2 Σ       28.4 85.8 (0.12)    
M*T BS00104432_51 5A 105.36 105.3-105.4 29.8 6.61 9.3E-04 20.1 95.3 (0.0)    

M1*M2*T BS00104432_51 5A 105.36  13.9 7.1 9.1E-04 26.9 95.3 (0.0) Excalibur_rep_c66918_307 7A 202.68 

Se
di

m
en

ta
tio

n 
va

lu
e 

M BS00000020_51 5D 102.91 102.9 12.9 3.3 4.3E-02 7.9     
M RAC875_c23552_811 6A 33.31 32.2-42.1 14.9 3.8 4.3E-02 9.9     
M Σ       19.4 92.1 (0.05)    

M1*M2 BS00000020_51 5D 102.91  11.0 5.7 4.6E-05 19.7 92.1 (0.05) RAC875_c23552_811 6A 33.31 
M*T wsnp_Ex_c1969_3705930 1D 21.80  16.1 4.0 2.3E-02 13.0 98.3 (0.0)    

M1*M2*T BobWhite_c18852_91 2A 82.23  17.7 6.7 6.0E-03 24.9 98.3 (0.0) wsnp_Ex_c1969_3705930 1D 21.80 

Fi
be

r 
co

nt
en

t 

M Excalibur_c28017_641 2A 109.20 105.5-109.2 37.7 8.02 5.6E-05 23.8 98.5 (0.0)    
M1*M2 Excalibur_c28017_641 2A 109.20  20.7 10.11 4.5E-06 34.7 98.5 (0.0 Excalibur_c53864_331 4A 106.72 
M*T RAC875_c39665_175 2D 54.58 53.6-54.6 38.6 8.1 6.5E-05 24.9     
M*T IAAV1383 4A 112.71 112.7 12.7 3.3 1.1E-02 10.0     
M*T RAC875_c58332_1099 5D 51.93 50.9- 51.9 16.2 4.0 8.0E-03 13.5     
M*T Σ       46.1 99.6 (0.0)    

M1*M2*T IAAV1383 4A 112.71  22.8 10.8 5.3E-07 38.8  RAC875_c39665_175 2D 54.58 
M1*M2*T BS00000020_51 5D 102.91  15.7 7.9 7.1E-06 27.7  BS00021708_51 5A 37.79 
M1*M2*T BS00000020_51 5D 102.91  20.6 7.6 7.7E-06 25.4  BS00004170_51 4A 41.02 
M1*M2*T Σ       56.0 99.6 (0.0)    

N
D

F 
co

nt
en

t 

M Tdurum_contig2945_75 2B 106.56 106.5 19.1 4.6 4.1E-03 13.9     
M TA004228_0191 3B 71.34 61.4-81.0 27.3 6.2 2.2E-03 22.4     
M        34.0 99.5 (0.0)    

M1*M2 TA004228_0191 3B 71.34  22.1 10.8 4.6E-09 34.1 99.5 (0.0) Tdurum_contig2945_75 2B 106.56 
M*T BS00110587_51 2A 113.30 104.1-115.4 22.2 5.2 2.7E-04 13.9     
M*T Tdurum_contig45661_684 2A 139.04 139.0-139.4 12.7 3.3 8.9E-03 5.2     
M*T BS00011869_51 3B 71.34 61.6-81.0 42.7 9.0 5.5E-06 22.5     
M*T Σ       39.8 99.0 (0.0)    

M1*M2*T BS00011869_51 3B 71.34  25.1 11.9 3.67E-10 36.9 99.0 (0.0) Tdurum_contig2945_75 2B 106.56 
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Table 34. Summary of QTL detected for traits measured from field trials (cont.) 
Trait Effect Marker 1 Position Flanking 

region 
F 

value LOD FDR R² 
[%] H² (SE) Marker 2 Position 

K
er

ne
l h

ar
dn

es
s 

M wsnp_Ex_rep_c69799_68761171 2A 113.30 113.2-113.3 14.2 3.6 3.2E-02 10.6     
M RAC875_c58332_1099 5D 51.93 51.9 25.9 6.0 5.5E-03 19.4     
M Kukri_c3734_892 7B 3.27 3.2 16.6 4.1 8.2E-02 12.7     
M Σ       37.2 97.5 (0.0)    

M1*M2 BS00035256_51 5A 82.72  11.9 6.2 2.5E-04 23.8  Excalibur_c11947_746 2A 97.51 
M1*M2 Kukri_c3734_892 7B 3.27  22.7 8.5 5.4E-05 29.3  RAC875_c58332_1099 5D 51.93 
M1*M2 Σ       44.4 97.5 (0.0)    
M*T wsnp_Ex_rep_c69799_68761171 2A 113.30  15.1 3.8 8.5E-02 13.4     
M*T Kukri_c37735_131 3B 80.13  13.6 3.5 9.5E-02 8.9     
M*T CAP11_c3209_76 5A 92.56  18.3 4.4 7.3E-02 19.6     
M*T RAC875_c58332_1099 5D 51.93  19.9 4.8 7.3E-02 8.4     
M*T Kukri_c96249_58 5D 130.03  18.9 4.5 7.3E-02 23.8     
M*T Σ       40.7 99.1 (0.0)    

M1*M2*T Kukri_c96249_58 5D 130.04  15.4 7.8 2.2E-04 28.6 99.1 (0.0) RAC875_c58332_1099 5D 51.93 
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Appendix 4 

Table 35. Ontology of the detected marker trait associations and the proposed functions 

Marker Chr Pos Annotation Purpose Species Reference 
Excalibur_c35316_154 1A 16.70 Prolamin gene locus/gamma gliadin gene Storage protein Aegilops tauschii JX295577.2 
Excalibur_c7026_2635 1A 52.55 E3 UFM1-protein ligase 1 homolog Signaling pathway Aegilops tauschii XP_020187519.1 
Tdurum_contig8382_300 1A 57.93 Uncharacterized protein Unknown Aegilops tauschii LOC109744923 
Kukri_rep_c104386_273 1A 70.10 rRNA biogenesis protein RRP5 Cellular function; Involved in the biogenesis of rRNA Aegilops tauschii LOC109742512 

wsnp_Ex_c7271_12483592 1A 71.05 ADP-ribosylation factor GTPase-
activating protein AGD8 Protein cycle Aegilops tauschii XP_020165334.1 

Excalibur_c7033_159 1A 77.78 Membrane bound Peptidase, FtsH Crucial role in housekeeping proteolysis of membrane proteins Oryza sativa IPR005936 

wsnp_JD_c825_1223506 1A 131.56 Wall-associated receptor kinase, 
galacturonan-binding domain Plasma membrane proteins potential signaling molecules. Oryza sativa IPR025287 

Kukri_c65610_572 1A 139.93 Periodic tryptophan protein 1 homolog May play an important role in cell growth Aegilops tauschii LOC109777212 

BS00022429_51 1B 30.34 P-loop containing nucleoside 
triphosphate hydrolase 

Involved in salt stress response by attenuation of oxidative stress and reactive oxygen 
species (ROS) Arabidopsis thaliana IPR027417 

BS00068429_51 1B 41.21 P-loop containing nucleoside 
triphosphate hydrolase 

Involved in salt stress response by attenuation of oxidative stress and reactive oxygen 
species (ROS) Arabidopsis thaliana IPR027417 

RAC875_c2257_728 1B 57.60 Receptor-like serine/threonine-protein 
kinase SD1-7 Involved in the regulation of cellular expansion and differentiation Aegilops tauschii P_020197053.1 

Ex_c2725_1442 1B 62.54 Leucine-rich repeat domain, L domain-
like Signaling and ABA biosynthesis as stress response Aegilops tauschii IPR032675 

Tdurum_contig25641_409 1B 70.71 Mitochondrial fission 1 protein A-like Plays a role in promoting the fission of mitochondria and peroxisomes Aegilops tauschii XP_020148187.1 

Tdurum_contig59449_400 1B 71.85 F-box/FBD/LRR-repeat protein 
At5g22660-like Regulation of biological process; involved in stress response Oryza sativa LOC107275296 

Tdurum_contig20299_142 1B 76.09 Uncharacterized protein Unknown Aegilops tauschii LOC109762342 
IAAV2683 1B 85.57 Zinc-binding ribosomal protein Ribosomal protein L33; Ribosomal biogenesis Arabidopsis thaliana IPR011332 
Tdurum_contig13117_1316 1B 86.07 TRAM/LAG1/CLN8 homology domain Involved in signaling mechanism and cell death regulation to cope with salt stress Oryza sativa IPR006634 
wsnp_BE590634B_Ta_2_5 1B 96.41 Polyprenyl synthetase Terpenoids biosynthesis involved in Cell wall/Wax+, Plant defense Oryza sativa IPR000092 

Excalibur_c49496_705 1B 122.52 E3 ubiquitin-protein ligase MBR2-like 
isoform x3 Major role for protein degradation in control of plant life. Arabidopsis thaliana XP_020169213.1 

wsnp_Ex_c41553_48351921 1B 132.13 P-loop containing nucleoside 
triphosphate hydrolase 

Involved in salt stress response by attenuation of oxidative stress and reactive oxygen 
species (ROS) Arabidopsis thaliana IPR027417 

wsnp_CAP12_c1337_682282 1B 136.11 Very-long-chain 3-ketoacyl-CoA 
synthase Involved in fatty acid biosynthetic process Oryza sativa IPR012392 

wsnp_Ex_c1969_3705930 1D 21.80 Protein kinase domain Multiple cellular functions Arabidopsis thaliana IPR000719 

RAC875_c82888_83 1D 67.72 Pyridoxal phosphate-dependent 
transferase Involved in aminotransferases regulating salt and drought stress through ABA pathway Oryza sativa IPR015424 

Excalibur_c34167_128 1D 71.90 Uncharacterized protein Unknown Aegilops tauschii LOC109732878 
wsnp_Ku_c53270_57959459 1D 81.93 Transcription factor IIS, N-terminal Cellular process Arabidopsis thaliana IPR017923 
CAP11_c3464_68 1D 92.91 GDSL esterase/lipase At5g45910-like Involved in fatty acid metabolism Aegilops tauschii LOC109763450 
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Table 32. (cont.) 
D_contig32283_420 1D 115.62 Alpha-glucan water dikinase Key enzyme of starch metabolism; downregulation will lead to higher yield and biomass Aegilops tauschii XP_020163887.1 

BS00104199_51 1D 133.99 Lecithin-cholesterol acyltransferase-like  lipid metabolic process of plasma membrane Aegilops tauschii LOC109752870 

BS00022178_51 1D 133.99 Phospholipase D/Transphosphatidylase Multiple functions including ABA pathway, signaling. Etc. regulating stress tolerance Aegilops tauschii XP_020167375.1 

Kukri_c40204_141 2A 19.60 Golgin subfamily A member 6-like 
protein 22, transcript variant X2 Involved in membrane trafficking Aegilops tauschii LOC109783605 

Kukri_c33374_1048 2A 20.14 Protein transport protein Sec24-like 
At3g07100 Protein transporter from the endoplasmic reticulum to the Golgi complex Aegilops tauschii XP_020159454.1 

Ra_c510_171 2A 25.02 Naringenin-chalcone synthases (CHSs) Involved in flavonoid synthesis Oryza sativa IPR001099 
BS00045171_51 2A 48.44 Peptidase S8, subtilisin-IPR015500 Plant hormone activation Hordeum vulgare BAK04840.1 
BS00068050_51 2A 48.44 Uncharacterized protein Unknown Aegilops tauschii LOC109785320 

Tdurum_contig42153_5454 2A 52.00 P-loop containing nucleoside 
triphosphate hydrolase 

Involved in salt stress response by attenuation of oxidative stress and reactive oxygen 
species (ROS) Arabidopsis thaliana IPR027417 

BS00022487_51 2A 64.06 FAD/NAD(P)-binding domain Belonging to the family of pyridine nucleotide-disulphide oxidoreductases Related to GST; 
detoxification Aegilops tauschii IPR023753 

wsnp_Ex_c22202_31392780 2A 65.60 Vps54-like protein Probably involved in membrane trafficking system Brachypodium 
distachyon pfam07928 

IAAV2585 2A 74.98 NETWORKED 2A-like Membrane specific actin binding domain Aegilops tauschii LOC109761538 

wsnp_Ex_c5412_9564478 2A 76.90 Importin-beta N-terminal domain; 
pfam03810 

Nuclear import receptor for the ubiquitin-conjugating enzyme, UbcM2 which is involved 
in salt stress response Aegilops tauschii LOC109734977 

Kukri_rep_c72412_856 2A 79.33 P-loop containing nucleoside 
triphosphate hydrolase Cellular function/ involved in the ATP-dependent degradation of ubiquitinated proteins Aegilops tauschii XP_020182762.1 

BobWhite_c18852_91 2A 82.23 Concanavalin A-like lectin/glucanase 
domain containing protein Involved transcription factor activity for shoot Na+/K+ under in salt stress Aegilops tauschii IPR013320 

Excalibur_c11947_746 2A 97.51 Uncharacterized protein Unknown Aegilops tauschii XP_020201097.1 
Kukri_rep_c83485_398 2A 98.43 Nucleolar protein 56-like Involved in ribosome biogenesis Aegilops tauschii XP_020157820.1 

GENE_1342_238 2A 101.97 Importin-beta, N-terminal domain Involved in nuclear transport of ABA signal transduction regulating root growth or 
stomatal regulation Arabidopsis thaliana IPR016024 

RAC875_c40298_394 2A 101.97 TVP38/TMEM64 family membrane 
protein slr0305 Multi-pass membrane protein Aegilops tauschii LOC109748324 

wsnp_Ra_c4850_8698731 2A 101.97 Fatty acid desaturase-6 (Fad6) Na+/K+ homeostasis Arabidopsis thaliana AT4G30950 

BS00041707_51 2A 105.53 FATTY ACID EXPORT 1 (FAX1), 
chloroplastic-like Export of fatty acids from plastids, required for biogenesis of the outer pollen cell wall Aegilops tauschii XP_020149029.1 

Excalibur_c28017_641 2A 109.20 Leucine-rich repeat-containing N-
terminal, plant-type 

LRR-RLK, PXC1, is a regulator of secondary wall formation correlated with the TDIF-
PXY/TDR-WOX4 signaling pathway Arabidopsis thaliana IPR013210 

BS00110587_51 2A 113.30 FHY3/FAR1 family Involved in chlorophyll biosynthesis and Integrate Light and Abscisic Acid Signaling Arabidopsis thaliana IPR031052 
wsnp_Ex_rep_c69799_68761171 2A 113.30 PAZ domain RNA binding module Arabidopsis thaliana IPR003100 
Excalibur_c34964_326 2A 113.30 Short-chain dehydrogenase Signaling and ABA biosynthesis as stress response Arabidopsis thaliana IPR002347 
Tdurum_contig11678_289 2A 126.38 Kinesin-like protein KIN-14I Involved in the regulation of cell division. Arabidopsis thaliana LOC109745638 
wsnp_Ex_c14953_23104041 2A 131.97 FAD2; Fatty acid desaturase, type 2 Role in plant responses to abiotic stresses; membrane protein Arabidopsis thaliana IPR005067 
Tdurum_contig45661_684 2A 139.04 Filament-like plant protein Unknown Arabidopsis thaliana IPR008587 
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Table 32. (cont.) 

wsnp_Ex_rep_c70299_69243835 2A 140.94 Tetratricopeptide repeat-containing 
domain 

Tetratricopeptide Repeat-Containing Protein TTL1 Is Required for Osmotic Stress 
Responses and ABA sensitivity Arabidopsis thaliana IPR013026 

BS00064570_51 2B 16.88 Yif1 family Integral membrane protein required for membrane fusion of ER derived vesicles Arabidopsis thaliana IPR005578 

BobWhite_c11397_231 2B 16.88 Autophagy-related genes; ATG8-
interacting protein 1-like Involved in salt stress response; autophagy-dependent degradation of plastid components Brachypodium 

distachyon XP_010239596.1 

Kukri_c30847_551 2B 20.87 Golgin subfamily A member 6-like 
protein 22 Stress response protein; may have roles in membrane traffic and Golgi structure Aegilops tauschii LOC109783605 

RAC875_c2300_1021 2B 27.20 Plant actin-related protein 9 Arp8 plays an important role in the functional organization of mitotic chromosomes. Secale cereale AKC03606.1 
Excalibur_c63409_73 2B 56.87 Uncharacterized protein Unknown Aegilops tauschii XR_002234656.1 
wsnp_Ex_rep_c70756_69644826 2B 65.01 E3 ubiquitin-protein ligase UPL3-like Involved in trichome development, might be related to salinity tolerance Arabidopsis thaliana IPR000569 
Jagger_c1059_300 2B 96.99 Protein-tyrosine phosphatase-like Involved in responses to stress signals and developmental processes Arabidopsis thaliana O82656 
wsnp_Ex_rep_c66545_64829026 2B 99.16 Uncharacterized protein Unknown Aegilops tauschii LOC109744219 
Tdurum_contig2945_75 2B 106.56 Uncharacterized protein Unknown Aegilops tauschii LOC109759768 

BobWhite_c3146_128 2B 109.53 Gamma-soluble NSF attachment protein Required for vesicular transport between the endoplasmic reticulum and the Golgi 
apparatus Aegilops tauschii XP_020170744.1 

Excalibur_rep_c77221_93 2B 109.53 Uncharacterized protein Unknown Aegilops tauschii LOC109747225 

GENE_1012_303 2B 114.09 Lipocalin/cytosolic fatty-acid binding 
domain Hormone reaction and oxidative stress response Arabidopsis thaliana A0A178VKZ0 

IACX8386 2B 138.78 Uncharacterized protein Unknown Hordeum vulgare BAK05132.1 

RAC875_c21358_62 2B 141.32 Anamorsin homolog Required for the maturation of extramitochondrial Fe-S proteins; Has anti-apoptotic effects 
in the cell Aegilops tauschii LOC109783541 

Tdurum_contig76550_500 2B 142.99 Uncharacterized protein Unknown Aegilops tauschii XR_002232570.1 

wsnp_CAP11_c3226_1588070 2B 147.47 Na+/H+ antiporter (NHX2) mRNA Antiporter Na+/K+ homeostasis Triticum aestivum AAK76738.2 

RAC875_c25513_403 2B 152.59 Pcysteine protease ATG4B-like; 
Autophagy-related protein 4b Cellular function/ Stress response Aegilops tauschii XP_020178856.1 

RAC875_c63883_76 2D 6.75 NBS-LRR Vlr2 Disease resistance gene Triticum ventricosum AAF19148.1 
D_F1BEJMU01A0OMY_356 2D 8.52 Amidase signature domain Signaling pathway Aegilops tauschii XP_020192680.1 
RAC875_c34767_147 2D 24.79 Uncharacterized protein Unknown Aegilops tauschii LOC109756150 

RAC875_c11911_431 2D 34.15 4-alpha-glucanotransferase DPE1, 
chloroplastic/amyloplastic Chloroplastic alpha-glucanotransferase involved in maltotriose metabolism Aegilops tauschii LOC109760178 

Excalibur_c20175_370 2D 40.05 Probable acyl-CoA dehydrogenase IBR3 Has a critical role in auxin activation through indole-3-butyric acid; May play a role in 
defense response to pathogenic bacteria Aegilops tauschii LOC109781256 

Kukri_rep_c72558_961 2D 42.59 Condensin complex subunit 1 Cellular function Aegilops tauschii XP_020158867.1 

Kukri_rep_c72254_186 2D 49.59 WEAK CHLOROPLAST MOVEMENT 
UNDER BLUE LIGHT 1-like Chloroplast movement under light, drought and salinity stress Aegilops tauschii LOC109751252 

RAC875_c39665_175 2D 54.58 P-loop containing nucleoside 
triphosphate hydrolase 

Involved in salt stress response by attenuation of oxidative stress and reactive oxygen 
species (ROS) Arabidopsis thaliana IPR027417 

TA011647_0807 2D 59.50 Cyclin-dependent kinase G-2 Regulates cell division; stress response Aegilops tauschii LOC109746450 

TA001249_1083 2D 76.39 Plastid glutamine synthetase 2 (GS2) 
gene, GS2-B1c allele 

Essential role in the metabolism of nitrogen by catalyzing the condensation of glutamate 
and ammonia to form glutamine Triticum aestivum ACT22497.1 

wsnp_Ra_c22648_32132929 2D 82.82 P-type ATPase, transmembrane domain Transmembrane proton pump Triticum aestivum CAA70944.1 
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Tdurum_contig64286_182 2D 103.33 Uncharacterized protein Unknown Aegilops tauschii LOC109763339 
Kukri_c13830_556 3A 33.66 Delta(7)-sterol-C5(6)-desaturase-like Involved in cholesterol biosynthesis and biosynthesis a plant cuticular wax Aegilops tauschii XP_020153224.1 

wsnp_JD_c2722_3653988 3A 35.55 Ethylene-responsive transcription factor 
ERF118-like 

Involved in the regulation of gene expression by stress factors and stress signal 
transduction Arabidopsis thaliana IPR001471 

wsnp_Ex_c55051_57706127 3A 47.20 Ubiquitin-conjugating enzyme/RWD-
like 

C/N regulator; leaf senescence in response to the balance between atmospheric CO2 and 
nitrogen availability Aegilops tauschii LOC109776715 

wsnp_Ku_c14082_22272647 3A 123.01 Beta-glucosidase 5-like isoform X2 Involved in structure of cell wall Arabidopsis thaliana XP_020194022.1 
wsnp_Ex_c361_707953 3A 177.24 E3 ubiquitin-protein ligase HERC2-like Associated with KEEP ON GOING (KEG) as essential for growth and development Aegilops tauschii XP_020197642.1 

Tdurum_contig8674_1236 3A 188.38 Malectin-like carbohydrate-binding 
domain FERONIA is a malectin-like domain; FERONIA has a critical role in female fertility Oryza sativa IPR024788 

BS00098868_51 3B 21.33 Protein-lysine N-methyltransferase 
mettl10-like Efm4 Intracellular transport Aegilops tauschii XP_020183415.1 

Excalibur_c9206_671 3B 30.33 WD40 repeat; actin-interacting protein 1-
2-like 

Wide variety of functions including adaptor/regulatory modules in signal transduction; 
stress response protein Aegilops tauschii LOC109770953 

Tdurum_contig82242_224 3B 36.82 Small heat shock protein HSP20 Protein folding etc; protecting plants against stress Arabidopsis thaliana AT1G76440 
RAC875_c81076_317 3B 62.31 Glycoside hydrolase, family 28 Multiple functions Arabidopsis thaliana IPR000743 
RAC875_c9095_217 3B 62.67 Arginine--tRNA ligase, cytoplasmic-like Catalyzes specific amino acids to cognate tRNAs during protein synthesis Aegilops tauschii LOC109774020 
wsnp_JD_c9902_10674725 3B 62.67 Arginine--tRNA ligase, cytoplasmic-like Catalyzes specific amino acids to cognate tRNAs during protein synthesis Aegilops tauschii LOC109774020 

JD_c13108_198 3B 67.45 Pentatricopeptide repeat Role in organelle expression; involved in CMS Oryza sativa IPR002885 

Tdurum_contig67750_272 3B 70.68 WD40/YVTN repeat-like-containing 
domain 

Wide variety of functions including adaptor/regulatory modules in signal transduction; 
stress response protein Oryza sativa IPR015943 

TA004228_0191 3B 71.34 ULTRAPETALA  Developmental regulator Oryza sativa IPR020533 
wsnp_JD_c10602_11238420 3B 74.26 Vegetative cell wall protein gp1-like Salt stress response cell wall protein Aegilops tauschii LOC109743334 

RAC875_c8121_1997 3B 95.10 FAD/NAD(P)-binding domain Belonging to the family of pyridine nucleotide-disulphide oxidoreductases Related to GST; 
detoxification Aegilops tauschii IPR023753 

BS00024499_51 3B 110.15 Domain unknown function DUF295 Unknown Arabidopsis thaliana IPR005174 

Tdurum_contig52980_116 3B 123.60 DNA mismatch repair protein MLH1-
like Salt stress response; repair function Aegilops tauschii LOC109756593 

Excalibur_c45326_479 3B 139.62 Similar to Putative pentatricopeptide 
(PPR) repeat-containing protein Regulation of plant responses to abiotic stresses Sorghum bicolor XM_002443946.1 

RAC875_s113853_61 3D 4.46 Subtilisin-like protease SBT3.10; 
stomatal density Surface formation of juvenile plants Arabidopsis thaliana XP_020201040.1 

tplb0050o09_895 3D 4.46 Aquaporin NIP4-1-like Involved pollen development and maintenance of osmotic potential by transmembrane 
channels for water Aegilops tauschii LOC109770355 

Excalibur_c19658_127 3D 4.56 P-loop containing nucleoside 
triphosphate hydrolase 

Involved in salt stress response by attenuation of oxidative stress and reactive oxygen 
species (ROS) Arabidopsis thaliana IPR027417 

TA005883_0675 3D 23.67 Heat shock protein 16.9 Molecular chaperones in heat shock and salinity stress response Triticum aestivum AAA51390.1 
IAAV5635 3D 40.50 Uncharacterized protein Unknown Aegilops tauschii LOC109769753 

Excalibur_c39686_664 3D 129.25 UV-stimulated scaffold protein A 
homolog Involved in transcription-coupled nucleotide excision repair in response to UV damage Aegilops tauschii XP_020159730.1 

BS00105800_51 3D 143.01 Soluble inorganic pyrophosphatase 4-like K+ and Mg2+ depended hydrolysis of pyrophosphate to phosphate Aegilops tauschii XP_020185551.1 
BS00065863_51 4A 29.86 Uncharacterized protein Unknown Aegilops tauschii LOC109786737 
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Ku_c766_2284 4A 37.05 Uncharacterized protein Unknown Hordeum vulgare BAJ96927.1 

Tdurum_contig48049_705 4A 41.02 Ribosomal RNA large subunit 
methyltransferase RlmN/Cfr Metabolism; Radical SAM Enzymes Involved in Methylation of Ribosomal RNA Triticum aestivum IPR004383 

BS00004170_51 4A 41.02 Chaperone tailless complex polypeptide 
1 (TCP-1) Involved in cell protection under biotic and abiotic stress Oryza sativa IPR017998 

wsnp_Ex_c10527_17198865 4A 48.52 S-adenosyl-L-methionine-dependent 
methyltransferase Abiotic stress response by regulation of polyamines metabolism (Betaine) Arabidopsis thaliana IPR029063 

wsnp_Ra_c1022_2067517 4A 58.38 ARF guanine-nucleotide exchange factor 
GNOM-like Regulating endosome–to–plasma membrane trafficking Aegilops tauschii LOC109785941 

GENE_2778_24 4A 58.40 Switch-associated protein 70 Cellular signal transduction pathways Aegilops tauschii LOC109785940 

BS00009492_51 4A 59.99 Zinc finger, RING/FYVE/PHD-type Regulating Sodium and Potassium Homeostasis, Reactive Oxygen Species Scavenging and 
Osmotic Potential Oryza sativa IPR013083 

BS00003866_51 4A 61.91 ABC-2 type transporter Involved in the export or import of a wide variety of substrates Oryza sativa IPR013525 

Ex_c66324_1151 4A 66.00 Leucine-rich repeat domain, L domain-
like Signaling and ABA biosynthesis as stress response Aegilops tauschii IPR032675 

BS00072025_51 4A 66.28 Coactivator CBP, KIX domain Transcription cofactor activity Oryza sativa IPR003101 
wsnp_Ex_c24474_33721784 4A 69.96 Metallo-beta-lactamase Plant resistance gene; Stress response Arabidopsis thaliana IPR001279 

wsnp_JD_c38619_27992279 4A 75.50 hAT-like transposase,DAYSLEEPER 
protein, RNase-H fold Essential for plant development and can also regulate global gene expression Arabidopsis thaliana IPR025525 

Tdurum_contig22511_355 4A 89.07 GAF domain-like Essential sensory domain of photosynthetic pathway Arabidopsis thaliana IPR029016 
Excalibur_c53864_331 4A 106.72 Protein slr1919; uncharacterized Protein of ABC1-transporter Aegilops tauschii LOC109775816 

BobWhite_c32313_688 4A 110.13 DJ-1/PfpI Activating glyoxalase which are involved in plant response to salt stress and oxidative 
stress Arabidopsis thaliana IPR002818 

IAAV1383 4A 112.71 P-loop containing nucleoside 
triphosphate hydrolase 

Involved in salt stress response by attenuation of oxidative stress and reactive oxygen 
species (ROS) Arabidopsis thaliana IPR027417 

BS00022395_51 4A 121.67 GH3 family; Jasmonic acid-amido 
synthetase JAR1 Signaling Glycine max IPR004993 

wsnp_Ra_c22775_32274079 4A 132.95 1-deoxy-D-xylulose 5-phosphate 
reductoisomerase (dxr gene) 

Promotes biosynthesis of solanesol contributing to cell defense under biotic and abiotic 
stress Hordeum vulgare CAE47438.1 

Tdurum_contig10672_117 4A 139.97 Uncharacterized protein Unknown Hordeum vulgare BAK05944.1 

wsnp_Ex_c33778_42210283 4A 147.10 1,3-beta-glucan synthase Essential for uniform cell wall synthesis Brachypodium 
distachyon pfam14288 

Tdurum_contig92931_882 4B 57.87 Signal transduction histidine kinase, 
dimerisation/phosphoacceptor domain Signal transduction; Two-component signaling systems (TCSs) Arabidopsis thaliana IPR003661 

TA003708_0300 4B 61.84 COBRA family proteins Involved in determining the orientation of cell expansion, cellulose deposition. Cell wall 
related protein Arabidopsis thaliana XP_020199365.1 

Kukri_c65146_460 4B 63.40 Rab GTPase-activating protein 1-like Regulators of vesicles trafficking and plant responses to stresses Aegilops tauschii LOC109785673 
Tdurum_contig46247_106 4B 78.57 Ubiquitin-related domain Unknown Arabidopsis thaliana IPR029071 

Tdurum_contig61242_161 4B 78.96 Serine acetyltransferase (SATase; EC 
2.3.1.30) Essential for amino acid metabolism Aegilops tauschii IPR010493 

IAAV5564 4B 98.65 Myosin-10-like protein Adaptation to blue light (movement of chloroplasts); Role in photosynthesis Aegilops tauschii LOC109763289 
Kukri_rep_c101259_81 4B 104.79 Uncharacterized protein Unknown Aegilops tauschii LOC109776472 
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wsnp_Ex_c4148_7495656 4B 104.79 Concanavalin A-like lectin/glucanase 
domain containing protein Involved transcription factor activity for shoot Na+/K+ under in salt stress Aegilops tauschii IPR013320 

wsnp_Ex_rep_c107564_9114452
3 4D 70.59 UDP-glucose/GDP-mannose 

dehydrogenase, N-terminal Cell wall construction Arabidopsis thaliana IPR001732 

BobWhite_c51109_415 5A 35.38 Cobalamin-Independent Methionine 
Synthase Associated with lignification of the cell wall under salt stress Hordeum vulgare cd03312 

BS00040933_51 5A 36.73 Heavy metal-associated isoprenylated 
plant protein 35-like Involved in stress responses and detoxification Aegilops tauschii XP_020195979.1 

BS00094095_51 5A 36.87 Pyruvate dehydrogenase E1 component 
subunit beta-3 Photosynthesis Brachypodium 

distachyon XP_010237006.1 

BS00021708_51 5A 37.79 Transcription initiation factor IIA, 
gamma subunit Transcription factor complex along with RNA polymerase Oryza sativa IPR003194 

Kukri_c24642_426 5A 38.72 Metallo-beta-lactamase Unknown Arabidopsis thaliana IPR001279 

Ra_c24707_827 5A 42.77 Uncharacterized protein Unknown Brachypodium 
distachyon BRADI1G41700 

tplb0051d06_1385 5A 53.47 FAD2; Fatty acid desaturase, type 2 Involved in Na+/H+ exchanger affecting salt tolerance Arabidopsis thaliana IPR016166 

BobWhite_rep_c61813_322 5A 56.47 DNA-directed RNA polymerase, 
RBP11-like dimerization domain Involved in response pathway to abiotic stress targeting chloroplasts Arabidopsis thaliana At5g06210 

IAAV1179 5A 69.34 Uncharacterized protein Unknown Oryza sativa IPR011676 
Tdurum_contig17500_876 5A 70.30 SKP1-like protein 1B Role in regulation of flowering and abiotic stress tolerance. Aegilops tauschii LOC109736331 

Kukri_c14889_1086 5A 70.30 Malectin-like carbohydrate-binding 
domain FERONIA is a malectin-like domain; FERONIA has a critical role in female fertility Oryza sativa IPR024788 

Tdurum_contig4576_603 5A 82.66 Fatty acyl-CoA reductase 1-like Involved in biosynthesis of the leaf blade cuticular wax Aegilops tauschii LOC109746696 

BS00035256_51 5A 82.72 P-loop containing nucleoside 
triphosphate hydrolase 

Involved in salt stress response by attenuation of oxidative stress and reactive oxygen 
species (ROS) Arabidopsis thaliana IPR027417 

RAC875_c23775_406 5A 84.13 Uncharacterized protein Unknown Arabidopsis thaliana IPR011141 
wsnp_Ex_c7266_12475249 5A 86.36 Chaperone DnaJ, C-terminal May be has a role in stress signaling Oryza sativa IPR002939 
CAP11_c3209_76 5A 92.56 Cytochrome P450 CYP709B3, a cytochrome P450 monooxygenase gene involved in salt tolerance Arabidopsis thaliana IPR001128 

Excalibur_c41710_417 5A 92.87 Myc-type, basic helix-loop-helix (bHLH) 
domain Transcription factors in ABA-mediated gene expression under drought and salt stresses Aegilops tauschii IPR011598 

wsnp_CAP11_c1506_840951 5A 98.44 Aldolase-type TIM barrel Diverse responses to abiotic stresses Oryza sativa IPR013785 

RAC875_c13490_1344 5A 100.90 MVD1 diphosphomevalonate 
decarboxylase; Involved in sterol synthesis, is induced only in the absence of potassium Arabidopsis thaliana IPR005935 

BS00104432_51 5A 105.36 Pheophorbide a oxygenase Key regulator of chlorophyll catabolism Arabidopsis thaliana IPR013626 
BobWhite_c48435_165 5B 90.35 Potassium transporter 18-like High-affinity potassium transporters Aegilops tauschii LOC109773235 

IAAV4395 5B 139.40 Multiple inositol polyphosphate 
phosphatase PhyIIc Involved in phytase activity by hydrolyzing phytate into inorganic P Triticum aestivum DQ995974.1 

Kukri_c10913_480 5B 188.58 P-loop containing nucleoside 
triphosphate hydrolase 

Involved in salt stress response by attenuation of oxidative stress and reactive oxygen 
species (ROS) Arabidopsis thaliana IPR027417 

RAC875_c58332_1099 5D 51.93 Protein LIN-9/Protein ALWAYS 
EARLY Multiple functions; probably chromatin organization Arabidopsis thaliana IPR010561 

wsnp_RFL_Contig2606_226449
2 5D 60.61 Cationic amino acid transporter 2, 

vacuolar-like Selective transporter of amino acids Aegilops tauschii LOC109780422 
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Ra_c47493_933 5D 94.03 Acyl-coenzyme A thioesterase 9, 
mitochondrial Participate in fatty acid and glycerolipid metabolism Aegilops tauschii LOC109774098 

BS00000020_51 5D 102.91 Puroindoline b (PinB-D1) Grain texture and flour quality Triticum aestivum KC585018.1 

Kukri_c96249_58 5D 130.03 Copine Ca2+-dependent phospholipid-binding proteins that are involved in membrane-trafficking, 
and in cell division and growth Oryza sativa IPR010734 

Excalibur_c76347_77 5D 144.70 S-adenosyl-L-methionine-dependent 
methyltransferase Abiotic stress response by regulation of polyamines metabolism (Betaine) Arabidopsis thaliana IPR029063 

D_GB5Y7FA02JRQ1I_101 5D 187.21 Probable aldo-keto reductase 2 Oxidoreductase activity; involved in osmotic adaptation Aegilops tauschii LOC109745744 

Kukri_c28182_129 5D 196.08 Actin-related protein 2/3 complex 
subunit 4 

plays a critical role in the control of cell morphogenesis via the modulation of cell polarity 
development. Aegilops tauschii LOC109752408 

TA013009_0365 5D 198.19 Uncharacterized protein Unknown Aegilops tauschii LOC109732653 

GENE_3006_113 5D 203.88 Arf GTPase activating protein (ADP-
ribosylation factor (Arf) GTPases) Arf GTPases regulate vesicle trafficking between plasma membrane (PM) and cytoplasm Arabidopsis thaliana IPR001164 

BobWhite_c33778_146 5D 204.58 Uncharacterized protein Unknown Aegilops tauschii XP_020158418.1 
BS00012069_51 5D 204.58 Uncharacterized protein Unknown Aegilops tauschii LOC109733656 
Kukri_c39873_66 6A 12.91 SWEET14-like Bidirectional sugar transporter Aegilops tauschii LOC109734706 
Tdurum_contig12045_868 6A 13.45 Uncharacterized protein Unknown Aegilops tauschii LOC109738627 

RAC875_c23552_811 6A 33.31 High-affinity nitrate transporter 
(NRT2.3) Putative substrate translocation pore Triticum aestivum AAL11016.1 

RAC875_c2253_238 6A 37.13 BRAHMA (BRM) ATPase Involved in repression of seed maturation genes in leaves Arabidopsis thaliana IPR031056 

BS00023092_51 6A 80.09 Aconitase/3-isopropylmalate 
dehydratase, swivel Cellular function Arabidopsis thaliana Q42560 

TA004297_0876 6A 81.64 S-adenosyl-L-methionine-dependent 
methyltransferase (SAM MTases) Salt stress response; Gly betaine regulation Arabidopsis thaliana IPR029063 

Excalibur_c41490_397 6A 84.11 microRNA444.1a2 and 
microRNA444.1a gene Plant antiviral depended signaling pathway Hordeum vulgare JX311436.1 

RAC875_c13785_2042 6A 84.11 Mediator complex, subunit Med23 Importance of Mediator complex in the regulation and integration of diverse signaling 
pathways in plants Arabidopsis thaliana IPR021629 

wsnp_JD_rep_c48797_33040150 6A 84.11 Aspartic peptidase A1 family Cellular function/mobilization of storage proteins in seed at germination Aegilops tauschii IPR001461 

BobWhite_c1082_134 6A 85.07 DExH-box ATP-dependent RNA 
helicase DExH15 chloroplastic Cellular function/Modulates the determination of cell fate Aegilops tauschii XP_020187629.1 

BobWhite_c82_578 6A 99.04 26S protease regulatory subunit 7A-like Cellular metabolism Aegilops tauschii XP_020185865.1 
Tdurum_contig61448_412 6A 99.04 Phosphoinositide phosphatase SAC2-like Tonoplast associated enzyme influence vacuolar morphology Aegilops tauschii LOC109755546 

RFL_Contig5037_560 6A 117.77 Probable monogalactosyldiacylglycerol 
synthase 3, chloroplastic Involved in the synthesis of photosynthetic membranes of chloroplasts Aegilops tauschii LOC109769532 

RAC875_c93959_96 6A 117.90 GDSL esterase/lipase Plant resistance to wound stress and pathogenic stress Arabidopsis thaliana At4g10955 
wsnp_Ex_c20457_29526403 6A 123.48 Chaperone DnaJ, C-terminal Signaling/Hormone reaction. Associated with Heat shock protein Hsp70 Aegilops tauschii IPR002939 
BS00029127_51 6A 130.40 Metallo-beta-lactamase Plant resistance gene; Stress response Arabidopsis thaliana IPR001279 
wsnp_Ex_c7002_12063380 6A 130.70 SWEET13-like bidirectional sugar transporter Aegilops tauschii LOC109757081 
IAAV1495 6A 136.70 Uncharacterized protein Unknown Aegilops tauschii LOC109748853 

RFL_Contig3175_1271 6A 136.85 NADH dehydrogenase [ubiquinone] 1 
alpha subcomplex subunit 9 Stress response/ROS detoxification/Photosynthesis; Involved in electron transport chain Aegilops tauschii LOC109748854 
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Kukri_rep_c103186_134 6A 140.87 NAC domain-containing protein 78-like Transcription activator regulating 20S and 26S proteasomes in response to high light stress Aegilops tauschii LOC109781707 
RAC875_c37871_249 6B 0.38 E3 ubiquitin-protein ligase UPL3-like Involved in cell morphogenesis in the trichomes Arabidopsis thaliana At4g38600 
wsnp_Ku_c24391_34351602 6B 7.79 Oxidoreductase FAD/NAD(P)-binding Involved in photosynthetic pathway. Energy transfer via ATP Hordeum vulgare IPR001433 
Kukri_rep_c100676_151 6B 58.26 Uncharacterized protein Unknown Aegilops tauschii LOC109785158 
wsnp_Ex_c12433_19827016 6B 82.02 MCM2/3/5 family Replication licensing factors Aegilops tauschii LOC109779496 

wsnp_Ku_c46363_53116979 6B 113.67 plant intracellular Ras-group-related 
Leucine-rich repeat protein 6 Signal transduction; mediates protein interactions Aegilops tauschii LOC109770472 

Excalibur_c130_3813 6B 117.66 Testis-expressed protein 2-like Unknown Aegilops tauschii LOC109776167 
wsnp_Ra_rep_c106119_8996185
2 6D 17.01 Protein FLX-like 1 Involved in vernalization and flowering process Aegilops tauschii LOC109759562 

D_wsnpbe497701_Contig1_2 6D 87.17 Peptidase S1, PA clan Cellular function Arabidopsis thaliana IPR009003 
BS00011523_51 6D 101.63 Uncharacterized protein Unknown Aegilops tauschii LOC109734951 

Kukri_c57006_127 6D 107.40 Leucine-rich repeat domain, L domain-
like Signaling and ABA biosynthesis as stress response Aegilops tauschii IPR032675 

BS00063625_51 6D 116.85 DUF4220 Domain of unknown function Unknown Triticum aestivum IPR025315 
Excalibur_c7546_1286 6D 150.43 Uncharacterized protein Unknown Aegilops tauschii LOC109787311 
BS00003568_51 6D 150.56 Plant antimicrobial peptide Antifungal activity by receptor-mediated interaction with microbial membranes Oryza sativa IPR029227 

Kukri_c45876_61 6D 153.08 Uncharacterized protein Unknown Aegilops tauschii LOC109736775 

wsnp_BE471213D_Ta_2_1 6D 153.08 Cation efflux protein transmembrane 
domain 

cation transmembrane transporter activity; probable zinc ion transmembrane transporter 
activity Oryza sativa Q6K961 

BS00084477_51 7A 33.24 Six-bladed beta-propeller, TolB-like Unknown Arabidopsis thaliana IPR011042 
Excalibur_c9166_913 7A 45.25 Cellulose synthase Biosynthesis of cellulose Oryza sativa IPR005150 

Excalibur_rep_c68955_422 7A 74.19 ABC-transporter extracellular N-terminal 
domain Essential transporter for growth and development under abiotic stress Oryza sativa IPR029481 

Tdurum_contig12722_779 7A 76.28 peptide methionine sulfoxide reductase 
A5 Plays a protective role against oxidative stress triggered by drought and salinity stress Oryza sativa Os06g0138100 

wsnp_Ex_c13337_21022658 7A 113.30 E4 SUMO-protein ligase PIAL2-like Stress response; proteolytic removal of sumoylation substrates Aegilops tauschii XM_020344828.1 

RAC875_rep_c69766_246 7A 126.40 Putative transcription elongation factor 
SPT5 homolog 1 Has a critical role in auxin-related gene expression Aegilops tauschii LOC109754840 

IACX72 7A 126.80 Tetratricopeptide repeat-containing 
domain 

Tetratricopeptide Repeat-Containing Protein TTL1 Is Required for Osmotic Stress 
Responses and ABA sensitivity Arabidopsis thaliana IPR013026 

BS00066651_51 7A 127.75 Pentatricopeptide repeat Role in organelle expression; involved in fertility and CMS Oryza sativa IPR002885 

Ra_c18741_604 7A 133.53 Leucine-rich repeat domain, L domain-
like Signaling and ABA biosynthesis as stress response Aegilops tauschii IPR032675 

BS00022747_51 7A 135.81 UDP-sugar pyrophosphorylase Salt stress response, Maintaining cellular osmotic equilibrium Aegilops tauschii XP_020166304.1 
RAC875_c43295_135 7A 148.43 RPP13-like protein 3 Putative disease resistance Aegilops tauschii LOC109774305 

Tdurum_contig61864_1352 7A 199.64 Transcription initiation factor TFIID 
subunit 1-like Mediating regulation of RNA polymerase transcription Aegilops tauschii LOC109736908 

Excalibur_rep_c66918_307 7A 202.68 Pyrophosphate-energised proton pump  
(H+-PPases) Involved in K+ transport Arabidopsis thaliana IPR004131 
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Table 32. (cont.) 
Kukri_c3734_892 7B 3.27 Uncharacterized protein Unknown Hordeum vulgare AK375736.1 
wsnp_Ex_c11106_18003332 7B 55.23 Codeine O-demethylase-like Morphine biosynthesis; Response to tissue damage, defense system Aegilops tauschii LOC109755792 

BS00022550_51 7B 61.26 Spt5 transcription elongation factor, N-
terminal Involved in auxin-related gene expression and salt stress signaling Arabidopsis thaliana IPR017071 

RFL_Contig1599_906 7B 69.39 S-adenosyl-L-methionine-dependent 
methyltransferase Abiotic stress response by regulation of polyamines metabolism (Betaine) Arabidopsis thaliana IPR029063 

Excalibur_rep_c116920_300 7B 71.66 Uncharacterized protein Unknown Aegilops tauschii LOC109768540 
Kukri_c11274_973 7B 72.74 Ribosomal protein L10P Participate in development and translation under UV-B stress Aegilops tauschii IPR001790 

Tdurum_contig50984_553 7B 72.74 P-loop containing nucleoside 
triphosphate hydrolase 

Involved in salt stress response by attenuation of oxidative stress and reactive oxygen 
species (ROS) Arabidopsis thaliana IPR013083 

Excalibur_c15029_350 7B 73.79 SPX and EXS domain-containing protein 
5-like Role in Phosphate homeostasis Aegilops tauschii IPR004342 

Excalibur_c20931_669 7B 73.79 Serine/threonine protein phosphatase 2A 55 
kDa regulatory subunit B alpha isoform Key components of stress signal transduction pathways Aegilops tauschii LOC109753112 

BS00108573_51 7B 77.13 Uncharacterized protein Unknown Aegilops tauschii LOC109774749 

Tdurum_contig43966_813 7B 81.76 Probable 2-oxoglutarate-dependent 
dioxygenase Acting as a controller of stress-related responses towards oxidative stress Aegilops tauschii LOC109756343 

wsnp_Ku_c17161_26193994 7B 91.24 Non-haem dioxygenase N-terminal 
domain 

Dioxygenases catalyze the O-demethylation steps of morphine biosynthesis in opium 
poppy. Arabidopsis thaliana IPR026992 

Excalibur_c11093_519 7B 92.52 Uncharacterized protein Unknown Aegilops tauschii LOC109756041 
BS00065981_51 7B 95.71 Uncharacterized protein Unknown Aegilops tauschii LOC109737409 

Kukri_c16034_113 7B 109.10 Disease resistance protein RPM1-like Facilitates increase in cytosolic calcium that is necessary for the oxidative burst and 
hypersensitive cell death Aegilops tauschii LOC109754873 

Kukri_c11141_203 7B 113.87 Disease resistance protein RPM1-like Facilitates increase in cytosolic calcium that is necessary for the oxidative burst and 
hypersensitive cell death Aegilops tauschii XP_020163988.1 

RAC875_c49954_1172 7B 147.02 EF-hand domain pair Calcium-binding protein C800.10c-like Aegilops tauschii IPR011992 

CAP7_c3950_160 7B 155.42 Probable transmembrane receptor protein 
serine/threonine-protein kinase PIX13 Involved in plant defense/ abiotic stress response? Aegilops tauschii LOC109751765 

tplb0060b03_432 7B 166.99 Photosystem II stability/assembly factor 
HCF136, chloroplastic Regulating photosynthesis under salinity stress Aegilops tauschii XP_020163505.1 

Kukri_rep_c101620_1848 7B 171.10 Zinc finger, RING/FYVE/PHD-type Regulating Sodium and Potassium Homeostasis, Reactive Oxygen Species Scavenging and 
Osmotic Potential Oryza sativa IPR013083 

Tdurum_contig62213_156 7B 171.11 Signal peptide peptidase-like 5 SPP Plays a critical role in the development and function of the reproductive tissues, especially 
in pollen development Aegilops tauschii LOC109782989 

Tdurum_contig62213_423 7B 171.11 Uncharacterized protein Unknown Hordeum vulgare BAJ97624.1 

tplb0040b02_681 7B 177.45 
Zinc finger, RING/FYVE/PHD-type Jas 
TPL-binding domain 
/ Jas TPL-binding domain 

Regulating Sodium and Potassium Homeostasis, Reactive Oxygen Species Scavenging and 
Osmotic Potential; probably involved in jasmonic acid signal transduction pathway Oryza sativa IPR013083/ 

IPR032308 

BS00022449_51 7D 26.20 CYP709B3, a cytochrome P450 
monooxygenase Involved in salt stress response through alteration of metabolic process Arabidopsis thaliana IPR001128 

BS00067140_51 7D 26.92 Fatty acyl-CoA reductase Expression by wounding and salt stress Hordeum vulgare IPR026055 

BobWhite_c8454_782 7D 29.97 Glutathione S-transferase, N-terminal Plant protection against biotic and abiotic stresses; detoxification of reactive electrophilic 
compounds; regulator of cell elongation and plant development Arabidopsis thaliana At2g29470 
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Table 32. (cont.)
RAC875_c25695_316 7D 32.16 Succinate dehydrogenase subunit 8A, 

mitochondrial Involved in Citric acid cycle Oryza sativa LOC109766931 

D_GBUVHFX01BEHL1_132 7D 95.68 Protohaem IX farnesyltransferase Heme biosynthesis; converting heme B to Heme O Arabidopsis thaliana IPR006369 

RAC875_c13942_2973 7D 111.21 LIM-domain binding protein/SEUSS Transcription regulator interacting with APETALA1 and SEPALLATA3 at flowering 
stage; also, down regulation of response to salt stress Arabidopsis thaliana IPR029005 

wsnp_Ra_c2930_5550871 7D 114.05 Uncharacterized protein Unknown Aegilops tauschii LOC109753329 

CAP7_c9278_185 7D 123.51 BOBBER 1-like Small heat shock protein; multifunctional; involved in the specification of the cotyledon 
primordia Aegilops tauschii LOC109766844 

D_GBQ4KXB01C5QDQ_113 7D 139.07 Diphosphomevalonate/ 
phosphomevalonate decarboxylase Involved in isoprene metabolism Arabidopsis thaliana IPR005935 

RAC875_rep_c70325_345 7D 143.68 Leucine-rich repeat domain, L domain-
like Signaling and ABA biosynthesis as stress response Aegilops tauschii IPR032675 

Ku_c32426_324 7D 148.30 Uncharacterized protein Unknown Aegilops tauschii LOC109773107 
D_GA8KES401CTZ29_94 7D 161.13 SEC12-like protein 2 Required for the formation or budding of transport vesicles from the ER Aegilops tauschii LOC109767845 
D_GBB4FNX02ILZW2_114 7D 161.13 Uncharacterized protein Unknown Hordeum vulgare BAJ98212.1 

D_GBQ4KXB01EJHOJ_221 7D 161.88 Inorganic pyrophosphatase 2-like;  
H+ pump Regulates salt and osmotic stress by involvement in antiporter activity and Na+ transport Aegilops tauschii LOC109747901 
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Abstract 

The water status in plant leaves is a good indicator for the water status in the whole plant revealing stress 

if the water supply is reduced. The analysis of dynamic aspects of water availability in plant tissues 

provides useful information for the understanding of the mechanistic basis of drought stress tolerance, 

which may lead to improved plant breeding and management practices. The determination of the water 

content in plant tissues during plant development has been a challenge and is currently feasible based 

on destructive analysis only. We present here the application of a non-invasive quantitative method to 

determine the volumetric water content of leaves and the ionic conductivity of the leaf juice from non-

invasive microwave measurements at two different frequencies by one sensor device. A semi-open 

microwave cavity loaded with a ceramic dielectric resonator and a metallic lumped-element capacitor- 

and inductor structure was employed for non-invasive microwave measurements at 150 MHz and 2.4 

Gigahertz on potato, maize, canola and wheat leaves. Three leaves detached from each plant were 

chosen, representing three developmental stages being representative for tissue of various age. Clear 

correlations between the leaf- induced resonance frequency shifts and changes of the inverse resonator 

quality factor at 2.4 GHz to the gravimetrically determined drying status of the leaves were found. 

Moreover, the ionic conductivity of Maize leaves, as determined from the ratio of the inverse quality 

factor and frequency shift at 150 MHz by use of cavity perturbation theory, was found to be in good 

agreement with direct measurements on plant juice. In conjunction with a compact battery- powered 

circuit board- microwave electronic module and a user-friendly software interface, this method 

enables rapid in-vivo water amount assessment of plants by a handheld device for potential use 

in the field. 

Keywords 

Water content, Microwave resonator, Non-invasive measurements 

Background

Drought and salinity stress are undoubtedly important constraints limiting agricultural productivity 

which can even result in total yield loss [1,2]. To equilibrate the decrease of the uptake of the available 

water in soils, plants preserve the osmotic potential by reducing stomata conductance. This leads to a 

reduction of photosynthetic rate and finally reducing plant growth and yield [3,4]. Around 26% of arable 

land worldwide is suffering from water shortage constituting the most important abiotic stress [5]. In 

perspective to climate changes in the future an increase of drought stress and consequently problems 

with plant production [4,6-8] are expected. Understanding the mechanism of drought stress tolerance is 

in the focus of current plant research, in order to help breeders developing new cultivars that perform 

well, even under water scarcity. 
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The definition of the water status in plant tissue is of importance for the plant researcher to better 

understand the physiological processes and molecular mechanisms leading to tolerance with respect to 

water lack stress on the one hand. On the other hand it may help the producers to control the watering 

procedures. Systematic phenotyping of plants needs standardized and non-invasive methods to define 

and assess physiological parameters like water status in order to analyse the reactions of single plants or 

group of plants to environmental. 

The water content in vegetative tissues is a parameter of high importance for the photosynthetic 

performance and an indicator of the plant’s health. Currently it is measured by destructive methods such 

as comparing the fresh and dry weight of plant tissues [9]. Nevertheless, destructive methods do not 

allow the instantaneous and continuous monitoring of the water content in living tissue. Therefore, non-

destructive techniques that require very weak interaction with the plant tissue in order to avoid altering 

its physiological activities are highly desired. 

Non-destructive analysis by radiation in the microwave to terahertz range is most promising for the 

development of non-invasive methods to determine the water content because of the strong water 

absorption in this frequency range [10-12]. The selection of frequency is determined by the size of the 

assessed objects in comparison to the wavelength, if standard absorption or reflection methods are being 

used. In the case of plant leaves of centimetre dimension, frequencies above about 30 GHz (wavelength 

λ = 1 cm) are advantageous, in particular the THz range with λ below one millimetre. 

Recently, THz measurements have been used to measure the water content in leaves [9,13]. However, 

THz technology is still quite expensive in comparison to the microwave bands below 20 GHz. Our work 

represents the first systematic study on individual plant leaves by a dielectric resonator based method, 

similar to the one described by Menzel, et al. [10], which was developed with direct involvement of one 

of the authors. Other than in the method described by Menzel, et al. [10], the additional use of a low 

frequency mode being excited in the same cavity at 150 MHz enables independent and simultaneous 

non-invasive determination of the ionic conductivity [14]. Different to microwave moisture sensors 

based on planar microwave transmission lines like the one reported by Rezaei, et al. [15] and planar 

antennae approaches by Sancho-Knapik, et al. [16] our method allows the determination of the real and 

imaginary components of the complex dielectric permittivity at two well separated frequencies. 

Moreover, our evanescent field approach overcomes the wavelength limitation and enables the use of 

much lower frequencies at 150 MHz and 2.4 GHz, with the advantage of cheap electronic components 

as being used in wireless communication. The potential commercial availability of an evanescent field 

dual mode microwave sensor system at moderate cost enables the implementation of non-invasive water 

and conductivity assessment in biological research laboratories. 
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Microwave properties of plant tissue 

The microwave properties of plant tissue strongly correlate to the amount of stored water. The typical 

water content in healthy plant leaves is around 90% [17]. 

The interaction of microwaves with water, which is determined by a broad absorption peak due to 

Debye-type molecular relaxation, centered at around 20 GHz at room temperature, can be described by 

a strongly frequency dependent complex-valued dielectric permittivity, 
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with εs representing the static dielectric permittivity, ε∞ the permittivity at f → ∞, τ the dipole relaxation 

time of the water molecules and σ the ionic conductivity due to dissolved salts or other ions and 

metabolites [18]. In Eq. 1, the frequency f is expressed by the angular frequency ω = 2πf, ε0 = 8.85⋅10−12 

F/m is the vacuum permittivity. 

The dielectric properties of liquid water can be well described by Eq. 1 up to about 60 GHz, using 

temperature dependent values of εs, τ and σ [18,19]. At room temperature (T = 22°C), experimental data 

for distilled water can be well fitted using εs = 78.36, τ = 8.27 ps, ε∞ = 5.16 and σ =0 [20]. At 2.4 GHz 

and 150 MHz, where the experiments are conducted, ε*(2.4 GHz) = 77 + j 9.0 and ε*(150 MHz.2) = 78 

+ j 0.57, respectively. In particular at 150 MHz, a large contribution of to the conductivity term (3rd term 

in Eq. 1) by dissolved ions to the imaginary part of ε* can be expected: broadband microwave dielectric 

measurement on fluids extracted from wheat leaves revealed equivalent NaCl concentrations of around 

1 % [21], which results in a conductivity of about 17,600 μS/cm, the corresponding imaginary part of 

ε* at 2.4 GHz and 150 MHz are 13 and 211, respectively (3rd term in Eq. 1). Hence, the ratio Im (ε*ions)/ 

Im (ε*dipole), which describes the ratio of ionic to dipole losses, comes out to be 1.47 at 2.4 GHz and 370 

at 150 MHz for the given conductivity. Therefore, the mode at 150 MHz is ideally suited for non-

invasive and contact-free conductivity measurements. 

It is worth to note that the Debye relaxation parameters and the ionic conductivity are strongly 

temperature dependent, therefore it is important that the measurements are performed within well- 

defined temperature interval. The dielectric response of the leaf can be understood as an effective 

medium composed of water with ions and of dry bulk material. In contrast to water, the bulk material 

has a relatively low permittivity ε‘≤10, and the imaginary part is negligible, as demonstrated by 

measurements on totally dried leaves (see section about results and discussion) . Therefore, as long as 

the absolute water content is more than about 10% the contribution of the bulk plant material to the real 

part of the, dielectric permittivity can be neglected as well. However, as discussed in Ulaby, et al. [21], 

the calculation of complex permittivity of a representative effective medium would require detailed 
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information about the water distribution within the veins and as inter- and intracellular liquid, because 

of unequal amounts of water in different tissue compartments. Nevertheless, by assessing dielectric 

properties of two materials as reported by Sancho-Knapik, et al. [16], a very good correlation between 

RWC (relative water content) and reflectance at a frequency of 1730 MHz was found both for filter 

paper and leaves. Therefore, the integral complex permittivity, as determined by microwave dielectric 

measurement, represents a reasonable experimental quantity which is representative for the water 

content (or conductivity in case of the imaginary component at 150 MHz) of a leaf under investigation. 

According to a comprehensive study within the framework of effective medium theories as described in 

Ulaby, et al. [21] the static permittivity for fresh wheat leaves is about 35, corresponding to a volumetric 

moisture of about 60%. This correlation depends on the density of the fresh leaf material, which may 

vary for different species, but was not analyzed within this study. 

Results and Discussion 

The dual mode cavity as leaf sensor 

The patented dual mode cavity sensor, which is discussed in detail in Klein, et al. [14], enables 

simultaneous dielectric measurements at two distinct and far separated frequencies: For the sensor, 

which was employed in this study, one resonant frequency is at 150 MHz (Mode 0), the second one 2.4 

GHz (Mode 1). For the study of the correlation between drying status and permittivity we employed 

Mode 1 only because of large signal-to-noise ratio, i.e. larger frequency shifts in comparison the resonant 

halfwidth. In spite of poor signal-to-noise ratio, preliminary data by Mode 0 on fresh wheat leaves are 

discussed. It is worth to note that Mode 0 is ideally suited for contact-free assessment of the ionic 

conductivity of bulky plant tissues such as potatoes and sugar beets, where the sample volume and hence 

the signal-to-noise ratio is much larger. 

Mode 1 corresponds to the TE01δ-mode [22] of the cylindrically shaped dielectric resonator, embedded 

in the dual-mode cavity. The evanescent electric field is presented by concentric circles, the field 

magnitude increases from zero in the center of the aperture towards its maximum at about 2/3 of the 

radius of the dielectric resonator (light circle in Figure 1, C), and gradually decreases to zero towards 

the aperture. From the aperture plane (leaf measurement position), the evanescent field decreases 

exponentially in axial direction and reaches 50% of its value at the top edge of the aperture at a distance 

of about 20 mm above the aperture. The evanescent field of the lumped element mode (Mode 0) is 

strongly concentrated in close vicinity of the radial metallic rod, in particular near the centre of the cavity 

[14].  
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Figure 1 Microwave sensor. (I) – Photograph of the employed sensor system comprising a compact 
battery - powered circuit board - microwave electronic module, and (II) the zoomed measurement-
window: dual mode cavity (copper, A) embedded in a housing with a wheat leaf in measurement 
position. The aperture in the copper cavity (dark circle, B) allows the evanescent field of the ceramic 
dielectric resonator (smaller light circle, C) to penetrate into the sample under test. The radial copper 
rod (D) which is partially covered by the leaf is a requirement for Mode 0 only. 

As it will be discussed along with the experimental data, for Mode 1 the magnitude of the leaf induced 

alteration of the resonant properties depends on the degree of coverage of the aperture by the leaf under 

test. In case of a partial coverage, as indicated by the wheat leaf shown in Figure 1(II), a strict protocol 

how to arrange the leaf on the sensor surface is required for each given type of leaf. A smaller aperture 

would be tempting for the assessment of smaller leaves, but would cause a strong reduction of the 

electric field amplitude at the leaf position, which leads to a significant reduction of sensitivity. 

During the assessment of a leaf under test, the change of the inverse quality factor Q and the resonant 

frequency, fr with respect to the empty resonator is recorded. Both Q and fr are determined from a fit of 

a Lorentzian to the measured transmission curve using. 
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In Eq. 2 [24] U(f) represents the frequency dependent detector voltage, which is proportional to the 

power transmitted through the resonator (square law detection) upon sweeping the generator frequency 

around the resonance frequency fr. Both modes are excited by a different 
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pair of coaxial probes for each, the signals are generated and recorded by two independent electronic 

modules. Each of the two PCB (printed circuit-board) - based integrated electronic modules is composed 

of a digitally controlled synthesizer- PLL (phase locked loop) controlled microwave VCO (voltage 

controlled oscillator) and a detector unit. 

Prior to each measurement with a leaf in place, fr and Q are recorded for the empty resonator. For the 

analysis, the negative relative frequency shift due to the sample, 
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and the sample induced change of the losses, i.e. change of the inverse Q factor, IQS, 

1 1

sample empty
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Q Q
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are recorded. Since the frequency shift due to a dielectric object is usually negative, FRS is defined to 

be a positive number. It is important to note that IQS is independent of coupling losses, because coupling 

leads to a constant 1/Q contribution which does not change due the sample in measurement position. 

For the case, that the field distribution of the evanescent field is not distorted by the sample, FRS and 

IQS can be directly related to the complex permittivity of the sample by extended cavity perturbation 

theory [23]. 
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In Eq. 4, the filling factor κ describes the electric resonant field energy within the sample of volume, the 

integral in the numerator extends over the volume fraction V of the sample which is exposed to the 

unperturbed resonator field E0, normalized to the total electric field energy, W, of the cavity. 

In order to test the applicability of the perturbation approach, electromagnetic field simulations of the 

cavity-leaf system have been performed with CST Microwave Studio [24] for a variety of 

configurations. The results indicate that the alteration of the magnitude of the electric field at the position 

of the leaf due to leaf itself is less than 10% in the worst case assuming a homogenous water distribution 

inside the leaf. Therefore, the analysis by Eq. 4 is justified within the experimental errors. However, we 
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cannot rule out that water being concentrated in veins may lead to some level redistribution of the local 

electromagnetic field, which is subject of an ongoing study. 

The accurate calculation of the filling factor κ requires a detailed analysis of the shape of the leaf and 

its exact measurement position - along with the electric field distribution of the resonant mode. However, 

relative measurements of FRS and IQS for a given leaf in a reproducible measurement position allow 

the monitoring of relative changes of the complex permittivity. It is worth to mention that the ratio of 

IQS and FRS is independent of κ, and may represent a size and position independent figure of merit for 

a given leaf. For Mode 1, even in case of a complete coverage of the aperture, the leaf-induced alteration 

of resonance frequency and Q factor may depend on the exact measurement position of the leaf under 

test, because the water distribution in the leaves is inhomogeneous. This means, that a maximum of FRS 

and IQS is usually achieved if water filled veins are located around the position of maximum field. For 

the sake of a maximum signal-to-noise ratio, the position was optimized for maximum FRS. In case of 

elongated leaves like wheat the leaf axis was arranged at an offset of about 50–80 % of the radius of the 

dielectric resonator, corresponding to a field maximum of the TE01d mode (Mode 1). The optimization 

of the position with regards to Mode 0 is subject to a separate analysis and will not be further addressed 

in this contribution. 

However, as indicated in the section about results and discussion, the leaf-induced alterations can be 

used for a preliminary analysis. 

Although the leaf under test is physically attached to the metallic aperture of the cavity in order to ensure 

a reproducible measurement position, the measurement is contact-less in nature. A thin plastic foil 

between aperture and sample would not have any significant effect on the results, because the electric 

field is coupled to the sample inductively, without any need of an electrical contact. 

Measurement of water content in leaves of different plants 

The four plant species being analyzed, wheat, maize, potato and canola were selected considering the 

size and morphology of their leaves. Wheat and maize leaves have similar shape, both are long but wheat 

leaves are thinner. On the other hand, the potato and canola have compound leaves with oval leaflets, 

the canola leaves are larger and thicker. 

The three leaves detached from each plant were chosen from three developmental stages in order to 

characterize tissues of various ages. Shortly after removal from the plant, the leave under test was 

weighted and subsequently measured with the microwave sensor system. The leave was placed on the 

window such the measured frequency shift is maximized, as shown in Figure 1 for wheat. This first 

assessment was representative for the fresh leaf and which was considered as reference of 100% (w/w) 
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water content. In fact, the time interval between removal and measurement was less than 30 seconds in 

any case. 

A significant change in the resonant frequency shift of Mode 1 (2.4 GHz) between fresh and dry leaves 

was demonstrated, which is far beyond the variation from leaf to leaf for a given plant (Figure 2). It is 

notable that the frequency shift of the dry leaf is zero within the measurement accuracy limits which 

indicates that water represents the dominant part of the response. 

Figure 2 Comparative dielectric conductivity of fresh and totally dried wheat leaves. Six leaves in 
total were measured fresh and subsequently completely dried. The dots represent the average values of 
five measurements (technical replicates) and the lines the average values of six leaves 

For Mode 0, only wheat leaves have been investigated till date. The measured values of FRS and IQS 

are of the same order of magnitiude as for Mode 1, but the signal-to-noise ratio is nearly ten times lower 

than for Mode 1. This is due to the smaller resonant halfwidth of the unloaded resonance, usually 

expressed by the quality factor Qempty without sample, Qempty(Mode 0) = 350, Qempty(Mode 1) = 4200). 

All measurements where performed at room temperature without any room temperatur conrol. Test 

measurements on canola and wheat leaves at 18°C, 22°C and 27°C showed no significant differences of 

the FRS or IQS values. 

For Mode 1, the measured values of FRS and IQS as a function of percentage of fresh weight for four 

different types of plants were normalized to the average value of the fresh leave (Figure 3). Although 

the absolute values of FRS and IQS differ from leaf to leaf due to a different filling factor κ (Eq. 4) the 

normalized FRS and IQS values exhibit a systematic decrease with increasing weight loss, which 

indicates that water provides the most significant contribution to the dielectric permittivity of leaf tissue. 

The data points of individual leaves indicate this trend. The averaged values displayed in Figure 3 as 

horizontal lines are representative mean values for all leave stages. Based on t-test, significant 

differences between the mean values were revealed (p < 0.05). Measurement of three leaves and 

calculation of their mean values show stronger correlations to the water content than the single leaves 

measurement. Assuming that the mass density of the dry leave tissue is small in comparison to that of 
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water, the weight percentage represents the volumetric water concentration – multiplied by factor of 

about 0.5-0.7 (maximum water volume concentration in a fresh leaf) [21]. According to our data, the 

normalized FRS values drop to about 0.45-0.55 for wheat and maize, and to slightly higher values of 

about 0.65-0.75 for potato and canola - as result of weight reduction or water loss from 100% to 50%. 

It is remarkable, however, that the FRS – weight dependences exhibit a recognizable positive curvature 

and deviate from linearity, in contrast to the slight negative curvature being observed by broadband 

dielectric measurements on wheat leaves and stalks [21]. For potato leaves and in particular for canola 

leaves, where a considerable portion of water is stored in relatively thick veins, this effect is most 

pronounced. We presume that the drying process by evaporation works slower for large veins. As a 

result, the measured weight may not be representative for the real water concentration in the largest 

veins: if the largest veins are located close to a field maximum of the resonant field, the measured FRS 

values may overestimate the average water concentration in the leaf, which explains the observed 

curvature qualitatively. 



206 APPENDICES 

Figure 3 Experimental results of microwave measurements on leaves from four different crops. 
The analysis was performed at six time-points from initial fresh weight (100%) up to 50% of the initial 
weight by consecutive 10% drying in each step. (A) - Wheat, (B)-Maize, (C) - Canola, and (D) - 
Potato. Normalized FRS and IQS values based on values at 100% fresh weight for FRS and IQS, 
respectively are shown. E (Wheat), F (Maize), G (Canola) and H (Potato) display IQS values divided 
by FRS values for single leaves at different drying stages, and water contents, respectively. Bars 
indicate arithmetic means over three leaves. The absolute averaged FRS values at 100% fresh weight 
are 5.5⋅10−5 for wheat, 1.25⋅10−4 for maize, 1.41⋅10−4 for canola and 1.24⋅10−4 for potato. The colors of 
the dots indicate the developmental stage of the leaves: blue (first stage, young leaf), green (second 
stage, intermediate leaf) and red dots (third stage, older leaf). 



APPENDICES  207 

For the fresh weight data, the average ratio IQS/FRS varies only slightly between 2.8 and 3 for the three 

different plants. Assuming the validity of the perturbation approach according to Eq. 4, IQS/FRS is equal 

to two times the loss tangent. 

2 '' 2 '' 2 tan
' 1 '

IQS
FRS

ε ε δ
ε ε

= ≈ =
−

 (5) 

 
As discussed in the section about microwave properties of plant tissues, the loss tangent of distilled 

water at 2.4 GHz is 0.12 and 0.3 for an assumed ionic conductivity of 14,000 μS/cm. In other words, 

within the framework of perturbation theory and the assumption that the losses are due to water and ions 

only, the analysis yields a nearly ten times higher conductvity than reported in the literature. In order to 

resolve this puzzle, we took a closer look at the IQS and FRS values of Mode 0, because the separation 

of ionic conductor losses from water dipole relaxation losses is much more pronounced at this low 

frequency (Table 1). In order to improve the measurement statistics, we measured FRS and IQS for 6 

fresh leaves from one plant (indicated by the numbers in Table 1). Each of the listed FRS and IQS values 

corresponds to the average of five subsequent measurements performed on one leaf, the quoted error 

represents the standard deviation of these five subsequent measurements. 

Table 1 Measured FRS and IQS (f=150MHz, Mode 0) for 6 different fresh leaves of one wheat 

plant and calculated ionic conductivity. 

L. no FRS ΔFRS/FRS [%] IQS ΔIQS/FRS [%] σ[μS/cm] Δσ /σ [%] 

1 1.30⋅10−5 40 5.25⋅10−5 27 1.4⋅104 48 

2 1.47⋅10−5 26 6.11⋅10−5 15 1.4⋅104 30 

3 1.27⋅10−5 46 7.78⋅10−5 27 2.0⋅104 53 

4 1.86⋅10−5 21 6.84⋅10−5 52 1.2⋅104 56 

5 1.94⋅10−5 7 8.79⋅10−5 20 1.5⋅104 21 

6 1.96⋅10−5 29 9.52⋅10−5 15 1.6⋅104 14 

AVE 
    

1.46⋅104 14 

 

The conductivity is proportional to IQS/FRS (Eqs. 1 and 5) 

0
0 tan

2
r

r
IQS
FRS

ωε εσ ωε ε δ= =  (6) 

with εr ≈ 78 representing the real part of the permittivity of water at the measurement frequency of 150 

MHz. The quoted value (1.46 ± 0.20) μS/cm corresponding to the weighted average of the six leaves is 
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in agreement with literature data [21]. To the best of our knowledge, this is the first non-invasive 

determination of the conductivity of the fluid inside a plant leaf. 

As a possible explanation for the enhanced loss tanget measured at 2.4 GHz, it is likely that higher 

dielectric relaxation losses than assumed for free water may occur due to a high abundance of surface 

water, which has a significantly higher loss tangent than bulk water at 2.4 GHz [25,26]. The observed 

slight increase of IQS/FRS at 2.4 GHz with increasing weight loss is likely due to an increase of the ratio 

of surface to bulk water as result of faster evaporation of bulk water. In fact, the relatively small variation 

is far below the expectation of 50% water loss by evaporation, which is supportive for the hypothesis 

that surface water may contribute to the losses by a significant amount. Comparative measurements with 

Mode 0 at 150 MHz of sufficient accuracy and other frequencies may help to resolve this puzzle in the 

future. 

Furthermore, in order to demonstrate the practical applicability of our microwave technique, wheat 

plants being challenged by salt stress were measured (at the moment only by Mode 1). The measured 

FRS values reveal a clear difference between the control leaves and the stressed ones (Figure 4). The 

decrease in the FRS value is likely to be linked to an increase of osmolarity induced by salt stress which 

is adversely affecting the uptake of water by the roots [27,28]. 

 

Figure 4 Analysis of wheat leaves from nine genotypes after 15 days of salt stress. Green dots 

represent control, red and blue dot leaves stressed with 100 mM NaCl and 50 mM Na2SO4, respectively. 

X-axes represent the genotypes analysed (numbered 1–9) and the y-axes the corresponding FRS values. 
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A reduction of the water content in the plant cell leads to an increase of osmolarity. Therefore, the 

osmotic potential of canola leaves at 6 time-points was determined. A strong negative correlation (r = − 

0.97) between IQS/FRS values and the respective osmotic potential of the leaves at different steps of 

water reduction was found (Figure 5). 

Figure 5 Correlation between osmotic potential and IQS/FRS values for canola leaves. Dot-colors 
indicate measurement of leaves with water content decreasing stepwise: black – 100% (initial fresh 
weight); brown – 90%, green – 80%; yellow – 70%; blue – 60% and red – 50% of the initial weight. 
Each dot represents the mean values from four leaves. For each leave, two measurements were 
performed to define osmotic potential and five for the IQS/FRS value. 

Material and Methods 

Plant material and growth conditions 

Four species belonging to different classes of plant kingdom were selected: wheat (Triticum aestivum 

L.) cultivar Zentos, maize (Zea mays L.) cultivar Aurelia, potato (Solanum tuberosum L.) cultivar Linda 

and canola (Brassica napus L.), cultivar Expert. The plants were grown under greenhouse conditions in 

pots filled with soil (clay peat mix) and watered regularly. 

For the salt stress experiment, nine wheat genotypes were grown in three replicates in aerated 

hydroponic system (unpublished data). The tested wheat genotypes were Zentos, Syn086 and 7 

progenies of the cross between Zentos and Syn086 [29] which were selected based on their performance 

under salinity stress, representing salt tolerant and salt sensitive genotypes. 

The stress was induced by adding to the nutritional solution either NaCl or Na2SO4, to end-concentration 

of 100 mM and 50 mM, respectively. 
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EC at control = 2.5 mS, NaCl = 11.5 mS, Na2SO4 = 9.5 mS), pH was checked every day and adjusted at 

6.1 to 6.4. The stress was induced at three leave developmental stage (BBCH 13) and lasted for 15 days. 

Measurements of salt stressed plants using the microwave cavity technique 

The measurements were performed using a prototype of EMISENS’s dual-mode sensor system, which 

was purpose-designed for this study. The quantities IQS and FRS were determined from the resonant 

frequency and Q factor, as determined by a fit of a Lorentzian to the measured resonant curves displayed 

in Figure 6. The leaves were pressed by a transparent plastic cover against the aperture of the dual-mode 

cavity. In case of small leaves which do not fully cover the aperture, the position was optimized for 

maximum FRS, which corresponds to the alignment of an elongated leaf (like the one depicted in in 

Figure 1) perpendicular to the radial metallic rod at a distance from the center corresponding to about 

half the radius of the dielectric resonator. 

Figure 6 Screenshot of the user interface of the dual-mode sensor system. Blue and red curves 

display the measured resonance of a measurement of modes 0 and 1, respectively. Shown are the 
values of resonance frequency (f0), inverse Q factor and 3 dB bandwidth bw = f_0/Q for both modes, 
as determined by a Lorentz fit (Eq. 2). The axis of these plots (horizontal = frequency), (vertical = 
detector voltage) are not depicted on the screenshot, the control panel on the right-hand side of the 
screen shot is not relevant for the presented analysis. 

For measurements on different leaves of one plant species care was taken to ensure that nearly identical 

measurement positions were used. The plants were removed from the hydroponic boxes and one leaf of 

them was placed on the window of the sensor (Figure 1). Five measurements were performed for each 

leave without changing the position (technical replicates). Immediately after, the undamaged plants were 

returned into the hydroponic vessels. 

Measurements of water content 

In order to follow the kinetics of water content the measurements were performed on detached leaves 

from the corresponding plants. 
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The stepwise reduction of water content in leaves was achieved by incubating them at high temperatures. 

The gravimetric measurement of water loss in the leaves was done by weighting them before and after 

drying. Shortly, after removal from the plant the leaves were weighted and measured with the microwave 

sensor system. This first-time point was considered as reference for a leaf with 100% (w/w) water. After 

that, the leaves were placed in an incubator at 45°C until 10% of initial water content was lost and the 

microwave assessment was performed instantaneously. The drying procedure with 10% loss each step 

and subsequent microwave measurement was repeated 5 times until reduction to 50% of the initial 

weight. 

Measurement of the osmotic potential 

Leaves of canola plants were detached and after the microwave measurements they were analyzed with 

respect to their osmotic potential. This was repeated for each step of water reduction as described above. 

The sap of the leaves was extracted by squeezing them using a garlic presser. Fifteen μl sap-solution 

was employed to define the osmotic potential using an Osmomat (Osmomat 030-D, Gonotec GmbH, 

Berlin, Germany). The conversion of the osmolality values (osmol/kg) in osmotic potential (MPa) as 

described by Pariyar, et al. [30]. 

Conclusions 

We have demonstrated non-invasive assessment of the water content by an evanescent field microwave 

sensor at 2.4 GHz for four different species of plant leaves due to a comparative study with gravimetric 

data. Our approach was proven to be highly reproducible and applicable for leaves of various size, shape 

and thickness. The frequency shift versus water content curves are slightly sub linear for the larger 

leaves, which may result from the inhomogeneous water distribution in the veins. For canola leaves, a 

strong correlation between the measured ratio of loss and frequency shift data to the osmotic potential 

was found, which indicates that the microwave method can be used for contact-free assessment of the 

osmolytes status of a plant. Due to the combination of a microwave (f = 2.5 GHz) and a sub-microwave 

frequency (f = 150 MHz) in one sensor device the method has a strong potential for simultaneous non-

invasive assessment of water and salt status in a single leaf under test. 

For the future, a down-scaled system operated at higher frequencies may be developed in order to 

achieve a higher reproducibility for the assessment of smaller leaves. The optimizition of the design of 

the dual mode sensor and a further refinement of the electronic modules and the employed algorithm for 

accurate measurements of small changes of the resonant parameters should enable the simultaneous 

study of water content and average mineral content. 

We expect that our technique may advance to a standard tool for hydration monitoring in plants in the 

near future. A lightweight portable version for assessment of plants in the field is currently under 
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development. This may enable the realization of knowledge-based watering systems as integral 

procedure of precision agriculture in the future. 
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