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Summary 

Domestication laid the foundation of agriculture by modifying plants to suit human needs. This 

process and subsequent breeding induced genetic bottlenecks in domesticated plants leading 

to an altered genetic diversity. However, ancient diversity has been preserved in crop wild 

relatives (CWRs). Wheat (Triticum aestivum L.; Triticum durum Desf.) is a staple crop with a 

long breeding history starting with domestication. Its evolutionary diversity includes diploid wild 

Triticum urartu and Triticum boeoticum, diploid domesticated Triticum monococcum, tetraploid 

wild Triticum dicoccoides and domesticated Triticum dicoccon from the Emmer lineage and 

the GGAA wheats wild Triticum araraticum, domesticated Triticum timopheevii and hexaploid 

domesticated Triticum zhukovskyi. These taxa display a vital resource of diversity and harbor 

beneficial traits for biotic and abiotic stress tolerance as well as for improved grain quality. To 

take advantage of these favorable attributes, crossing of modern wheat with a relative is 

commonly used for incorporating the target trait. A new approach is de novo domestication - 

the modification of domestication genes in CWRs via genome editing - which modifies the wild 

relative in a cultivable crop itself while retaining the untapped genetic diversity and beneficial 

traits. For a successful de novo domestication, suitable taxa and genotypes for the target 

environment, target traits for modification and unique and beneficial traits like elevated grain 

quality need to be determined. The aim of this thesis was to explore the wild Triticum taxa for 

their agricultural and domestication potential and thus to pave a way for a de novo 

domestication of wild wheat with beneficial grain quality. 

Therefore, the beneficial potential of wheat wild relatives for grain quality improvement and the 

change of grain quality during evolution and domestication was reviewed. The wild wheats 

were proposed as potential candidates for a de novo domestication. To evaluate the 

adaptability of wild wheats to the central European climate and identify target traits for a de 

novo domestication, 111 wild wheat genotypes and for comparison 38 landrace genotypes and 

six modern wheat cultivars were grown in a field at the research station of the University of 

Giessen in 2020/21. Out of these 89 wild wheats, 30 landraces and six modern wheat cultivars 

were assessed for their grain Iron (Fe) and Zinc (Zn) concentration and estimated 

bioavailability, Grain Protein Content (GPC) and antioxidant potential to identify changes in 

grain quality during domestication and to select wild wheats with superior grain quality for a de 

novo domestication. 

The wild wheats showed a good adaptability to the central European climate indicated by 

similar Normalized Difference Vegetation Index (NDVI) and anthesis to modern wheats. 

Shattering and tight glumes impaired harvest and were proposed as target traits for a de novo 

domestication. Furthermore, significant lower yields were observed in wild wheats compared 

to landraces and modern wheat cultivars. Therefore, yield traits were suggested to be modified 
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in a de novo domestication. Possible target genes for modifying the undesirable traits were 

also identified. The grain quality analysis revealed high grain Fe and Zn concentration 

accompanied by a good estimated bioavailability for the respective micronutrients and a high 

GPC in wild wheats compared to the landrace taxa and modern cultivars. Among the wild 

wheats, T. araraticum from the GGAA wheats was outstanding for the grain quality traits. 

Therefore, four T. araraticum genotypes were selected as potential candidates for a de novo 

domestication. Analyzing the grain quality data together with the phenotypic and yield data, 

they were identified as suitable additions to the wheat cropping system. Therefore, different 

cultivation scenarios for de novo domesticated T. araraticum were outlined to ensure 

acceptance and application in future cropping systems.  

The identification of suitable T. araraticum genotypes with beneficial grain quality traits 

prepared the first step towards a de novo domestication of the wheat wild relative 

T. araraticum. Thus wild wheats harbor a potential for de novo domestication that can be 

leveraged in the future to improve the diversity of the cropping system.  
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Zusammenfassung  

Die Domestikation war ein zentraler Prozess, der zur Entstehung der Landwirtschaft beitrug, 

indem Pflanzen an die Bedürfnisse des Menschen angepasst wurden. Dieser Prozess und die 

anschließende Züchtung führten zu genetischen Flaschenhälsen innerhalb der domestizierten 

Pflanzen, wodurch sich die genetische Vielfalt veränderte. Die ursprüngliche Diversität ist 

jedoch in den wilden Verwandten der Kulturpflanzen erhalten geblieben. Weizen 

(Triticum aestivum L., Triticum durum Desf.) ist ein Grundnahrungsmittel mit einer langen 

Züchtungsgeschichte, die bereits mit der Domestikation begann. Die evolutionäre Vielfalt von 

Weizen umfasst die diploiden Wildweizen Triticum urartu und Triticum boeoticum, den 

diploiden domestizierten Triticum monococcum, den tetraploiden Wildweizen 

Triticum dicoccoides und den domestizierten Triticum dicoccon aus der Emmer Linie sowie 

aus der Gruppe der GGAA-Weizen den wilden Triticum araraticum, den domestizierten 

Triticum timopheevii und den hexaploiden domestizierten Triticum zhukovskyi. Diese Taxa 

stellen eine wichtige Ressource der Vielfalt dar und beherbergen vorteilhafte Eigenschaften 

bezüglich biotischer und abiotischer Stresstoleranz sowie für eine verbesserte Kornqualität. 

Zur Nutzung dieser vorteilhaften Eigenschaften wird moderner Weizen mit einem wildem 

Verwandten gekreuzt, um das gewünschte Merkmal in den Weizen einzubringen. Ein neuer 

Ansatz ist die de novo Domestikation – die Modifikation von Domestikationsgenen in wilden 

Verwandten mittels Genome Editing – wodurch der wilde Verwandte selbst genutzt wird und 

in eine Kulturpflanze umgewandelt wird. Hierbei bleibt die unberührte genetische Vielfalt sowie 

die vorteilhaften Eigenschaften der wilden Verwandten erhalten. Für eine erfolgreiche de novo 

Domestikation müssen geeignete Taxa und Genotypen für die Zielumgebung, die zu 

verändernden Eigenschaften und einzigartige und vorteilhafte Merkmale, wie gute 

Kornqualität, ermittelt werden. Ziel dieser Arbeit war es, das Potenzial der Triticum Taxa 

bezüglich ihres Anbau- und Domestikationspotenzials zu evaluieren und somit den Weg für 

eine de novo Domestikation von Wildweizen mit guten Nährstoffeigenschaften zu ebnen.  

Hierzu wurde das Potenzial der wilden Verwandten des Weizens für die Verbesserung der 

Kornqualität sowie die Veränderung der Kornqualität während der Evolution und der 

Domestikation untersucht. Die wilden Weizenarten wurden als potenzielle Kandidaten für eine 

de novo Domestikation identifiziert. Um das Anpassungspotenzial der Wildweizenarten an das 

mitteleuropäische Klima zu evaluieren und um Zielmerkmale für eine de novo Domestikation 

zu bestimmen, wurden in den Jahren 2020/21 im Rahmen eines Feldversuches auf der 

Forschungsstation der Universität Gießen 111 Wildweizen Genotypen und zum Vergleich 38 

Landrassen Genotypen sowie sechs moderne Weizensorten angebaut. Von diesen 

Genotypen wurden 89 Wildweizen, 30 Landrassen und sechs moderne Weizensorten 

hinsichtlich der Eisen- und Zinkkonzentration im Korn sowie der geschätzten Bioverfügbarkeit 
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der beiden Mikronährstoffe, des Kornproteingehaltes und des antioxidativen Potenzials 

analysiert, um Veränderungen in der Kornqualität während der Domestikation zu identifizieren 

und Wildweizengenotypen mit positiver Kornqualität für eine de novo Domestikation 

auszuwählen. 

Die Wildweizenarten zeigten eine gute Anpassungsfähigkeit an das mitteleuropäische Klima, 

was sich in einem ähnlichen Normalized Difference Vegetation Index (NDVI) und 

Blütezeitpunkt im Vergleich zu modernen Weizensorten zeigte. Spindelbrüchigkeit und feste 

Spelzen beeinträchtigten die Ernte und wurden als Zielmerkmale für eine de novo 

Domestikation identifiziert. Im Vergleich der Wildweizenarten zu den Landrassen und 

modernen Weizensorten wurden signifikant geringere Erträge festgestellt, weshalb die 

Modifikation von Ertragsmerkmalen im Zuge einer de novo Domestikation empfohlen wurde. 

Weiterhin wurden mögliche Gene zur Modifikation der ungewünschten Eigenschaften 

identifiziert. Die Analyse der Kornqualität ergab eine hohe Eisen- und Zinkkonzentration in den 

Körnern verbunden mit einer guten geschätzten Bioverfügbarkeit der beiden Mikronährstoffe 

und einem hohen Kornproteingehalt im Wildweizen im Vergleich zu den Landrassen und 

modernen Weizensorten. Innerhalb der Wildweizenarten zeigte T. araraticum aus der Gruppe 

der GGAA-Weizen herausragende Eigenschaften für die Kornqualität. Aufgrund dessen 

wurden vier T. araraticum Genotypen als potentielle Kandidaten für eine de novo 

Domestikation ausgewählt. Die Analyse der Kornqualitätsdaten zusammen mit den 

phänotypischen Merkmalen und den Ertragsdaten ergab, dass die vier T. araraticum 

Genotypen eine geeignete Ergänzung im Weizenanbau darstellen könnten. Daher wurden 

verschiedene Anbauszenarien für de novo domestizierten T. araraticum skizziert, um die 

Akzeptanz und Anwendung in zukünftigen Anbausystemen zu gewährleisten. 

Die Identifikation von geeigneten T. araraticum Genotypen mit vorteilhaften 

Kornqualitätseigenschaften bereitete den ersten Schritt für eine de novo Domestikation des 

wilden Weizenverwandten T. araraticum. Somit beherbergen wilde Weizenverwandte das 

Potenzial für eine de novo Domestikation, das in Zukunft genutzt werden kann, um die Vielfalt 

des Anbausystems zu verbessern.  
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1 General Introduction 

1.1 Domestication 

1.1.1 The process of domestication 

Domestication of crops enabled our modern agricultural system. Plant domestication described 

the evolution of wild plants into cultivated crops that meet human needs (Salamini et al., 2002; 

Doebley et al., 2006; Bartlett et al., 2023). This gradual process altered morphological and 

physiological traits of plants caused by human selection (Hancock, 2005; Stetter et al., 2017; 

Hebelstrup et al., 2023). Selection was based on phenotypic evaluation (Doebley et al., 2006; 

Jian et al., 2022) and included conscious and unconscious selection (Zohary, 2004). The 

evolution of domestication encompassed three phases, which led to the emergence of crops 

completely dependent on human (Zohary, 2004; Doebley et al., 2006; Zeder, 2006). First 

annual plants were collected from their natural habitats, followed by cultivation, which 

comprised a systematic planting of wild plants in a field. Cultivation was an essential phase 

because wild plants underwent a repetitive cycle of sowing, harvesting, and replanting that 

contributed to the accumulation of preferred genotypes. This process eventually led to the 

domestication phase where plants with favorable traits were raised (Weiss et al., 2006). 

Therefore, domestication was a continuous and time-intensive process (Zsögön et al., 2022).  

1.1.2 Crop and genetic diversity during domestication 

Similar traits were targeted and modified during domestication for the same group of plants 

across different environments, time and independent human populations. The resulting 

phenotype was defined as the domestication syndrome (Doebley et al., 2006; Ross-Ibarra et 

al., 2007; Kantar et al., 2017). For grasses, the most common traits were the loss of seed 

shattering, modification of seed size and dormancy (Doebley et al., 2006; Kantar et al., 2017; 

Stetter et al., 2017; Fernie & Yan, 2019). Previous studies assumed that the domestication 

phenotype evolved from only a few genes (Gross & Olsen, 2010), whereas recently growing 

evidence for a contribution of numerous loci was built (Stetter et al., 2017; Curtin et al., 2021). 

Domestication genes were derived from a loss or gain of function mutation, de novo mutation 

and enhancement or decrease of gene expression (Meyer & Purugganan, 2013; Østerberg et 

al., 2017; Smýkal et al., 2018; Jian et al., 2022). Yet domestication was a complex process 

that altered genetics and molecular pathways. A high selection pressure on domestication 

genes for fixation in the newly derived population led to a reduced genetic diversity in their 

proximity (Smýkal et al., 2018). A change in diversity not only occurred on the genetic level but 

also on species level. Among all wild plants, only a few species were domesticated thus 

narrowing (genetic) diversity in the agricultural cropping system (Ladizinsky, 1985; Doebley et 

al., 2006; Stetter et al., 2017). Characteristic of these crops, like the staples wheat 
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(Triticum aestivum L.), rice (Oryza sativa L.) and maize (Zea mays L.), was an early 

domestication that enabled a good adaption to agro-environmental conditions. Therefore, the 

cultivation system of these crops was continuously improved (Milla & Osborne, 2021). The 

combined effect of selection for species and further selection of genotypes and traits within 

these populations narrowed the genetic diversity starting with domestication and subsequently 

continued with breeding effort. This process was referred to as the genetic bottleneck 

(Tanksley & McCouch, 1997).  

Crop wild relatives (CWRs) still harbor a reservoir for high genetic diversity. Furthermore, 

CWRs evolved individually and adapted to marginal environments that led to the emergence 

of adaptive alleles (Stetter et al., 2017). This untapped genetic diversity can be used for 

breeding for biotic and abiotic stress tolerance as well as improved nutritional value. The 

process of introgression of beneficial wild genes into modern elite crops is tedious due to 

linkage drag of wild unfavorable traits that hamper the elite cultivar’s performance and need to 

be eliminated via backcrossing (Sharma et al., 2021; Sukumaran et al., 2022). Furthermore, 

breeding for stress tolerance requires multiple genes due to its quantitative nature. 

Incorporation of each gene into the modern crop for improvement is difficult (Sukumaran et al., 

2022). Therefore using the CWRs as a crop itself and modifying it for cultivation is another 

approach, which could also re-introduce diversity on species level. 

 

1.2 De novo domestication 

De novo domestication is the modification of domestication genes in wild plants or CWRs 

(Fernie & Yan, 2019; Khan et al., 2019; Fernie et al., 2021; Razzaq et al., 2021; Bartlett et al., 

2023). The outcome is supposed to be a cultivable plant with maintained favorable attributes 

of the wild crop, e.g. stress tolerance and/or beneficial nutritional traits (Gasparini et al., 2021; 

Razzaq et al., 2021). This idea gained popularity by the emergence of genome editing and the 

discovery of CRISPR/Cas (Khan et al., 2019; Razzaq et al., 2021; Bartlett et al., 2023). Yet, 

producing a de novo domesticated crop requires phenotyping, knowledge on the genetics of 

the CWR and molecular biology methods (Gasparini et al., 2021; Yu & Li, 2022). 

1.2.1 Phenotyping for de novo domestication 

Crop wild relatives harbor a vast diversity not only from a genetic point of view, but also in 

number of accessions and phenotypes. Therefore, identification of the suitable material and 

candidate accession is crucial for a de novo domestication. The selection can be based on 

different considerations regarding the environment, unique advantageous traits and plant’s 

performance. The target environment can be an environment where the CWR thrives, such as 

a saline environment, a broader region with climatic requirements, a greenhouse or indoor 
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farms (Brozynska et al., 2016; Razzaq et al., 2021; Bartlett et al., 2023). Since CWRs are not 

as uniform as modern cultivars, testing in multiple locations is crucial to assess the CWRs’ 

performance and confirm phenotypic observations (Sukumaran et al., 2022). Furthermore, 

advantageous traits that justify the expense of a de novo domestication should be identified, 

such as an enhanced stress tolerance and enriched nutritional profile (Zsögön et al., 2022).  

1.2.2 Crop genomics for de novo domestication 

Insight in the genetics of CWRs are required in order to perform a de novo domestication. 

Genomic tools for sequencing have improved for a higher accuracy which enables the 

availability of reference genomes. Furthermore, pangenomes are also used to cover the whole 

breadth of diversity for a distinct species (Gasparini et al., 2021). For a de novo domestication, 

the sequenced CWR genome is crucial in order to identify the orthologues of known genes that 

control domestication traits (Østerberg et al., 2017; Fernie & Yan, 2019). The closer the chosen 

CWR is related to a domesticated species, the easier the identification of orthologues is 

(Østerberg et al., 2017). However it is also important to understand the whole function of the 

gene and its network (Fernie & Yan, 2019; Jian et al., 2022). Knowledge on the gene and its 

alteration from wild to domesticated allele will determine the genome editing method of choice 

to modify the gene (Curtin et al., 2021).  

1.2.3 CRISPR/Cas and transformation for de novo domestication 

CRISPR/Cas is a promising genome editing tool for plant improvement and accelerated crop 

breeding. The suitable CRISPR/Cas editing method depends on the target gene(s) and desired 

modification. CRISPR/Cas can cause DNA Double-Strand Breaks (DSB) that facilitate non-

homolologous end joining (NHEJ) and homology-directed repair (HDR) pathways in the cell 

(Chen et al., 2019; Khan et al., 2019; Bartlett et al., 2023). While NHEJ relies on a random 

composition of nucleotides for the reparation of DNA, which likely leads to a mutation of the 

target gene (Bartlett et al., 2023), HDR requires a template DNA for repair (Chen et al., 2019). 

Therefore, NHJE is well suited for introducing random mutations that result in a loss of function 

and HDR for a precise modification of point mutations, an insertion or replacement of 

sequences (Chen et al., 2019; Capdeville et al., 2023). Yet, a DSB is not required for Base 

Editing (BE) and Prime Editing (PE) (Cardi et al., 2023). BE enables the precise modification 

of nucleotides in the target gene, by changing cytosine to thymine or adenine to guanine (Chen 

et al., 2019; Capdeville et al., 2023). PE can be used to modify sequences precisely 

(Capdeville et al., 2023). The advantages of BE and PE over DSB methods are the more 

efficient modification that creates less undesired modifications (Chen et al., 2019; Capdeville 

et al., 2023). Hence, for a de novo domestication, all methods are suitable, but PE and BE are 

the best fit (Curtin et al., 2021). 
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For a successfully genome edited plant, the CRISPR/Cas cassette needs to be delivered into 

the plant (Østerberg et al., 2017). Different methods for this transformation have been 

developed. The most common one is the transformation via Agrobacterium tumefaciens, but 

Bombardement and Polyethylene Glycol (PEG) mediated transformation are suitable, too 

(Chen et al., 2019; Ahmar et al., 2023). However, for a broad use of CRISPR/Cas these 

transformation and regeneration protocols have to be genotype-independent while 

guaranteeing a high efficiency (Fernie & Yan, 2019, 2019; Cardi et al., 2023). Development of 

suitable transformation and regeneration protocols for CWRs are a challenging prerequisite for 

de novo domestication (Khan et al., 2019; Curtin et al., 2021). 

1.2.4 Successful examples of de novo domestication 

The concept of de novo domestication was proven in wild and orphan crop species from the 

Solanaceae genus and a wild relative of rice. 

Tomato (Solanum lycopersicum L.) is a widely studied model plant and a major crop plant with 

an established reference genome (The Tomato Genome Consortium, 2012). The closest wild 

relative of the domesticated tomato is Solanum pimpinellifolium L.. Therefore, it was a subject 

of a de novo domestication approach twice (Li et al., 2018; Zsögön et al., 2018). Main target 

traits were the modification of the plant growth habit and increased fruit size. For the former, 

SELF-PRUNING and SELF-PRUNING 5G were chosen for a determinant growth. Fruit size 

was targeted by the FASCIATE, FRUIT WEIGHT 2.2, LOCULE NUMBER and correlated 

genes CLAVATA3 and WUSCHEL. Both studies used a multiplex CRISPR/Cas9 editing 

approach and created loss of function mutations in the targeted genes (Li et al., 2018; Zsögön 

et al., 2018). Zsögön et al. (2018) furthermore improved the nutritional quality by targeting 

LYCOPENE BETA CYCLASE, leading to a higher accumulation of the antioxidant lycopene in 

edited S. pimpinellifolium fruits. Thus, it proved that not only the wild phenotype, but also quality 

traits can be a subject in a de novo domestication. Lemmon et al. (2018) targeted the same 

traits and genes in the orphan crop Physalis pruinosa, which belongs to the Solanaceae family. 

Since it is a more distant relative of Solanaceae without a published reference genome, 

genome and transcriptome assembly was carried out prior to transformation. The genome 

edited plants showed an altered plant architecture, increased locule number and fruit mass, 

hence proofing that the concept of de novo domestication was also applicable to more distant 

related crops (Lemmon et al., 2018). Another more distant related crop with a different ploidy 

level compared to its domesticate was the wild tetraploid Oryza alta, a wild relative of rice (Yu 

et al., 2021). The selection of an O. alta genotype as a target for de novo domestication was 

based on its high transformation and regeneration efficiency as well as its biotic and abiotic 

stress tolerance (Yu et al., 2021). Due to different genomes compared to O. sativa (AA) and 

ploidy levels, a high-quality genome was assembled differentiating for both sub-genomes. 
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Target traits for the de novo domestication of O. alta were shattering, awn length, plant height 

and grain length that were successfully modified by inducing frameshift mutations. 

Furthermore, base substitution was used to successfully alter Ideal Plant Architecture 1 (IPA1) 

via a gain-of-function mutation (Yu et al., 2021). This shows, that also taxa from a broader 

genepool can be used for a de novo domestication. 

 

1.3 Wheat diversity and nutritional value 

Wheat (Triticum spp.) together with rice and maize provides approximately 60% of human 

calories (Reynolds & Braun, 2022). Wheat accounts for 19% calories and 20% of proteins in 

the human diet (Langridge et al., 2022) and thus ensures food security. Currently, wheat is 

cultivated in many different environments and breeding efforts created suitable cultivars for 

different target environments (Crespo-Herrera et al., 2022). Wheat production is currently 

stable, but cultivation area is decreasing and annual productivity increases have stagnated. 

Due to a predicted population of 9.8 billion by 2050 this development imposes a threat to food 

security (Erenstein et al., 2022). Furthermore, land degradation, pest and diseases and the 

effects of climate change are challenges for future wheat yields (Foulkes et al., 2022). Yet, not 

only future wheat quantity is at risk, also the grain quality is impacted by elevated CO2, heat, 

drought and salinity (Shewry, 2009; Zahra et al., 2023). To combat these threats to food 

security, wheat relatives are an important resource since they harbor adaptive traits.  

1.3.1 Wheat diversity 

The Triticum genus is characterized by a wide diversity of taxa with different ploidy levels. The 

evolution of modern wheat was characterized by hybridization and polyploidization with 

members of the Triticum and Aegilops genus. Bread wheat, T. aestivum, has a hexaploid 

genome derived from the polyploidization event of a tetraploid wheat and Aegilops tauschii. 

Due to polyploidization and hybridization of different genera and domestication, the wheat 

gene pool harbors a broad and diverse germplasm. Wheat and its relatives are classified into 

primary, secondary and tertiary gene pools with respect to their genomic constitution, cross-

ability and their degree of relationship (Tadesse et al., 2019). The primary gene pool includes 

cultivars, landraces and wild species that are readily crossable with wheat and give rise to 

fertile hybrids (Tadesse et al., 2019; Gupta et al., 2020). This includes the wild Emmer wheat 

Triticum dicoccoides (Körn. ex. Aschers. & Graebner) Schweinf. (2n = 4x = 28, BBAuAu) and 

domesticated Emmer Triticum dicoccon Schübl. (2n = 4x = 28, BBAuAu) and Triticum durum 

Desf. (2n = 4x = 28, BBAuAu), the wild A genome donor Triticum urartu Thumanjan ex 

Gandilyan (2n = 2x = 14, AuAu) and Ae. tauschii (Tadesse et al., 2019; Gupta et al., 2020; King 

et al., 2022). Taxa that have one or more homologeous genome with wheat are grouped in the 
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secondary gene pool (Tadesse et al., 2019; Gupta et al., 2020). The GGAA wheats 

Triticum araraticum Jakubz. (2n = 4x = 28, GGAtAt) (wild) and Triticum timopheevii (Zhuk.) 

Zhuk (2x = 4n = 28, GGAtAt) (domesticated) belong to the secondary genepool as well as 

Aegilops speltoides Tausch (2n = 2x = 14, BB/GG) (Tadesse et al., 2019; Gupta et al., 2020; 

King et al., 2022). The diploid domesticated Einkorn Triticum monococcum L. (2n = 2x = 14, 

AA) and its wild relative Triticum boeoticum Boiss (2n = 2x = 14, AA) are also part of the 

secondary genepool (Schoen et al., 2024). Crossability of taxa from the secondary gene pool 

is more difficult and might require embryo rescue (Tadesse et al., 2019; Gupta et al., 2020). 

Special techniques for crossing wheat with taxa of the tertiary genepool are necessary due to 

the homoelogity of the chromosomes (King et al., 2022). This criteria accounts for taxa of 

Aegilops, that were not involved in wheat evolution and other genera such as Thinopyrum and 

Secale (Tadesse et al., 2019; Gupta et al., 2020; King et al., 2022).  

A comprehensive overview of the domestication history of diploid, tetraploid and hexaploid 

wheats and their distribution is provided in Chapter 2 (Zeibig et al., 2022).  

1.3.2 Wheat grain quality 

As mentioned above, wheat mainly provides proteins and carbohydrates (Shewry, 2009; 

Igrejas et al., 2020). Starch accounts for 70-80% of the carbohydrates in the endosperm of 

wheat grains (Shewry, 2009; Lafiandra et al., 2014; Guzmán et al., 2022). Wheat also provides 

a high amount of protein for human nutrition (Shewry, 2009). Wheat protein contains mostly 

gluten that confers the viscoelasticity of the dough and determines end use quality (Wieser, 

2007; Shewry, 2009; Biesiekierski, 2017). Essential amino acids, dietary fibers, minerals and 

vitamins characterize wheat’s nutritional value (Shewry, 2009; Shewry & Hey, 2015; Igrejas et 

al., 2020; Govindan et al., 2022). Dietary fiber improves gut bacteria and prevents high peaks 

in blood glucose by a slower release (Lafiandra et al., 2014; Govindan et al., 2022). Mature 

wheat grains contain about 10% dietary fiber, mainly composed of cellulose, arabinoxylan and 

β-glucan (Lafiandra et al., 2014; Shewry & Hey, 2015). Since they are a cell wall 

polysaccharides, they are prevalently located in the aleurone and pericarp (Shewry & Hey, 

2015). The wheat bran is the storage site for B-vitamins provided by the wheat grain (Shewry 

& Hey, 2015). B-vitamins found in wheat grain are Niacin, Riboflavin, Thiamin, Folate and B6 

(Piironen & Salmenkallio-Marttila, 2009). Therefore, these nutritional components are 

prevalent in whole wheat foods but lacking in refined wheat flour. Breeding for high yield has 

been the major focus in the past, but providing sufficient minerals is an important target, too 

(Poole et al., 2021). Wheat supplies minerals and micronutrients, but especially Iron (Fe), Zinc 

(Zn), Copper and Manganese contents are insufficient (Piironen & Salmenkallio-Marttila, 

2009). Taking into account that bioavailability of micronutrients is also hampered by anti-

nutritive compounds such as phytate, wheat might not be able to provide adequate supply of 

micronutrients. Therefore, especially in regions where wheat is a major staple, it needs to 
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provide a significant share of macro- and micronutrients for a healthy diet. Yet grain quality is 

a highly variable trait, depending on genotype, cultivation and especially environmental effects. 

Therefore, improvement of grain quality can be achieved by various approaches, such as 

breeding with exotic germplasm (Monasterio & Graham, 2000; Cakmak et al., 2004; Chhuneja 

et al., 2006; Johns & Eyzaguirre, 2007; Rawat et al., 2009; Chatzav et al., 2010), biotechnology 

approaches (Shewry, 2007; Shewry, 2009; Ali & Borrill, 2020) and agronomic practices for 

biofortification (Johns & Eyzaguirre, 2007; Cakmak et al., 2010). 
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1.4 Aims and Objectives 

Wheat plays a pivotal role in food security and providing nutritious food. Wild wheats harbor 

beneficial grain quality traits that were altered during domestication and subsequent breeding 

in modern wheat cultivars (Cakmak et al., 2000; Arora et al., 2019; Biel et al., 2021; Debnath 

et al., 2023). Unique wild traits, e.g. nutritional quality, could be retained via a de novo 

domestication that facilitates the use of CWRs directly by only modifying selected genes for 

cultivation (Zsögön et al., 2018). Therefore, a de novo domestication of wild wheat would 

bypass the effect of domestication and maintain favorable nutritional traits. The aim of this 

thesis was to explore the wild Triticum taxa for their agricultural and domestication potential 

and thus to pave a way for a de novo domestication of wild wheat with beneficial grain quality. 

An overview of Triticum’s evolutionary history, origin and wild taxa in the Triticum genepool 

was provided (Chapter 2). Further, grain quality traits of wheat relatives and their evolutionary 

pattern were reviewed. The current knowledge on grain Fe and Zn concentration including a 

quantitative meta-analysis in wheat relatives, their potential for improved baking quality by 

glutenin subunits and celiac disease safe gliadins and their antioxidant properties was 

summarized. Based on this review, knowledge gaps on neglected wild wheat taxa and on the 

Triticum taxa regarding grain quality traits were identified (Chapter 2, Zeibig et al. (2022)).  

For a de novo domestication, the wild wheats need to be able to grow in the selected 

environment. Wheat’s origin is located in the Fertile Crescent (Feldman & Levy, 2023) and 

therefore the climatic conditions of the central European climate that was chosen as a target 

environment differ (Jaradat, 2017). The suitability of the temperate central European climate 

as a target environment for the wild Triticum taxa, including neglected taxa identified in Chapter 

2, was assessed (Chapter 3, Zeibig et al. (2024a)). Furthermore, domestication changed traits 

and underlying genetic base of crops that enabled their cultivation. The phenotypic differences 

between wild and domesticated and modern wheat cultivars were analyzed and derived target 

traits and genes that should be priority for a de novo domestication were proposed (Zeibig et 

al., 2024a).  

Domestication not only altered the phenotype of wheat but also the grain quality and its 

composition. The literature review in Chapter 2 provided insights on beneficial grain 

micronutrients Fe and Zn concentrations in wild wheat compared to modern cultivars. The 

accumulation of high grain Fe and Zn concentration was associated with higher Grain Protein 

Content (GPC). For the Total Phenolic Content (TPC), no clear pattern was identified (Zeibig 

et al., 2022). To elucidate the alteration of these wheat grain quality traits by domestication, 

the differences in grain quality between the wild Triticum wheats and their domesticated 

landrace taxa that showed a good suitability to the temperate central European climate were 

analyzed (Chapter 4, Zeibig et al. (2024b)). The GGAA wheats were recognized as neglected 
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taxa regarding grain quality analyses and therefore the untapped grain quality potential of the 

GGAA wheats was identified (Chapter 4). Based on their grain quality characteristics, selected 

genotypes for a de novo domestication project were proposed. The results of this project will 

help to elucidate the scope of using wild wheats via de novo domestication to develop 

diversified and balanced diets and offering an alternative pathway for wheat breeding. 
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5 Discussion 

5.1 Wheat diversity and domestication 

Domestication of wheat took place in the Fertile Crescent and is thus wheat’s center of diversity 

(Feldman & Levy, 2023). However, the Fertile Crescent is a vast area and therefore wheat 

species are shaped by topographic and climatic influences. The Triticum genepool comprised 

four wild taxa, two diploid taxa T. urartu and T. boeoticum and two tetraploid taxa 

T. dicoccoides and T. araraticum. Except T. urartu, the wild taxa are related to domesticated 

landrace taxa T. monococcum, T. dicoccon and/or T. durum and T. timopheevii, respectively. 

The hexaploid T. aestivum and T. zhukovskyi form domesticated hexaploid landrace taxa. 

Research on the origin and evolution of the GGAA wheats T. araraticum, T. timopheevii and 

T. zhukovsyki recently received interest and knowledge is building up (Badaeva et al., 2021; 

Zeibig et al., 2022; Feldman & Levy, 2023). In conclusion the Triticum taxa offers a broad 

diversity that can be explored for a de novo domestication.  

 

5.2 Grain quality in wild wheat 

The wild wheat taxa have not underwent breeding and thus harbor an untapped diversity 

(Zeibig et al., 2022). The meta-analysis revealed an elevated grain Zn concentration and 

greater diversity in the wheat wild relatives compared to domesticated wheats. Only little 

variation was found in the grain Fe concentration between wild and domesticated taxa (Zeibig 

et al., 2022). Elevated grain micronutrient concentration was associated with the functional 

GPC-gene conferring accelerated senescence and higher GPC (Distelfeld et al., 2007; Waters 

et al., 2009; Avni et al., 2014). Functionality of the GPC-gene was found in T. dicoccoides, but 

not in domesticated T. durum and T. aestivum (Uauy et al., 2006). Thus GPC, together with 

grain Fe and Zn concentration, was included in the grain quality analysis of Chapter 4. Rare y 

- high molecular glutenin subunits showed a great diversity in wild and domesticated diploid 

wheat species and wild Emmer (Zeibig et al., 2022). Focusing on gliadins in gluten, all wheat 

taxa harbored harmful epitopes that could confer celiac disease (Zeibig et al., 2022). In 

conclusion, wheat relatives can improve the baking quality but are not suitable for celiac 

disease patients. The review in Chapter 2 further revealed a scarce and contradictory data 

situation regarding the TPC in wheat and its wild relatives and no clear evidence for beneficial 

TPC in wheat wild relatives was found (Zeibig et al., 2022). Therefore, this parameter was also 

included in the grain quality analysis in Chapter 4. Comparable for the current knowledge on 

the evolutionary history, only few data was available for the grain quality of GGAA wheats. The 

grain quality of T. urartu has received little attention to date (Talini et al., 2020). Therefore, the 

potential of GGAA wheats and T. urartu for grain micronutrient concentration, gluten 
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composition and TPC remain to be elucidated. The gradual transformation from a wild to a 

domesticated wheat influenced the grain quality shown by grain micronutrient concentration 

and GPC. To support this observation, the wild wheats were grown and analyzed in 

comparison with their domesticated landrace taxa. If proven to be true, those taxa are ideal for 

de novo domestication to bypass the effect of domestication on grain quality.  

 

5.3 Phenotyping wild wheat for a de novo domestication 

5.3.1 The Triticum genepool offers taxa that is suitable for the cultivation in a central 

European climate  

De novo domestication offers the opportunity to broaden agrobiodiversity in the crop cultivation 

system (Fernie & Yan, 2019; Luo et al., 2022; Hebelstrup et al., 2023). Therefore, the suitability 

of the taxa in the target environment and agricultural system needs to be assessed (Fernie & 

Yan, 2019; Fernie et al., 2021; Luo et al., 2022). Information on the performance and suitability 

of wild wheats and GGAA wheats is rare and thus, this step was crucial to explore the 

domestication and agricultural potential of wheat wild relatives. 

Originally from the Fertile Crescent, the wild wheats were grown out of their respective origin 

with cooler temperatures and higher precipitation (Willcox, 2005; Jaradat, 2017; Zeibig et al., 

2024a). Despite these conditions, the wild wheats showed a good adaptability to the central 

European climate indicated by phenological and physiological observations (Zeibig et al., 

2024a). This observations aligned with the findings that wild crop progenitors already harbor 

beneficial ecophysiological traits and can thus be utilized as agricultural crops (Gómez-

Fernández et al., 2024). Hence, this first assessment verifies the suitability of wild wheats to 

the central European climate.  

5.3.2 Wild wheats exhibit phenotypic traits that need to be targeted and modified in de novo 

domestication 

Traits in wild wheats distinguished them clearly from domesticated landraces and modern 

cultivars. These traits were grouped related to cultivation for the loss of shattering and reduced 

height, harvest for the ease of threshing and yield for increase in spikelets per spike and grain 

number per spike. Associated target genes for the respective traits were proposed to be edited 

in a de novo domestication (Zeibig et al., 2024a).  

The loss of shattering is a key domestication trait controlled by the Brittle rachis gene 1 and 2 

(Btr1, Btr2), that was first discovered in barley (Pourkheirandish et al., 2015). Homoelogeous 

Btr1 and Btr2 genes were also found in T. dicoccoides, T. monococcum and T. durum, located 

on the short arm of chromosome 3 (Avni et al., 2017; Pourkheirandish et al., 2018) (Tab. 1). 
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Non brittleness in T. monococcum and T. durum was derived by a loss of function mutation in 

Btr1. For the former, this was achieved by an amino acid substitution from alanine to threonine 

(Pourkheirandish et al., 2018). In T. durum the non-shattering phenotype occurred by a 2 bp 

deletion in Btr1-A causing a frameshift mutation and a 4 kbp insertion 50 bp upstream of the 

stop codon of Btr1-B, both leading to a loss of function (Avni et al., 2017). Hence targeting of 

Btr1 over Btr2 should be prioritized in a modification for a de novo domestication. For the 

GGAA wheats, genetic analysis of the Brittle rachis gene identified different haplotypes for 

Btr1-A, but amplification for Btr1-G failed. However, one identified haplotype in Btr1-A was 

characterized by a frameshift mutation causing changes in seven amino acids and thus 

proposed to alter protein function. This potential change in protein function was suggested to 

contribute to the loss of shattering phenotype in domesticated T. timopheevii (Nave et al., 

2021). 

Non-free threshing wheats have tough glumes that cover the grains tightly and thus hamper 

post-harvest processing, whereas free threshing wheats have non-toughened glumes that 

release the grains upon threshing (Faris, 2014). Unlike for the loss of shattering, the free 

threshing character in wheat is controlled by multiple genes. The Q gene is a transcription 

factor belonging to the APTETALA2 (AP2) family on chromosome 5A (Faris & Gill, 2002; 

Simons et al., 2006). A change in one amino acid via a Single Nucleotide Polymorphism (SNP) 

and changes in the miR172 binding site caused a gain of function from q to Q (Simons et al., 

2006; Zhang et al., 2011). The free threshing character was conferred by a change from q to 

Q on chromosome 5A, whereas the q gene on 5B was identified as a pseudo gene that was 

still transcriptional active (Zhang et al., 2011) (Tab. 1). Therefore, the modification of q to Q on 

chromosome 5A should be prioritized in a de novo domestication. The Q gene has the largest 

effect on the free threshing phenotype but also tg that contributes to the tenacious glume trait 

is required for a full free threshing phenotype (Sharma et al., 2019). Tg was first identified in 

Ae. tauschii. In T. aestivum it is located on chromosome 2D and homoeologs were found on 

chromosome 2A and 2B (Simonetti et al., 1999; Faris et al., 2014; Sharma et al., 2019).The 

molecular mechanism behind Tg still needs to be resolved. sog on Chromosome 2 conferred 

threshability in T. monococcum sinskaje, but its role in polyploid wheats yet needs to be 

determined (Sood et al., 2009) (Tab. 1). In a de novo domestication of a tetraploid wheat the 

combination of tg2Atg2BQ should to be achieved due to their additive effect in threshability 

(Sharma et al., 2019).  

The formation of short plants has been a key success factor during the green revolution. Rht-

B1b and Rht-D1b (Rht = Reduced height) located on chromosomes 4BS and 4DS were genes 

causing the dwarfing phenotype in wheat by interfering in the gibberellin (GA) pathway (Peng 

et al., 1999). Likewise, this initiated negative effects regarding seedling growth due to GA 

insensitivity (Rebetzke et al., 2011; Würschum et al., 2017). The Rht dwarfing gene family 
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harbored GA-sensitive genes that reduced plant height but did not impair plant growth (Ellis et 

al., 2004). Among these genes, Rht5 (Chr. 3BS), Rht12 (Chr. 3AL) and Rht13 (Chr. 7BS) 

showed a height reduction (Ellis et al., 2005; Daoura et al., 2014) but Rht5 and Rht12 caused 

a yield reduction by a reduced grain number, spikelet number per spike and Thousand Kernel 

Weight (TKW) (Rebetzke et al., 2012; Chen et al., 2013; Daoura et al., 2014; Cui et al., 2022). 

In a de novo domestication, the occurrence and impact of a yield reduction caused by a 

modification of Rht genes in the wild wheats should be evaluated, since their yield was already 

reduced compared to domesticated landrace taxa and modern cultivars.  

 

Table 1: Overview of selected domestication alleles and loci in Triticum taxa 

Phenotype Wild allele Domesticated 

allele 

Taxa Locus Reference 

Loss of 

shattering 
Btr1 btr1 

T. boeoticum, 

T. monococcum 
3AS 

Pourkheirandish 

et al. (2018) 

 Btr1 btr1 
T. dicoccoides, 

T. durum 
3AS, 3BS 

Avni et al. 

(2017) 

Free 

threshing 
q Q T. aestivum 5AL 

Faris and Gill 

2002 

 Tg tg 

T. dicoccoides, 

T. dicoccon and 

T. durum 

2AS, 2BS 

Faris et al. 

(2014) (2B), 

Sharma (2019) 

(2A) 

 Sog sog T. monococum 2AS 
Sood et al. 

(2009) 

 

To improve yield in de novo domesticated wild wheat, genes of modern bread wheat increasing 

spikelet number per spike and grain number per spike were proposed (Zeibig et al., 2024a). 

WHEAT ORTHOLOG OF APO1 (WAPO1) on chromosome 7AL and FLOWERING LOCUS T2 

(FT2) on chromosome 3AS increased spikelet number per spike and grain number per spike. 

Ancient alleles of the respective genes were present in T. urartu and T. dicoccoides. The 

modern, spikelet and grain number per spike increasing alleles were derived from a change in 

amino acids (Kuzay et al., 2019; Glenn et al., 2022; Kuzay et al., 2022). Thus introducing 

sequences that result in the same amino acid changes in wild Triticum could be a potential 

target to improve yield traits by resembling the alleles of WAPO1 and FT2 of bread wheat 

cultivars.  

The proposed traits in Zeibig et al. (2024a) are in accordance with target traits of other de novo 

domestication studies (DeHaan et al., 2020; Yu et al., 2021). Hence in the future when de novo 
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domesticating species of the same genera, the identification of key target traits, such as 

shattering, can be proposed without thorough phenotyping. Yet, assessing the suitability of the 

respective location will remain a prerequisite. 

 

5.4 Beneficial grain quality traits in wild wheat 

After a successful assessment of the suitability of wild wheats to the central European climate, 

further beneficial characteristics in the wild wheats were identified in order to justify a de novo 

domestication.  

5.4.1 Grain quality is altered by domestication which is observable as differences in quality 

between wild wheats and their domesticated landrace taxa 

Crop wild relatives harbor beneficial nutritional characteristics that have been used for the 

improvement of modern crops (Hajjar & Hodgkin, 2007; Dempewolf et al., 2017). Therefore, it 

seems that during domestication the nutritional profile of crops changed (Fernandez et al., 

2021; Zeibig et al., 2022). For wheat this alteration was reflected in the grain micronutrient 

concentration and GPC which decreased from wild to domesticated taxa (Zeibig et al., 2022; 

Zeibig et al., 2024b). For the antioxidant potential and phytate concentration this pattern was 

not confirmed (Zeibig et al., 2024b). This leads to the assumption, that the grain quality was 

altered during domestication for distinct parameters. In lettuce, a comparison between wild 

species, traditional and commercial varieties revealed higher total ascorbic acid in the wild 

species (Medina-Lozano et al., 2021). For the total anthocyanin content, the wild species and 

traditional varieties did not show a significant difference (Medina-Lozano et al., 2021). This 

supports the observation that domestication did not alter all quality parameters. However 

studies that grew wild and domesticated crops under the same conditions and compared for 

their nutritional profile are limited (Fernandez et al., 2021). Therefore distinct grain quality 

parameters were altered during domestication, but not per se.  

5.4.2 GGAA wheats harbor untapped potential in terms of grain quality traits for wheat 

improvement  

As part of the secondary genepool of wheat, the utilization of GGAA wheats has not been a 

priority. However, there is increasing interest to explore their untapped diversity (Badaeva et 

al., 2021). Especially in the light of a de novo domestication where no breeding barriers have 

to be overcome, they could be of interest. Triticum araraticum and T. zhukovskyi were both 

outstanding taxa regarding the grain micronutrient concentration, estimated bioavailability and 

GPC. Furthermore, T. zhukovskyi was the only taxa with elevated TPC and Oxygen Radical 

Absorbance Capacity (ORAC) (Zeibig et al., 2024b). Triticum timopheevii was not recognized 
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for superior grain quality which might suggest a more distant relationship to T. araraticum and 

T. zhukovskyi (Badaeva et al., 2021). T. araraticum along with T. zhukovskyi harbors an 

untapped potential for the improvement of grain quality, especially for grain micronutrient 

concentration and estimated bioavailability.  

5.4.3 Selection of suitable genotypes based on their grain quality, yield and cultivation 

characteristics for de novo domestication 

The wild wheats were successfully analyzed for their suitability in the central European climate 

and beneficial grain quality characteristics. Based on their grain quality data, target genotypes 

were selected (Zeibig et al., 2024b). These observations were combined with their cultivation 

suitability and yield performance in order to prioritize genotypes (Fig. 1). Triticum araraticum 

showed a high diversity and favorable grain quality traits. Based on the estimated bioavailability 

and grain micronutrient concentration, four T. araraticum and one T. boeoticum genotype 

(Tab. 2) were proposed as potential candidates for a de novo domestication (Zeibig et al., 

2024b). 

 

Table 2: Selected genotypes for de novo domestication based on grain quality traits 

from Zeibig et al. (2024b) 

Genotype No Taxa Genome Genebank Identifier Origin 

27 T. boeoticum Ab PI 427583  
 

Turkey 

91 T. araraticum GA KU-8824A 
 

Iraq 

131 T. araraticum GA PI 427357 
 

Iraq 

139 T. araraticum GA KU-8713 
 

Iraq 

203 T. araraticum GA KU-1980A 
 

Iraq 

 

To assess their potential as future crops further, the yield parameters and phenotypic 

observations from the field trial (Zeibig et al., 2024a) were merged with the grain quality data 

(Zeibig et al., 2024b). For a better comparison of the individual genotypes, the values have 

been standardized using the z-standardization and the mean and standard deviation of the 

wild biological status group for the respective parameter (Fig. 1). Values > 0 for Number of 

tiller per plant, TKW, Grain weight per plant, Harvest Index (HI), Grain Fe concentration, Grain 

Zn concentration and GPC represent a superior performance in comparison to the wild 

biological status group. For all other traits, value < 0 are favorable.  

 



Discussion  68 
 

 

 

Figure 1: Comparison of cultivation, yield and grain quality traits for selected genotypes. The 

respective values have been standardized using z-transformation. Dotted lines represent the 

z-standardized trait values for each genotype in comparison to its biological status group. 

TKW = Thousand Kernel Weight, GPC = Grain Protein Content 

 

The diploid T. boeoticum (PI 427583) showed a high grain Zn concentration and estimated 

bioavailability. However, for cultivation its stem height was exceptionally high compared to the 

average height of the wild wheats, indicating a high biomass and proneness to lodging. Further, 

its yield performance was not outstanding. Therefore, T. boeoticum PI 427583 would be 

ranked at the lower end of the order for a de novo domestication. Two T. araraticum genotypes 

(KU-8824A and KU-8713) were similar for favorable grain quality, especially for grain Fe and 

Zn concentration and estimated bioavailability. KU-8713 showed slightly higher grain weight 

per plant and a lower stem height. For T. araraticum KU-8824A, the TKW was higher but 

therefore the grain weight per plant was lowest in comparison. PI 427357 had a high TKW and 

low hulled grain weight, with grouping at the average grain weight per plant (Fig. 1). Grain 

quality traits for KU-1980A and PI 427357 were nearly similar. There were no outstanding 

positive or negative characteristics for cultivation and yield parameters, respectively (Fig. 1). 

KU-8824A and KU-8713 would be favorites for a de novo domestication due to better grain 

quality, but the other two T. araraticum genotypes should still be considered and evaluated, 

since there are more criteria and demands that need to be met for a de novo domestication 

(Chapter 5.5) 
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5.5 Next steps for de novo domestication of T. araraticum 

The phenotypic evaluation and screening for suitable material based on the agronomic 

performance, suitability for target environment and beneficial grain quality traits was performed 

first. Genotypes of the wild GGAA wheat T. araraticum were identified as most promising. 

Following the example of wild allotetraploid rice O. alta (Yu et al., 2021), T. araraticum 

genotypes should be evaluated regarding their transformation and regeneration efficiency rate 

followed by a design of a reference genome for the best performing genotype (Fig. 2).  

5.5.1 Next steps – Target gene sequences 

For the identification of the domestication gene sequences and subsequent design of single 

guide RNA (sgRNA) for genome editing, genomic information is required. Knowledge of genes 

and their function can be transferred between related species (Bartlett et al., 2023). Since 

T. araraticum was derived from a hybridization of T. urartu and a relative of Ae. speltoides, 

their genome sequences (Ling et al., 2013; Ling et al., 2018; Avni et al., 2022; Li et al., 2022) 

could also be used as templates for gene sequences and for assembly. Also, the wild Emmer 

reference genome (Avni et al., 2017) could serve as a source for this information. Zeng et al. 

(2020) identified putative sequences of Btr1 and Btr2 from Hordeum vulgare ssp. spontaneum 

in the Triticeae tribe, including T. boeoticum, T. urartu, T. dicoccoides and Ae. speltoides. 

These sequences can be used as a template for an identification of orthologues for the brittle 

rachis trait in T. araraticum (Tab. 3) and thus be a first step for the modification into a 

domesticated crop. However, some gene sequences were derived from the B genome (Tab. 

3) and thus their effect need to be validated for the G genome background. Due to a common 

ancestry between T. urartu, T. dicoccoides and T. araraticum genes located on the A-genome 

could be more straightforward to be identified in T. araraticum. 
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Table 3: Putative Btr1 and Btr2 sequences in Triticum and Aegilops taxa identified in Zeng et al. (2020) 

Taxa Clade predicted 
in Zeng et al. 
(2020) 

Origin/database Chromosome Contig or 
gene ID 

Start-end (bp) Nucleotide 
length (bp) 

Reference in Zeng et al. 
(2020) 

 
  

 
  

 
  

  

T. boeoticum  Btr1 NCBI Unknown MG596317.1 734-1324 591 Pourkheirandish et al. 2018 

T. urartu Btr1 NCBI 3A CM009795.1 62106054-62106644 591 Ling et al. 2018 

T. dicoccoides Btr1 WEWseq v.1.0 3A 
 

61639327-61639917 591 Avni et al. 2017 

T. dicoccoides Btr1 WEWseq v.1.0 3B 
 

97628063-97628653 591 Avni et al. 2017 

T. dicoccoides Btr1 WEWseq v.1.0 3B 
 

97632952-97633542 591 Avni et al. 2017 

Ae. speltoides Btr1 Assaf Distelfeld, Tel 
Aviv University 

Unknown scaffold_1014 602503-603093 591 Distelfeld et al. (unpublished) 

 
  

 
  

 
  

  

T. boeoticum  Btr2 NCBI Unknown MG596329.1 389-985 597 Pourkheirandish et al. 2018 

T. urartu Btr2 NCBI 3A CM009795.1 62078935-62078339 597 Ling et al. 2018 

T. dicoccoides Btr2 WEWseq v.1.0 3A 
 

61601557-61600961 597 Avni et al. 2017 

T. dicoccoides Btr2 WEWseq v.1.0 3B 
 

93998410-93997811 600 Avni et al. 2017 

T. dicoccoides Btr2 WEWseq v.1.0 3B 
 

96349020-96348424 597 Avni et al. 2017 

T. dicoccoides Btr2 WEWseq v.1.0 3B 
 

96864571-96863975 597 Avni et al. 2017 

Ae. speltoides Btr2 Assaf Distelfeld, Tel 
Aviv University 

Unknown scaffold_5549 109653-109057 597 Distelfeld et al. (unpublished) 

bp = base pair
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5.5.2 Next steps – Extended assessment of phenotypic data  

The phenotyping and evaluation of growth, yield and grain quality has only been tested in one 

location for one growing season. For a more robust data regarding the cultivation and grain 

quality traits, the four T. araraticum genotypes should be grown in multiple locations (Fig. 2). 

This will further consider the environmental effect. Likewise, this will result in more grain 

material for a broader and more in depth analysis of the grain quality, like gluten content and 

baking quality as reviewed in Chapter 2 and in Nocente et al., (2022). These results will help 

to determine the end use quality and suitable product development for de novo domesticated 

T. araraticum (Fig. 2).  

5.5.3 Next steps - Performing de novo domestication for T. araraticum  

After the successful implementation of a transformation protocol and the identification of the 

sequence and prioritization of target genes, the actual de novo domestication can be 

conducted. Recent de novo domestication studies choose a stacking of genes, where multiple 

target genes were modified at once (Lemmon et al., 2018; Zsögön et al., 2018). The advantage 

of this approach was a shorter time duration leading to a de novo domesticated crop. Yet this 

approach need to be treated with caution when it comes to the modification of pleiotropic genes 

(Schaart et al., 2021). Furthermore, a good understanding of the gene’s role in the plant 

homeostasis is required (Bartlett et al., 2023). Phenotypic assessment of the transformed 

plants is necessary because of the possibility of multiple genes contributing to one trait. 

Another challenge is the tetraploidy of T. araraticum, because all gene copies on the sub-

genomes need to be edited due to functional redundancy (Kim et al., 2018). Therefore, similar 

conserved regions in the homologous sequences of the sub-genomes can be identified and 

targeted by one sgRNA during genome editing. In case of no such regions, individual sgRNAs 

for each gene copy need to be designed (Zhou et al., 2023) (Fig. 2). 

The obstacles for a de novo domestication of T. araraticum can be overcomed using genomic 

and molecular biology methods. Yet, suitable future use scenarios for cultivating de novo 

domesticated wild wheat need to be developed. 
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Figure 2: Schematic overview for proposed next steps for a de novo domestication of 

T. araraticum 

 

5.6 Future scenarios for de novo domesticated T. araraticum 

Performing de novo domestication in wild wheat is a time consuming and work intensive task. 

In order to justify this amount of work and to contribute to food security, future use scenarios 

for de novo domesticated wild wheat will be outlined.  

5.6.1 Scenario 1 - De novo domesticated T. araraticum in a modern wheat cultivation system 

The most obvious scenario is to grow de novo domesticated wild wheat with elevated grain 

quality as a single crop in the field, following the example of modern wheat. This can broaden 

the crop rotation and thus diversity in the field. De novo domesticated T. araraticum would be 

grown like modern wheat cultivars including soil preparation, sowing practice and adjusted 

external inputs (Fig. 3). First of all, optimal sowing depth and density need to be identified. For 

wheat, the ideal sowing depth is 2-4 cm and sowing density is 200-400 seeds/m² depending 

on the sowing date. For T. araraticum, germination rate was observed to be lower (Zeibig, 

unpublished data/personal observation) and wild seeds have a high dormancy (Meyer & 

Purugganan, 2013). Studies on wild wheat germination rate are not existent and in Zeibig et 

al. (2024a) plants were pre-cultivated in a greenhouse before transplanted to the field. 

Therefore, higher sowing density would be suggested to ensure plant density. A high plant 

density is favorable for the suppression of weeds (Weiner et al., 2001) but increases 

intraspecific competition for nutrients, water and light vice versa. Modern wheats exhibit an 

erectophil phenotype, thus maximizing radiation use efficiency (RUE) for a higher 

photosynthetic rate in dense stands (Reynolds et al., 2009). Triticum araraticum showed a 
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broader canopy and therefore shading of leaves could occur, which hampers photosynthesis. 

Yield potential is the product of light intercepted, RUE and HI (Reynolds et al., 2012). Currently, 

the HI of T. araraticum was low and as elaborated earlier, its RUE might not be ideal. In 

conclusion, the current yield potential of a de novo domesticated T. araraticum is estimated to 

be low. This is further supported by the yield inferiority of wild wheats compared to landraces 

and modern cultivars (Zeibig et al., 2024a). Yield has been a selection target from the onset of 

domestication and still continues to date as it ensure food security and economic revenue for 

farmers (Law et al., 1978; Reynolds et al., 2012; Hawkesford et al., 2013; Meyer & 

Purugganan, 2013). Yield is a quantitative genetic trait and is comprised of different 

components, such as TKW, grain number per spike, spikelets per spike and spike number 

(Cao et al., 2020). Genes for yield increase by the modification of the spikelets per spike and 

grain number were proposed in Zeibig et al. (2024a). However, due to the quantitative genetic 

base and the long breeding efforts that have been invested in yield it will be difficult to achieve 

a similar yield level in T. araraticum like in modern wheat cultivars solely by genetic 

modification. Therefore, after a modification of the key domestication genes, a subsequent 

breeding program for yield improvement should be established without compromising on the 

beneficial grain quality traits. 

Instead of treating de novo domesticated wheat like a modern wheat cultivar applying identical 

expectations to it, taking advantages of its unique characteristics might result in a more suitable 

scenario. Arable land degradation imposes a huge threat to food security. Degradation 

processes involve aridity, soil erosion, salinization and loss of soil organ carbon that will 

challenge crop production on these soils (Prăvălie et al., 2021). Wild Emmer wheat and 

T. urartu showed a good adaptation potential to drought stress (Peleg et al., 2005; Pour-

Aboughadareh et al., 2017) and T. boeoticum increased antioxidants to cope with salinity 

(Ahmadi et al., 2018). For T. araraticum no such studies are existent to date. In areas where 

modern wheat cannot grow due to high presence of abiotic stresses and soil degradation, de 

novo domesticated wheats which can thrive in these harsh conditions can be cultivated and 

thus maintain a share of yield and productivity. 

In conclusion, growing de novo domesticated T. araraticum like modern wheat cultivars in their 

respective environment will have a low chance of realization due to yield inferiority. However, 

in fields where modern wheat cultivars might fail due to environmental constraints, they could 

inhabit that niche and maintain productivity (Fig. 3).  

5.6.2 Scenario 2 – De novo domesticated T. araraticum in a wheat variety mixture to increase 

wheat flour quality 

Growing a mix of varieties of the same species is a strategy to maintain yield stability while 

increasing diversity on the field and reducing external inputs (Kiær et al., 2009). Different 
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varieties increased yield and yield stability by compensating for biotic and abiotic stresses, 

mitigating diseases and spread, and utilizing resources differently (Kiær et al., 2009; Wuest et 

al., 2021; Vestergaard & Jørgensen, 2024). Bread and durum wheat were both cultivated 

successfully in a cultivar mixture and higher yields compared to monoculture systems were 

observed while maintaining GPC (Döring et al., 2015; Montazeaud et al., 2020). Adding de 

novo domesticated wheat to a cultivar mixture with modern wheat cultivars can be a good 

option to increase the micronutrient content of the flour while sustaining a high yield at the 

same time (Fig. 3). Due to a synchronized phenology, the de novo domesticated T. araraticum 

aligns with the modern wheat cultivars (Zeibig et al., 2024a). Furthermore, lodging was 

observed to be reduced in mixtures (Vestergaard & Jørgensen, 2024), which would be 

favorable for de novo domesticated T. araraticum. Since it has a wild growth habit and was not 

designed for a monocrop system, it could also thrive in a mixed cropping system and capture 

different niches not utilized by the modern cultivars (Wuest et al., 2021). Therefore the 

application of external inputs could be reduced (Wuest et al., 2021; Vestergaard & Jørgensen, 

2024). By combining modern wheat cultivars and de novo domesticated T. araraticum the 

lower yield potential of de novo domesticated T. araraticum would be compensated and its 

elevated grain quality could improve the nutritional value.  

5.6.3 Scenario 3 – De novo domesticated wild wheat as a pre-breeding resource 

Wild wheats offer favorable traits and have been recognized as a cradle of genetic and trait 

diversity. To ensure genetic gain of wheat, landraces and wild wheats have been recognized 

as a great source to introduce diversity (Kilian et al., 2021; Sukumaran et al., 2022). Main 

issues when crossing elite cultivars with landraces or wild wheats are crossing incompatibility, 

infertility and linkage drag (Sharma et al., 2013; Bohra et al., 2022; Sukumaran et al., 2022). 

The latter process will incorporate unfavorable traits that hamper the performance of modern 

cultivars. Especially wild traits are unwanted and to eliminate them, backcrosses or elite 

crosses are needed which is a time consuming process (Sharma et al., 2021; Sukumaran et 

al., 2022). Therefore, landraces are preferred for crosses with modern cultivars to incorporate 

new traits and wild wheats are neglected in pre-breeding programs (Sharma et al., 2021). By 

eliminating characteristic wild traits such as grain shattering and thus creating de novo 

domesticated wheats that equal landraces, wild wheat’s potential use as pre-breeding material 

could be increased (Fig. 3). However, crosses of de novo domesticated T. araraticum and 

modern wheat cultivars will still be challenging due to different chromosome number and origin 

(Tadesse et al., 2019; King et al., 2022). Furthermore, the target traits need to be defined for 

the respective pre-breeding program and whether they are of qualitative or quantitative nature. 

The former is easier to integrate in modern cultivars and its successful incorporation can be 

determined by genetic markers (Sukumaran et al., 2022). For quantitative traits, this is more 

challenging due to the large genotype x environment effect and cultivar-specific expression 



Discussion  75 
 

 

(Sharma et al., 2021; Sukumaran et al., 2022). Still the use of de novo domesticated wild wheat 

would broaden the access to plant genetic resource. Its unique characteristics would be used 

indirectly by introducing them in the genetic background of elite cultivars (Sukumaran et al., 

2022).  

 

Figure 3: Possible future cultivation scenarios for de novo domesticated T. araraticum 

 

Three different scenarios for the potential use of de novo domesticated T. araraticum have 

been outlined. Using them in species mixtures or as pre-breeding resource seems to be more 

suitable than as a single crop. Eventually, the application will also depend on consumer 

acceptance as well as the regulatory framework in the respective country. From a scientific 

point of view, de novo domesticated T. araraticum could be one component in building a more 

diverse and sustainable cropping system with providing nutritious food.  
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6 Conclusion 

Wheat wild relatives harbor a broad diversity which confers advantageous traits for biotic and 

abiotic stresses as well as for nutritional value. With the advent of genome editing, de novo 

domestication of wild wheats is a new approach, which directly modifies the wild wheats into 

cultivable crops instead of using them as a gene donor. In this thesis, the feasibility of wild 

wheats for a de novo domestication was assessed. Therefore, the suitability of the wild wheats 

for the target environment as well as target traits were analyzed. Further, genotypes with 

outstanding grain quality characteristics were identified and selected. 

The wild wheats showed a good suitability to the central European climate. Wild traits such as 

grain shattering clearly distinguished the wild wheats from the landrace taxa and modern wheat 

cultivars. Other traits were tightly hulled glumes, plant height and yield and target genes for 

modification of these traits for a de novo domestication were proposed. Grain quality traits 

were altered during domestication. The grain quality analysis revealed outstanding grain 

micronutrient concentration and estimated bioavailability, GPC and antioxidant potential within 

the GGAA wheats. Among the wild wheats, especially T. araraticum showed excellent 

characteristics for the respective traits except for the antioxidant potential, which was only 

superior in T. zhukovskyi. Therefore, four T. araraticum genotypes were selected as target 

genotypes for a de novo domestication.  

Future steps for a de novo domestication would now comprise further phenotyping in the field 

at different locations and analysis of grain quality characteristics, along with establishing a 

transformation protocol and a reference genome as well as the identification of orthologues. 

Furthermore, future use scenarios for de novo domesticated T. araraticum were outlined, 

indicating that also the cultivation system needs to be suitable for the crop’s requirement and 

that it should not be transferred to a modern wheat cropping system directly. Hence, de novo 

domesticated wheats can complement the cultivation system and increase diversity, but 

includes laborious tasks to reach this goal.  
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Appendix A 

 

 

Figure SI 1: Monthly mean temperature and monthly precipitation sum from November 2020 

until August 2021 at the research station at Giessen, Germany.  

Black line represents monthly mean temperature; bars show total monthly precipitation in mm. 
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Figure SI 2: Spikes of the four known wild wheat taxa T. urartu, T. boeoticum, T. araraticum, 

and T. dicoccoides after completion of anthesis (Z69). 
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Figure SI 3: NDVI for wild taxa, landraces, and modern cultivars. 

Shading indicates biological status group. Asterisks indicate significance between biological 

status groups (* = p < 0.05; ** = p < 0.01; *** = p < 0.001), ns. Indicates no significant 

difference, and different letters indicate significant differences among taxa (p < 0.05). 
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Figure SI 4: Number of tillers per plant for wild taxa, landraces, and modern cultivars. 

Shading indicates biological status group. Asterisks indicate significance between biological 

status groups (* = p < 0.05; ** = p < 0.01; *** = p < 0.001), ns. Indicates no significant 

difference, and different letters indicate significant differences among taxa (p < 0.05). 
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Figure SI 5: Harvest Index (HI) of wild taxa, landraces, and modern cultivars. 

Shading indicates biological status group. Asterisks indicate significant difference between 

different biological status groups (* = p < 0.05; ** = p < 0.01; *** = p < 0.001), ns. indicates no 

significant differences, and different letters indicate significant differences among taxa (p < 

0.05). 
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Table SI 1: Mean values of measured phenotypic parameters for each genotype 

Geno-
type 
Number 

Genus Taxon Genome Origin No. of 
tillers 

NDVI Heading Anthesis Stem 
height 
(cm) 

TKW (g) Hulless 
grain 
weight 
(g) 

Hulled 
Grain 
Weight 
(g) 

Harvest 
Index 

2 Triticum T. dicoccoides BA TUR 59.0 0.60 1409 1529 98.8 19.8 19.32 45.91 0.22 

3 Triticum T. aestivum BAD  OMN 34.3 0.64 1333 1446 101.5 39.4 40.32 62.50 0.44 

5 Triticum T. urartu Au LBN 32.0 0.67 1478 1563 89.3 10.7 12.59 17.70 0.33 

7 Triticum T. timopheevii GA  SU 43.3 0.64 1573 1721 127.8 42.3 55.50 76.38 0.34 

8 Triticum T. araraticum GA IRN 28.8 0.61 1342 1482 89.2 26.1 13.81 26.22 0.29 

10 Triticum T. aestivum BAD  AFG 16.8 0.61 1333 1472 89.9 26.8 28.84 29.70 0.33 

11 Triticum T. araraticum GA IRQ 20.0 0.61 1342 1487 94.4 20.6 9.68 22.77 0.24 

12 Triticum T. araraticum GA  TUR 38.5 0.65 1371 1508 96.1 27.4 26.05 51.13 0.28 

14 Triticum T. araraticum GA IRQ 53.8 0.60 1258 1428 NA 22.0 15.98 47.53 0.23 

15 Triticum T. monococcum Am TUR 69.5 0.70 1492 1644 111.4 14.4 29.21 56.93 0.25 

16 Triticum T. dicoccon BA  RUS 29.8 0.70 1478 1583 123.8 NA 32.45 49.44 0.35 

17 Triticum T. urartu Au TUR 48.3 0.67 1331 1439 111.0 12.1 16.16 29.17 0.26 

18 Triticum T. boeoticum Ab  LBN 58.0 0.65 1400 1540 119.0 NA NA 53.35 NA 

22 Triticum T. dicoccoides BA ISR 31.8 0.58 1318 1438 118.7 33.7 15.42 49.80 0.21 

23 Triticum T. araraticum GA IRN 41.8 0.58 1351 1508 91.5 22.1 14.75 30.01 0.26 

24 Triticum T. zhukovskyi GAA GEO 25.5 0.58 1619 1743 109.6 27.1 7.33 18.35 0.11 

25 Triticum T. monococcum Am TUR 67.3 0.70 1467 1597 113.3 18.2 23.52 50.46 0.21 

27 Triticum T. boeoticum Ab  TUR 38.3 0.67 1325 1487 134.0 14.5 17.67 40.02 0.21 

30 Triticum T. araraticum GA TUR 37.8 0.65 1419 1540 96.9 30.4 23.73 49.27 0.29 

31 Triticum T. araraticum GA IRQ 35.5 0.61 1366 1492 94.9 22.2 17.92 37.39 0.27 

32 Triticum T. araraticum GA TUR 34.0 0.58 1286 1438 90.3 NA NA 35.36 NA 

33 Triticum T. boeoticum Ab  TUR 34.0 0.67 1414 1553 111.8 13.7 20.14 39.24 0.25 

36 Triticum T. araraticum GA AZJ 35.8 0.62 1513 1626 102.8 23.3 14.02 31.31 0.26 

38 Triticum T. araraticum GA SYR 39.3 0.65 1320 1471 88.3 29.4 20.51 58.65 0.26 

39 Triticum T. araraticum GA TUR 51.0 0.60 1353 1503 93.5 23.9 19.55 45.17 0.27 

40 Triticum T. boeoticum Ab  TUR 44.0 0.66 1312 1477 106.9 14.8 20.18 38.86 0.22 
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Geno-
type 
Number 

Genus Taxon Genome Origin No. of 
tillers 

NDVI Heading Anthesis Stem 
height 
(cm) 

TKW (g) Hulless 
grain 
weight 
(g) 

Hulled 
Grain 
Weight 
(g) 

Harvest 
Index 

41 Triticum T. durum cv. BAD NA 30.3 0.66 1400 1539 63.6 33.7 52.23 68.97 0.45 

42 Triticum T. araraticum GA ARM 13.5 0.64 1437 1509 106.5 31.0 12.19 21.77 0.25 

44 Triticum T. araraticum GA TUR 32.3 0.66 1466 1567 105.1 32.4 29.69 52.56 0.29 

45 Triticum T. urartu Au SYR 36.3 0.63 1254 1381 108.5 10.1 14.91 28.85 0.29 

47 Triticum T. araraticum GA TUR 39.3 0.62 1362 1498 98.6 29.0 30.14 55.21 0.26 

52 Triticum T. araraticum GA IRQ 39.8 0.64 1275 1433 104.5 25.0 24.65 47.64 0.28 

53 Triticum T. araraticum GA TUR 33.5 0.67 1380 1503 85.5 27.9 17.60 35.63 0.31 

55 Triticum T. aestivum BAD ESP 18.5 0.65 1372 1478 99.3 47.2 27.94 33.40 0.44 

56 Triticum T. araraticum GA TUR 41.5 0.61 1366 1498 97.3 NA NA 51.76 NA 

57 Triticum T. araraticum GA NA 30.5 0.61 1365 1492 85.8 27.8 11.34 26.85 0.29 

59 Triticum T. araraticum GA IRQ 30.5 0.59 1329 1457 91.8 25.1 14.85 34.66 0.27 

60 Triticum T. araraticum GA TUR 28.8 0.59 1333 1471 82.9 24.5 16.88 29.84 0.28 

61 Triticum T. araraticum GA IRQ 43.0 0.60 1321 1466 86.5 24.7 19.30 34.71 0.28 

62 Triticum T. boeoticum Ab  TUR 26.5 0.62 1518 1626 100.0 13.7 13.38 18.00 0.25 

63 Triticum T. araraticum GA IRQ 24.5 0.59 1330 1463 90.9 NA NA 14.29 NA 

64 Triticum T. araraticum GA TUR 35.3 0.65 1395 1535 93.4 30.0 18.69 37.43 0.29 

65 Triticum T. dicoccon BA TUR 58.0 0.70 1442 1549 99.3 27.5 32.08 44.12 0.38 

66 Triticum T. boeoticum Ab  HUN 41.3 0.64 1508 1656 106.4 12.5 18.54 29.51 0.30 

67 Triticum T. araraticum GA IRQ 18.8 0.60 1351 1482 94.5 30.0 9.39 25.91 0.22 

69 Triticum T. araraticum GA SYR 29.5 0.64 1375 1498 79.3 23.3 10.28 26.86 0.20 

70 Triticum T. araraticum GA TUR 50.0 0.68 1462 1568 123.6 28.1 28.81 62.05 0.26 

71 Triticum T. araraticum GA TUR 20.3 0.52 1419 1498 71.6 11.3 4.40 12.61 0.13 

73 Triticum T. dicoccon BA MAR 24.0 0.59 1342 1456 76.8 NA NA 37.66 NA 

77 Triticum T. dicoccon BA ISR 31.5 0.63 1609 1710 108.8 44.5 70.1 90.9 0.3 

79 Triticum T. urartu Au IRN 24.0 0.66 1299 1410 103.6 11.3 9.2 17.6 0.3 

81 Triticum T. urartu Au IRN 33.0 0.66 1325 1447 112.3 NA NA 23.1 NA 

82 Triticum T. durum BA  MAR 23.5 0.67 1456 1568 96.5 NA NA 61.6 NA 
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Geno-
type 
Number 

Genus Taxon Genome Origin No. of 
tillers 

NDVI Heading Anthesis Stem 
height 
(cm) 

TKW (g) Hulless 
grain 
weight 
(g) 

Hulled 
Grain 
Weight 
(g) 

Harvest 
Index 

83 Triticum T. araraticum GA IRQ 29.0 0.64 1287 1429 84.6 22.7 13.2 21.4 0.3 

84 Triticum T. dicoccon BA  ROM 46.5 0.62 1675 1744 122.3 31.0 62.1 99.2 0.3 

85 Triticum T. dicoccoides BA ISR 21.5 0.60 1382 1528 86.2 NA NA 41.7 NA 

90 Triticum T. dicoccoides BA TUR 41.0 0.60 1395 1492 97.0 29.2 21.5 47.9 0.2 

91 Triticum T. araraticum GA NA 30.0 0.64 1349 1483 91.6 30.8 14.3 33.1 0.2 

92 Triticum T. durum BA FRA 20.8 0.62 1424 1552 53.9 35.7 24.2 34.8 0.3 

93 Triticum T. timopheevii GA  SU 30.8 0.66 1577 1721 118.1 44.8 36.3 50.1 0.4 

95 Triticum T. timopheevii GA  TUR 32.0 0.66 1512 1657 119.9 44.9 43.3 61.6 0.4 

99 Triticum T. araraticum GA IRN 34.8 0.63 1326 1458 88.0 22.5 14.4 24.2 0.3 

101 Triticum T. dicoccoides BA SYR 36.8 0.61 1334 1458 96.6 27.9 27.5 55.5 0.3 

102 Triticum T. araraticum GA IS 22.8 0.59 1269 1410 98.0 33.9 21.5 49.1 0.3 

103 Triticum T. araraticum GA TUR 35.3 0.59 1390 1519 83.6 29.2 24.7 46.6 0.3 

104 Triticum T. araraticum GA IRQ 25.5 0.62 1380 1514 83.0 27.7 12.7 22.3 0.3 

105 Triticum T. monococcum Am GRC 42.5 0.65 1533 1657 96.5 18.6 22.1 32.6 0.3 

107 Triticum T. araraticum GA IRQ 35.5 0.63 1305 1443 93.3 27.0 15.8 27.9 0.3 

108 Triticum T. zhukovskyi GAA GEO 26.5 0.63 1597 1739 105.0 40.4 7.6 20.6 0.1 

112 Triticum T. dicoccon BA  ESP 34.5 0.64 1530 1607 120.1 54.8 58.4 75.1 0.4 

114 Triticum T. araraticum GA IRN 39.5 0.59 1351 1487 91.5 NA NA 27.1 NA 

117 Triticum T. araraticum GA TUR  32.8 0.64 1410 1957 83.6 24.3 17.2 31.8 0.3 

118 Triticum T. dicoccoides BA LBN 29.8 0.62 1309 1433 93.8 29.9 23.7 45.7 0.3 

120 Triticum T. araraticum GA TUR 35.5 0.62 1381 1498 99.5 NA NA 37.5 NA 

121 Triticum T. araraticum GA  IRQ 39.5 0.62 1296 1442 97.8 23.0 19.3 47.9 0.3 

122 Triticum T. dicoccon BA IRN 54.0 0.66 1442 1549 116.1 38.4 52.8 56.5 0.4 

123 Triticum T. araraticum GA IRQ 13.8 0.60 1320 1428 58.4 NA NA 8.5 NA 

125 Triticum T. araraticum GA IRQ 32.3 0.58 1285 1419 96.3 NA NA 37.8 NA 

128 Triticum T. araraticum GA IRQ 32.3 0.61 1314 1442 76.6 24.3 16.1 30.9 0.3 

129 Triticum T. araraticum GA IRQ 13.0 0.61 1437 1549 68.0 NA NA 12.7 NA 
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Geno-
type 
Number 

Genus Taxon Genome Origin No. of 
tillers 

NDVI Heading Anthesis Stem 
height 
(cm) 

TKW (g) Hulless 
grain 
weight 
(g) 

Hulled 
Grain 
Weight 
(g) 

Harvest 
Index 

131 Triticum T. araraticum GA IRQ 27.5 0.59 1294 1438 94.5 29.6 17.2 26.5 0.3 

134 Triticum T. aestivum cv. BAD NA 17.0 0.63 1419 1582 62.4 38.8 45.4 52.2 0.5 

139 Triticum T. araraticum GA IRQ 27.8 0.60 1325 1463 81.3 26.7 21.3 35.7 0.3 

140 Triticum T. araraticum GA IRN 45.0 0.59 1304 1462 97.4 21.3 19.2 42.1 0.3 

141 Triticum T. araraticum GA IRN 30.5 0.62 1414 1525 105.5 30.9 24.0 41.6 0.3 

142 Triticum T. araraticum GA IRQ  25.0 0.62 1380 1512 96.0 29.2 15.4 36.2 0.3 

143 Triticum T. araraticum GA IRQ 30.5 0.59 1254 1405 107.8 25.8 18.5 36.8 0.3 

144 Triticum T. araraticum GA TUR 14.0 0.64 1342 1482 77.8 29.7 8.5 18.1 0.2 

145 Triticum T. dicoccon BA  IND 37.5 0.61 1318 1444 98.3 30.8 33.9 50.7 0.4 

146 Triticum T. aestivum cv. BAD NA 26.5 0.64 1424 1574 60.1 38.8 42.0 50.5 0.4 

151 Triticum T. araraticum GA IRQ 26.8 0.64 1321 1477 105.9 23.8 16.8 33.1 0.3 

153 Triticum T. araraticum GA IRQ 37.0 0.64 1215 1400 96.8 29.5 18.2 35.7 0.3 

154 Triticum T. araraticum GA TUR 26.3 0.68 1268 1404 101.8 10.5 12.5 19.2 0.3 

155 Triticum T. araraticum GA TUR 38.0 0.61 1361 1498 99.8 29.6 22.8 39.5 0.3 

156 Triticum T. araraticum GA TUR 23.8 0.60 1512 1621 100.8 29.6 19.6 32.4 0.3 

158 Triticum T. araraticum GA IRQ 30.0 0.66 1279 1438 85.8 25.5 12.0 28.4 0.3 

160 Triticum T. aestivum BAD IRN 27.0 0.55 1458 1558 92.1 39.4 62.8 55.1 0.4 

161 Triticum T. araraticum GA IRQ 29.0 0.58 1321 1452 95.6 27.5 23.5 39.6 0.3 

165 Triticum T. dicoccon BA  ETH 46.5 0.65 1275 1419 92.6 42.8 27.9 53.9 0.2 

166 Triticum T. urartu Au TUR 58.3 0.62 1453 1583 116.3 13.5 17.0 36.5 0.3 

167 Triticum T. durum cv. BA NA 16.8 0.65 1424 1528 73.9 30.2 37.1 40.5 0.4 

169 Triticum T. aestivum cv. BAD NA 21.0 0.62 1429 1539 57.2 44.5 43.9 50.3 0.4 

172 Triticum T. araraticum GA IRQ 34.3 0.61 1371 1503 100.0 NA NA 43.1 NA 

174 Triticum T. monococcum Am MAR 23.5 0.66 1472 1621 77.6 24.7 17.0 18.5 0.3 

177 Triticum T. araraticum GA TUR 28.5 0.64 1386 1856 92.0 30.3 20.9 35.9 0.3 

180 Triticum T. araraticum GA IRQ 40.8 0.58 1285 1419 92.2 28.4 15.2 35.4 0.3 

181 Triticum T. aestivum cv. BAD NA 34.0 0.60 1395 1572 65.3 42.4 86.7 91.9 0.5 
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Geno-
type 
Number 

Genus Taxon Genome Origin No. of 
tillers 

NDVI Heading Anthesis Stem 
height 
(cm) 

TKW (g) Hulless 
grain 
weight 
(g) 

Hulled 
Grain 
Weight 
(g) 

Harvest 
Index 

182 Triticum T. monococcum Am TUR 70.8 0.66 1559 1675 109.3 22.7 23.0 42.0 0.2 

185 Triticum T. araraticum GA TUR 56.5 0.63 1390 1508 106.5 29.9 23.3 51.0 0.3 

186 Triticum T. araraticum GA IRN 36.3 0.59 1308 1447 89.0 27.0 18.0 34.6 0.3 

188 Triticum T. durum BA  IND 18.8 0.57 1361 1487 72.4 NA NA 32.7 NA 

189 Triticum T. araraticum GA IRN 38.5 0.62 1326 1478 90.4 24.9 18.4 30.9 0.2 

191 Triticum T. araraticum GA NA 37.5 0.61 1390 1519 99.5 NA NA 53.5 NA 

192 Triticum T. monococcum Am ESP 72.3 0.74 1462 1587 117.1 19.4 32.1 63.2 0.2 

193 Triticum T. araraticum GA SYR 23.5 0.67 1272 1456 81.0 19.5 12.1 27.3 0.2 

194 Triticum T. araraticum GA IRQ 32.0 0.62 1322 1462 78.4 23.2 16.3 26.5 0.3 

195 Triticum T. monococcum Am ITA 57.5 0.68 1457 1593 128.3 24.2 46.0 59.3 0.3 

197 Triticum T. araraticum GA IRQ 15.0 0.56 1362 1503 77.8 NA NA 21.9 NA 

198 Triticum T. dicoccon BA  SYR 29.3 0.68 1498 1633 119.1 44.3 40.5 69.0 0.3 

199 Triticum T. araraticum GA IRQ 39.3 0.64 1329 1452 96.8 28.4 18.5 44.8 0.3 

200 Triticum T. araraticum GA ARM 34.3 0.65 1535 1631 90.0 15.6 14.3 33.4 0.2 

201 Triticum T. boeoticum Ab  TUR 73.5 0.65 1351 1508 98.4 12.9 25.7 53.4 0.3 

202 Triticum T. araraticum GA TUR 30.3 0.65 1424 1549 83.9 28.7 19.3 32.3 0.3 

203 Triticum T. araraticum GA IRQ 25.8 0.60 1330 1473 90.5 25.3 18.8 29.4 0.3 

205 Triticum T. araraticum GA IRQ 17.8 0.62 1385 1508 70.1 28.2 15.8 21.3 0.3 

206 Triticum T. dicoccoides BA IRN 14.3 0.43 1383 1470 48.0 NA NA 8.6 NA 

208 Triticum T. dicoccon BA  TUR 51.5 0.70 1492 1587 100.8 31.3 46.9 49.9 0.4 

210 Triticum T. durum BA ITA 31.0 0.62 1423 1524 124.8 57.6 86.1 122.8 0.4 

215 Triticum T. araraticum GA IRQ 26.3 0.63 1385 1529 94.4 30.9 26.5 38.1 0.3 

217 Triticum T. araraticum GA TUR 24.5 0.64 1414 1549 91.8 21.2 11.7 26.3 0.2 

218 Triticum T. dicoccon BA SVK 59.8 0.71 1452 1583 115.9 28.5 64.1 61.0 0.4 

219 Triticum T. araraticum GA TUR 19.0 0.66 1482 1598 100.5 31.2 14.1 30.1 0.3 

221 Triticum T. araraticum GA IRQ 21.5 0.59 1376 1507 66.9 26.2 13.1 21.0 0.3 

222 Triticum T. araraticum GA IRQ 23.0 0.60 1386 1512 NA 28.8 24.1 31.9 0.3 
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Geno-
type 
Number 

Genus Taxon Genome Origin No. of 
tillers 

NDVI Heading Anthesis Stem 
height 
(cm) 

TKW (g) Hulless 
grain 
weight 
(g) 

Hulled 
Grain 
Weight 
(g) 

Harvest 
Index 

224 Triticum T. araraticum GA TUR 46.5 0.63 1419 1540 111.0 NA NA 64.9 NA 

231 Triticum T. araraticum GA TUR 35.5 0.64 1409 1540 87.6 25.8 20.8 38.0 0.3 

232 Triticum T. araraticum GA TUR 42.3 0.67 1477 1593 114.1 34.5 39.0 68.4 0.3 

233 Triticum T. araraticum GA TUR 27.3 0.64 1415 1535 92.0 28.4 17.5 33.7 0.3 

236 Triticum T. araraticum GA IRQ 26.3 0.62 1266 1410 76.3 NA NA 16.5 NA 

237 Triticum T. araraticum GA ARM 18.0 0.64 1509 1620 66.8 NA NA 12.6 NA 

238 Triticum T. araraticum GA IRQ 31.3 0.60 1331 1458 89.5 27.9 14.4 27.6 0.3 

242 Triticum T. dicoccoides BA ISR 22.5 0.62 1203 1400 107.5 32.6 18.3 41.4 0.2 

243 Triticum T. dicoccon BA OMN 37.5 0.68 1210 1356 87.0 33.9 43.6 40.1 0.7 

244 Triticum T. araraticum GA SYR 40.0 0.66 1343 1458 92.2 30.4 17.0 46.4 0.2 

246 Triticum T. araraticum GA IRQ 42.0 0.63 1285 1438 98.8 22.4 9.1 32.9 0.2 

248 Triticum T. dicoccoides BA IRQ 49.3 0.64 1260 1395 90.6 25.6 22.6 47.6 0.3 
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Appendix B 

 

Figure SI 6: Yield data of wild taxa, landraces, and modern cultivars. (A) TKW (g) of wild taxa, 

landraces, and modern cultivars; (B) grain weight per plant (g) of wild taxa, landraces, and 

modern cultivars.  

Asterisks indicate significant differences between groups according to their biological status 

(*p < 0.05: **p < 0.01; ***p < 0.001), ns. indicates no significant difference, and different letters 

indicate significant differences among taxa (p < 0.05). Data adapted from Zeibig et al. (2024a) 
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Table SI 2: Grain quality parameters for different wheat genotypes (mean values) 

Geno-
type no. 

Taxon Genome Original 
sample 
number 

Other 
identifiers 

Origin Mean 
Fe 
(mg/kg) 

Mean 
Zn 
(mg/kg) 

Mean 
Phyt:Fe 

Mean 
Phyt:Zn 

Mean 
P 
(mg/g) 

Mean 
phytate 
(mg/g)  

Mean 
GPC 
(g/kg) 

TPC 
(µmol 
GAE/g) 

ORAC 
(µmol 
TE/g) 

2 T. dicoccoides BA PI 654339 
 

TUR 86.37 47.91 9.51 20.07 6.51 9.69 224.5 4.61 21.18 

3 T. aestivum BAD  IG 45071 
 

OMN 42.06 36.02 17.09 23.37 5.22 8.50 137.6 4.56 14.16 

5 T. urartu Au G 3246, PI 
428320 

ID 388 
EP047-1 

LBN 62.20 44.82 13.05 21.40 6.66 9.59 192.0 4.75 21.47 

7 T. timopheevii GAt KU-1820 TR 106 
TP041-
TP045 

SU 56.85 46.81 13.02 18.68 5.75 8.75 170.2 3.75 9.58 

8 T. araraticum GAt PI 427365 PI 427365; 
TR 133-1; 
TA 101 

IRN 90.72 68.76 9.33 14.42 6.45 10.00 252.5 4.08 16.29 

10 T. aestivum BAD  PI 367199 
 

AFG 47.83 46.01 17.58 20.78 6.76 9.65 167.0 4.86 18.23 

11 T. araraticum GAt KU-8706 8706 IRQ 88.38 53.12 10.07 18.60 6.96 9.88 259.1 3.98 16.53 

12 T. araraticum GAt KU-1960 
 

TUR 63.13 43.60 12.24 20.70 6.30 9.11 210.2 3.75 16.40 

14 T. araraticum GAt KU-8682 TR 61 
TP071 

IRQ 55.93 43.09 13.10 20.09 6.44 8.61 241.4 3.35 10.70 

15 T. monococcum Ab PI 119435  ID 05 
EP001-
EP002 

TUR 43.43 41.81 17.83 21.91 6.87 9.13 165.2 5.09 16.16 

16 T. dicoccon BA  PI 41025 
 

RUS 50.41 53.98 14.65 15.96 6.26 8.70 195.4 4.17 17.33 

17 T. urartu Au PI 428184 ID 1396 
EP036-
EP037 

TUR 68.48 59.01 11.98 15.98 6.68 9.50 228.0 4.49 17.54 

22 T. dicoccoides BA Gamla 1 
 

ISR 57.44 69.87 13.38 12.93 6.34 8.99 206.5 3.97 15.00 

23 T. araraticum GAt KU-8945 TR 101-1; 
KU-8945; 
2761 

IRN 66.17 57.17 12.04 16.32 7.16 9.41 246.8 3.98 15.23 

24 T. zhukovskyi GAtAb TRI 7258 
 

GEO 63.04 95.64 13.63 10.49 7.21 9.89 228.7 5.94 24.99 
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Geno-
type no. 

Taxon Genome Original 
sample 
number 

Other 
identifiers 

Origin Mean 
Fe 
(mg/kg) 

Mean 
Zn 
(mg/kg) 

Mean 
Phyt:Fe 

Mean 
Phyt:Zn 

Mean 
P 
(mg/g) 

Mean 
phytate 
(mg/g)  

Mean 
GPC 
(g/kg) 

TPC 
(µmol 
GAE/g) 

ORAC 
(µmol 
TE/g) 

25 T. monococcum Ab PI 119423  ID 492 
EP049-
EP057 

TUR 37.26 36.07 19.33 23.37 5.88 8.51 161.5 3.95 17.83 

27 T. boeoticum Ab  PI 427583  ID 716 
EP064-
EP066 

TUR 83.96 82.89 9.54 11.48 7.19 9.47 219.1 4.94 18.38 

30 T. araraticum GAt KU-1982 2797 TUR 78.76 49.04 9.16 17.27 5.75 8.53 151.2 4.08 13.49 

31 T. araraticum GAt KU-8774 KU-8774; 
TR80-4; 
8774 

IRQ 87.09 85.34 9.23 12.56 7.11 9.39 230.8 4.00 13.18 

33 T. boeoticum Ab  PI 427458  ID 597 
EP062-
EP063 

TUR 86.48 60.25 9.67 16.29 8.33 9.88 233.2 4.75 20.24 

36 T. araraticum GAt HTRI 
11356/76 

TR 122; 
2765 

AZJ 80.81 66.32 10.20 14.56 6.69 9.70 219.3 4.52 18.32 

38 T. araraticum GAt IG 117891 
 

SYR 105.36 55.01 7.73 17.02 6.58 9.45 221.5 4.44 12.28 

39 T. araraticum GAt IG 116165 2661 TUR 66.16 55.52 12.50 17.52 7.29 9.76 225.0 4.51 15.18 

40 T. boeoticum Ab  PI 427629  ID 760 
EP087-
EP095 

TUR 64.00 52.37 12.22 17.49 7.09 9.25 208.8 4.88 16.46 

41 T. durum cv. 
Sambadur 

BA Hauptsaaten 
 

NA 47.25 43.39 16.41 21.06 6.12 9.02 156.8 4.68 15.37 

42 T. araraticum GAt KU-3627 1959-7-5-
2; 1914 

ARM 75.41 52.87 10.38 19.43 6.10 9.21 234.8 4.28 22.51 

44 T. araraticum GAt KU-8939 TR 99 
TP083-
TP087 

TUR 76.78 44.55 9.95 20.10 5.99 9.01 200.0 4.06 13.95 

45 T. urartu Au IG 45285 
 

SYR 78.00 43.50 9.85 20.68 6.22 9.08 202.6 5.06 17.45 

47 T. araraticum GAt 2006-6-20-2-
2 D 

2633 TUR 64.89 45.88 12.39 19.57 6.22 9.05 221.0 4.86 18.06 

52 T. araraticum GAt PI 297030 2566 IRQ 61.00 63.54 13.93 14.70 7.01 9.43 240.0 4.08 13.93 

53 T. araraticum GAt KU-1984B 2932 TUR 61.20 50.81 12.56 17.71 6.13 9.08 220.8 4.39 17.65 
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Geno-
type no. 

Taxon Genome Original 
sample 
number 

Other 
identifiers 

Origin Mean 
Fe 
(mg/kg) 

Mean 
Zn 
(mg/kg) 

Mean 
Phyt:Fe 

Mean 
Phyt:Zn 

Mean 
P 
(mg/g) 

Mean 
phytate 
(mg/g)  

Mean 
GPC 
(g/kg) 

TPC 
(µmol 
GAE/g) 

ORAC 
(µmol 
TE/g) 

55 T. aestivum BAD LPCH101 FAR 276; 
TR 183 

ESP 30.64 71.71 25.74 12.86 6.37 9.31 196.8 4.20 11.94 

57 T. araraticum GAt PI 221421 2554 NA 62.63 79.37 13.39 11.56 7.08 9.23 252.1 4.13 11.32 

59 T. araraticum GAt PI 290518 2565 IRQ 78.11 63.37 10.35 14.98 6.63 9.55 245.2 4.33 17.50 

60 T. araraticum GAt IG 116165 
 

TUR 44.01 61.84 20.43 15.35 6.53 9.58 239.5 4.76 19.63 

61 T. araraticum GAt KU-8682 TR 61 
TP071; 
2713 

IRQ 49.86 65.19 16.73 14.97 5.81 9.85 247.6 4.39 12.78 

62 T. boeoticum Ab  PI 427963  ID 1089 
EP003-
EP004 

TUR 78.78 65.45 10.48 14.58 6.72 9.63 223.9 4.72 18.76 

64 T. araraticum GAt KU-1966 TR 44-2 TUR 62.38 54.75 12.76 16.94 6.10 9.36 226.8 4.45 15.47 

65 T. dicoccon BA TRI 17023 DEU146:W 
7700 

TUR 45.35 44.01 16.53 19.85 6.12 8.78 171.0 4.62 16.05 

66 T. boeoticum Ab  PI 272520  ID 520 
EP058-
EP059 

HUN 86.48 57.73 8.87 15.71 6.49 9.07 169.1 5.12 12.28 

67 T. araraticum GAt KU-8946 2919 IRQ 71.74 52.87 10.88 19.00 6.16 9.03 234.9 4.62 13.58 

69 T. araraticum GAt IG 119456 2684 SYR 101.16 68.00 8.25 14.31 6.78 9.64 264.1 4.83 17.03 

70 T. araraticum GAt KU-1986 2798 TUR 55.24 51.82 14.50 18.37 6.28 9.43 217.4 4.60 12.89 

71 T. araraticum GAt PI 428018 3307; 
TR15 

TUR 70.12 66.87 11.00 13.47 6.55 9.10 245.2 5.92 32.22 

77 T. dicoccon BA TRI 16880 DEU146:W 
7561 B 

ISR 52.03 45.28 14.05 18.94 6.13 8.63 155.4 4.54 18.29 

79 T. urartu Au G 3221, PI 
428317 

ID 393 
EP048-1 

IRN 84.21 72.54 9.31 12.70 8.50 9.25 228.5 5.56 28.27 

83 T. araraticum GAt KU-8691 2862 IRQ 86.16 65.35 10.24 15.86 7.28 10.43 252.3 4.88 17.46 

84 T. dicoccon BA  PI 362071 
 

ROM 89.33 85.69 9.73 11.88 7.38 10.21 234.7 4.36 23.94 
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Geno-
type no. 

Taxon Genome Original 
sample 
number 

Other 
identifiers 

Origin Mean 
Fe 
(mg/kg) 

Mean 
Zn 
(mg/kg) 

Mean 
Phyt:Fe 

Mean 
Phyt:Zn 

Mean 
P 
(mg/g) 

Mean 
phytate 
(mg/g)  

Mean 
GPC 
(g/kg) 

TPC 
(µmol 
GAE/g) 

ORAC 
(µmol 
TE/g) 

90 T. dicoccoides BA KU-8935 
 

TUR 51.41 66.53 15.92 14.19 6.19 9.53 166.3 4.48 23.62 

91 T. araraticum GAt KU-8824A 1970-6-16-
5-3-B-2 

IRQ 115.79 83.26 7.51 12.18 9.44 10.18 250.8 4.34 20.35 

92 T. durum BA DIC 169 
 

FRA 53.93 61.23 15.33 15.83 6.73 9.78 168.2 3.79 13.07 

93 T. timopheevii GAt KU-1821 TR 107 
TP046-
TP053 

SU 64.84 55.93 11.33 14.60 6.59 8.22 173.3 3.75 14.00 

95 T. timopheevii GAt PI 119442 
 

TUR 51.20 46.73 11.57 14.92 5.96 7.00 167.2 3.87 16.63 

99 T. araraticum GAt KU-8945 TR 101-1; 
8945 

IRN 74.05 68.29 10.03 12.71 7.72 8.78 250.9 4.38 17.18 

101 T. dicoccoides BA KU-108-2 
 

SYR 51.81 74.70 16.55 13.22 6.26 9.85 240.5 3.94 16.40 

102 T. dicoccoides BA Arbel 3235 ISR 58.72 55.28 15.16 18.45 6.16 10.29 223.1 4.47 16.69 

103 T. araraticum GAt KU-8910 TR 94 
TP077-
TP079 

TUR 95.49 66.52 8.75 14.74 7.24 9.86 222.8 4.22 16.21 

104 T. araraticum GAt KU-8788 8788 IRQ 76.60 67.00 10.95 14.66 8.90 9.90 223.7 4.04 16.86 

105 T. monococcum Ab PI 277137 ID 1690 GRC 64.31 56.55 9.54 13.00 6.53 7.25 179.3 5.02 17.82 

107 T. araraticum GAt KU-8912 2879 IRQ 87.17 51.28 9.25 19.33 7.38 9.53 251.6 4.19 12.11 

108 T. zhukovskyi GAtAb A TRI 
12094/80 

FAR 78; 
TR 156 

GEO 83.63 123.59 8.53 6.77 10.71 8.42 248.5 6.70 26.60 

112 T. dicoccon BA  PI 276002 
 

ESP 55.82 52.12 14.69 18.11 6.46 9.42 179.5 3.88 11.66 

117 T. araraticum GAt 2006-6-20-
11-6 D 

2643 TUR  73.04 62.52 12.11 16.62 6.86 10.42 228.0 4.44 15.12 

118 T. dicoccoides BA PI 352322 DIC 44 
TP011-
TP020 

LBN 68.18 42.42 10.87 20.48 7.18 8.76 213.0 4.21 17.04 
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Geno-
type no. 

Taxon Genome Original 
sample 
number 

Other 
identifiers 

Origin Mean 
Fe 
(mg/kg) 

Mean 
Zn 
(mg/kg) 

Mean 
Phyt:Fe 

Mean 
Phyt:Zn 

Mean 
P 
(mg/g) 

Mean 
phytate 
(mg/g)  

Mean 
GPC 
(g/kg) 

TPC 
(µmol 
GAE/g) 

ORAC 
(µmol 
TE/g) 

121 T. araraticum GAt PI 538461 TR 17 
TP061-
TP063 

IRQ 104.29 56.99 7.98 17.23 8.24 9.83 254.3 4.17 15.89 

122 T. dicoccon BA TRI 5860 
 

IRN 48.24 42.52 16.49 21.91 5.69 9.40 157.2 3.63 14.96 

128 T. araraticum GAt KU-8682 TR 61; 
8682 

IRQ 73.67 69.72 11.19 13.84 9.02 9.74 233.0 3.77 14.08 

131 T. araraticum GAt PI 427357 
 

IRQ 83.01 79.57 9.63 11.75 8.74 9.44 239.3 4.05 16.85 

134 T. aestivum cv. 
Apostel 

BAD IG 
Pflanzenzucht 

 
NA 46.55 48.20 16.07 18.58 5.89 8.75 147.0 5.05 23.45 

139 T. araraticum GAt KU-8713 TR 69 
TP072-
TP076 

IRQ 109.72 71.64 7.22 12.89 8.69 9.31 243.6 4.02 15.40 

140 T. araraticum GAt KU-8945 TR 101-1 IRN 45.03 58.56 18.81 16.95 6.42 10.01 243.9 4.19 14.03 

141 T. araraticum GAt IG 113297 2657 IRN 47.36 56.14 17.86 17.57 6.14 9.89 223.7 4.13 17.16 

142 T. araraticum GAt KU-8925 1970-6-28-
3-5-A-2; 
2892 

IRQ  70.09 68.34 11.51 13.86 6.61 9.51 253.1 3.89 15.21 

143 T. araraticum GAt KU-8640  TR 56-1; 
8640 

IRQ 81.22 73.74 9.93 12.66 9.21 9.42 226.7 3.87 12.18 

144 T. araraticum GAt KU-8918 2743; 
TR96 

TUR 61.44 65.94 13.05 14.23 7.81 9.47 234.3 3.78 14.21 

145 T. dicoccon BA  PI 217637 
 

IND 36.01 47.17 22.83 19.50 5.87 9.27 161.4 3.53 10.98 

146 T. aestivum cv. 
Julius 

BAD KWS SAAT 
SE &Co. 

 
NA 42.97 41.21 16.59 19.92 5.39 8.22 150.3 5.03 21.56 

151 T. araraticum GAt KU-8593 TR 53; 
8593 

IRQ 64.08 51.87 12.95 18.72 6.63 9.76 245.4 4.07 14.92 

153 T. araraticum GAt KU-8452 TR 46; 
8452 

IRQ 57.50 70.85 14.32 13.60 9.30 9.73 246.3 3.78 12.65 

154 T. araraticum GAt TRI 16599 2399/3 ARM 64.08 52.62 13.05 18.79 7.95 9.84 218.8 4.04 12.97 

155 T. araraticum GAt 2005-7-5-9-4 3127 TUR 52.95 53.41 14.73 17.16 6.33 9.19 224.8 3.71 14.85 
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Geno-
type no. 

Taxon Genome Original 
sample 
number 

Other 
identifiers 

Origin Mean 
Fe 
(mg/kg) 

Mean 
Zn 
(mg/kg) 

Mean 
Phyt:Fe 

Mean 
Phyt:Zn 

Mean 
P 
(mg/g) 

Mean 
phytate 
(mg/g)  

Mean 
GPC 
(g/kg) 

TPC 
(µmol 
GAE/g) 

ORAC 
(µmol 
TE/g) 

156 T. araraticum GAt KU-8939 2753; 
TR99 

TUR 65.93 47.86 11.75 18.82 6.42 9.08 195.5 3.90 13.27 

158 T. araraticum GAt KU-8680 2845 IRQ 101.48 59.22 8.13 16.21 7.16 9.69 249.1 4.52 17.05 

160 T. aestivum BAD CGN12270 
 

IRN 50.84 41.00 14.10 20.29 6.22 8.40 150.7 4.54 20.00 

161 T. araraticum GAt KU-8709 TR 67; 
8709 

IRQ 70.12 62.91 11.57 15.11 7.29 9.56 252.6 3.96 15.66 

165 T. dicoccon BA  CItr 14621 
 

ETH 67.66 81.39 11.83 11.76 7.04 9.37 213.6 4.30 22.33 

166 T. urartu Au PI 654310 
 

TUR 86.16 49.79 8.89 17.88 7.09 8.98 211.6 4.53 17.91 

167 T. durum cv. 
Wintergold 

BA SAATEN 
UNION 

 
NA 25.65 42.52 30.10 21.43 6.15 9.11 150.0 4.39 24.04 

169 T. aestivum cv. 
RGT Reform 

BAD RAGT Saaten 
 

NA 64.84 51.87 10.84 15.95 6.09 8.31 174.4 4.74 21.29 

174 T. monococcum Ab LPCH 95 ID 1737 MAR 54.83 38.03 14.22 23.76 6.38 9.10 148.4 4.43 16.17 

177 T. araraticum GAt KU-8909 TR 93-2-3; 
8909 

TUR 79.20 69.05 10.28 13.79 6.83 9.60 230.8 5.98 13.27 

180 T. araraticum GAt KU-8561 TR52; 
8561 

IRQ 65.06 68.18 12.53 13.91 6.95 9.57 235.7 5.40 10.63 

181 T. aestivum cv. 
Nordkap 

BAD SAATEN 
UNION 

 
NA 52.18 39.08 14.47 22.61 5.96 8.85 157.1 4.52 18.14 

182 T. monococcum Ab PI 538722  ID 1260 
SSD 
2007+2009 

TUR 70.07 65.16 11.23 15.08 6.09 9.19 182.9 4.80 13.93 

185 T. araraticum GAt 2005-7-5-9-4 3129 TUR 60.56 61.04 13.34 15.59 6.20 9.55 242.3 4.14 11.03 

186 T. araraticum GAt PI 427371 
 

IRN 75.01 65.64 10.75 14.47 6.52 9.51 248.5 4.55 12.48 

189 T. araraticum GAt HTRI 
11509/83 

TR 133-1; 
2776 

IRN 65.49 67.30 12.15 13.83 6.55 9.39 253.3 5.31 16.93 

192 T. monococcum Ab PI 191097 ID 1681 ESP 58.80 48.75 13.65 19.21 6.69 9.46 207.6 5.63 20.36 
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Geno-
type no. 

Taxon Genome Original 
sample 
number 

Other 
identifiers 

Origin Mean 
Fe 
(mg/kg) 

Mean 
Zn 
(mg/kg) 

Mean 
Phyt:Fe 

Mean 
Phyt:Zn 

Mean 
P 
(mg/g) 

Mean 
phytate 
(mg/g)  

Mean 
GPC 
(g/kg) 

TPC 
(µmol 
GAE/g) 

ORAC 
(µmol 
TE/g) 

193 T. araraticum GAt IG 117895 2681 SYR 50.99 52.00 16.03 18.25 6.18 9.56 239.5 4.91 14.95 

194 T. araraticum GAt KU-8683 TR 62; 
2717 

IRQ 57.10 59.68 14.80 16.59 6.36 9.99 249.2 4.26 11.26 

195 T. monococcum Ab G 863, PI 
428151 

MG 4278 ; 
ID 1331 
EP030-
EP035 

ITA 44.36 44.43 17.96 20.35 5.42 9.09 164.1 4.93 19.51 

198 T. dicoccon BA  PI 352348 
 

SYR 54.11 56.94 14.97 16.31 6.46 9.31 196.3 4.04 13.71 

199 T. araraticum GAt KU-8944 2915 IRQ 84.39 60.47 9.38 15.31 6.67 9.34 235.2 4.10 14.53 

200 T. araraticum GAt KU-1902 
 

ARM 78.39 49.54 11.05 19.33 6.40 9.66 216.7 4.88 20.26 

201 T. boeoticum Ab  PI 427627 ID 758 
EP079-
EP086 

TUR 76.29 27.02 10.76 35.48 8.67 9.68 242.5 4.07 19.41 

202 T. araraticum GAt KU-1966 2704; 
TR44 

TUR 69.89 59.58 12.21 16.77 6.45 10.09 216.4 3.91 14.42 

203 T. araraticum GAt KU-1980A 1976-8-14-
1-39; 2913 

IRQ 85.16 82.84 9.72 11.70 7.22 9.78 248.6 4.34 17.50 

205 T. araraticum GAt KU-8733 8733 IRQ 65.51 55.52 12.65 17.49 6.09 9.79 233.4 4.36 17.71 

208 T. dicoccon BA  PI 470739 
 

TUR 49.02 45.65 15.22 19.11 5.89 8.80 160.3 4.14 18.37 

210 T. durum BA DIC 193 
 

ITA 32.05 57.68 24.27 15.69 6.08 9.10 164.6 4.29 22.87 

215 T. araraticum GAt KU-1933 1976-7-27-
2-yo; 2788 

IRQ 73.88 55.70 11.50 17.81 6.55 10.01 263.4 4.57 16.70 

217 T. araraticum GAt 2006-6-20-
11-6 D 

 
TUR 67.37 45.16 12.10 21.07 5.98 9.59 236.6 NA NA 

218 T. dicoccon BA TRI 10324 
 

SVK 53.23 44.11 14.80 20.76 6.30 9.24 173.6 4.31 17.35 

219 T. araraticum GAt KU-8939 TR 99; 
8939 

TUR 62.27 48.69 13.99 22.19 6.24 10.28 220.9 4.03 16.86 
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Geno-
type no. 

Taxon Genome Original 
sample 
number 

Other 
identifiers 

Origin Mean 
Fe 
(mg/kg) 

Mean 
Zn 
(mg/kg) 

Mean 
Phyt:Fe 

Mean 
Phyt:Zn 

Mean 
P 
(mg/g) 

Mean 
phytate 
(mg/g)  

Mean 
GPC 
(g/kg) 

TPC 
(µmol 
GAE/g) 

ORAC 
(µmol 
TE/g) 

221 T. araraticum GAt KU-8866 1970-6-17-
1-4-8-2; 
2873 

IRQ 80.11 64.76 9.68 14.12 6.61 9.08 261.1 4.57 15.73 

222 T. araraticum GAt KU-8545 TR 
51;8545 

IRQ 75.92 47.91 10.66 19.76 6.96 9.56 239.8 4.47 21.91 

231 T. araraticum GAt KU-1960 2794 TUR 73.13 53.20 10.81 17.42 6.29 9.33 230.4 4.14 17.06 

232 T. araraticum GAt KU-8938 TR 98-1-1; 
2749 

TUR 59.14 38.51 12.85 22.76 6.17 8.64 205.8 4.20 20.29 

233 T. araraticum GAt PI 596290 
 

TUR 61.78 46.25 12.51 20.17 6.37 9.09 229.5 4.34 16.20 

238 T. araraticum GAt KU-8529 8529 IRQ 70.38 58.75 11.57 16.08 6.66 9.53 226.8 4.59 18.93 

242 T. dicoccoides BA KU-14474 
 

ISR 51.78 27.04 14.78 33.14 5.14 9.05 227.8 4.53 16.37 

243 T. dicoccon BA IG 45091 
 

OMN 66.93 48.89 11.73 18.87 5.94 9.28 160.9 4.06 22.81 

244 T. araraticum GAt IG 119456 
 

SYR 64.80 58.31 13.55 17.63 6.65 10.37 261.4 4.47 15.21 

246 T. araraticum GAt TRI 11345/80 TR 120; 
2763 

IRQ 73.62 78.24 11.55 12.74 7.02 10.05 252.0 4.50 17.33 

248 T. dicoccoides BA KU-8812 
 

IRQ 60.13 40.39 13.00 25.77 6.83 9.21 230.2 5.10 16.61 

 

Notes: Fe=iron; P=phosphorus; Zn=zinc; T=Triticum; GPC=grain protein content; TPC=total phenolic content; ORAC=oxygen radical absorbance 

capacity; AFG=Afghanistan; ARM=Armenia; AZJ=Azerbaijan; ESP=Spain; ETH=Ethiopia; FRA=France; GEO=Georgia; GRC=Greece; 

HUN=Hungary; IND=India; IRN=Iran; IRQ=Iraq; ISR=Israel; ITA=Italy LBN=Lebanon; MAR=Marocco; OMN=Oman; ROM=Romania; RUS=Russia; 

SU= former Soviet Union; SVK=Slovakia; SYR=Syria; TUR=Turkey; NA=Not available. 
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Table SI 3: Grain quality parameters for each taxon (mean values) 

Taxon Mean Fe 
(mg/kg) 

SD Fe VarCoeff 
Fe (%) 

Mean Zn 
(mg/kg) 

SD Zn VarCoeff 
Zn (%) 

Mean Phyt:Fe SD Phyt:Fe VarCoeff 
Phyt:Fe 
(%) 

Mean 
Phyt:Zn 

SD 
Phyt:Zn 

VarCoeff 
Phyt:Zn 
(%) 

T. aestivum 42.84 9.13 21.30 48.68 13.86 28.48 18.63 4.67 25.09 19.33 3.92 20.28 

T. aestivum cv. 51.63 9.71 18.80 45.09 7.64 16.94 14.49 2.76 19.03 19.27 3.24 16.79 

T. araraticum 72.52 16.74 23.08 60.12 12.18 20.26 11.73 2.86 24.36 16.34 3.19 19.52 

T. boeoticum 79.33 8.82 11.11 57.62 17.55 30.46 10.26 1.22 11.87 18.51 7.88 42.57 

T. dicoccoides 60.73 12.44 20.48 53.02 16.77 31.62 13.65 2.77 20.30 19.78 7.40 37.39 

T. dicoccon 55.68 14.19 25.48 53.98 14.84 27.49 14.79 3.63 24.51 17.75 3.29 18.52 

T. durum 42.99 11.17 25.98 59.45 3.29 5.53 19.80 4.81 24.30 15.76 0.93 5.90 

T. durum cv. 36.45 11.79 32.35 42.95 5.80 13.50 23.25 7.00 30.10 21.25 2.50 11.79 

T. monococcum 53.29 12.24 22.97 47.26 12.63 26.73 14.82 3.78 25.53 19.53 4.32 22.13 

T. timopheevii 57.63 8.73 15.14 49.82 5.83 11.71 11.97 2.13 17.82 16.07 2.48 15.41 

T. urartu 75.81 10.68 14.08 53.93 11.28 20.91 10.62 1.88 17.67 17.73 3.38 19.10 

T. zhukovskyi 73.33 12.72 17.35 109.62 18.02 16.44 11.08 3.03 27.34 8.63 2.23 25.80 
    

  
  

  
  

  
  

Biological status 
   

  
  

  
  

  
  

Landrace 53.94 14.33 26.57 55.36 19.98 36.09 15.12 4.40 29.11 17.46 4.34 24.83 

Modern cultivar 46.57 12.66 27.19 44.38 7.15 16.11 17.41 6.20 35.62 19.93 3.15 15.82 

Wild 72.11 16.18 22.45 58.97 13.25 22.47 11.74 2.82 24.02 16.87 4.35 25.80 

 

  



Appendix  109 
 

 

Taxon Mean P 
(mg/g) 

SD P VarCoeff P (%) Mean 
Phytate 
(mg/g) 

SD Phytate VarCoeff 
Phytate (%) 

Mean GPC 
(g/kg) 

SD GPC VarCoeff 
GPC (%) 

T. aestivum 6.14 0.63 10.33 8.97 0.63 7.02 163.0 24.42 14.98 

T. aestivum cv. 5.83 0.28 4.86 8.53 0.30 3.48 157.2 12.24 7.79 

T. araraticum 6.90 0.96 13.89 9.55 0.49 5.13 235.6 19.48 8.27 

T. boeoticum 7.41 0.96 12.91 9.50 0.35 3.67 216.1 23.87 11.05 

T. dicoccoides 6.33 0.81 12.80 9.42 0.54 5.74 216.5 31.74 14.66 

T. dicoccon 6.30 0.50 7.94 9.20 0.44 4.74 179.9 25.16 13.98 

T. durum 6.40 0.37 5.80 9.44 0.37 3.90 166.4 8.41 5.05 

T. durum cv. 6.14 0.25 4.03 9.07 0.20 2.20 153.4 13.17 8.59 

T. monococcum 6.26 0.51 8.16 8.82 0.73 8.31 172.7 18.84 10.91 

T. timopheevii 6.10 0.46 7.51 7.99 0.99 12.35 170.2 7.51 4.41 

T. urartu 7.03 0.83 11.79 9.28 0.29 3.07 212.5 15.30 7.20 

T. zhukovskyi 8.96 1.76 19.59 9.15 0.75 8.15 238.6 15.52 6.50 
 

  
  

  
  

  
  

Biological status   
  

  
  

  
  

Landrace 6.43 0.96 14.85 8.97 0.73 8.17 178.0 27.20 15.28 

Modern cultivar 5.94 0.31 5.19 8.71 0.37 4.24 155.9 12.69 8.14 

Wild 6.89 0.96 14.00 9.52 0.48 5.06 231.2 22.58 9.77 
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Taxon Mean TPC 
(µmol 
GAE/g) 

SD TPC VarCoeff 
TPC (%) 

Mean 
ORAC 
(µmol TE/g) 

SD ORAC VarCoeff 
(%) 

T. aestivum 4.54 0.49 10.70 16.08 4.57 28.42 

T. aestivum cv. 4.83 0.39 8.12 21.11 3.24 15.35 

T. araraticum 4.33 0.50 11.52 15.78 4.00 25.34 

T. boeoticum 4.75 0.44 9.26 17.59 4.15 23.61 

T. dicoccoides 4.41 0.46 10.37 17.87 3.59 20.10 

T. dicoccon 4.13 0.40 9.80 17.32 4.73 27.33 

T. durum 4.04 0.35 8.72 17.97 5.62 31.26 

T. durum cv. 4.54 0.52 11.54 19.71 5.17 26.25 

T. monococcum 4.83 0.63 12.96 17.40 3.05 17.52 

T. timopheevii 3.79 0.13 3.48 13.40 4.92 36.71 

T. urartu 4.87 0.42 8.69 20.53 5.03 24.50 

T. zhukovskyi 6.32 1.01 15.91 25.79 2.73 10.58 
 

  
  

  
  

Biological status   
  

  
  

Landrace 4.46 0.79 17.82 17.39 5.05 29.03 

Modern cultivar 4.74 0.46 9.76 20.64 4.04 19.59 

Wild 4.40 0.51 11.65 16.36 4.23 25.84 

Notes: Fe=iron; P=phosphorus; Zn= zinc; T=Triticum; GPC=grain protein content; ORAC=oxygen radical absorbance capacity; TPC=total phenolic content; 

VarCoeff=Coefficient of Variation; SD=standard deviation
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