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Abstract The Triticeae tribe, which includes essential cereal crops such as wheat and barley, is critical for global food security.
Recent advancements in molecular tools and genomic resources have significantly enhanced our ability to improve crop
productivity within this tribe. This study explores the latest developments in genomic technologies, genome editing tools, and
phenotyping methods that are being utilized to optimize Triticeae crop breeding. Key innovations include haplotype-based
approaches for precise genetic diversity identification, open-source genome assembly tools like TRITEX for constructing
high-quality genome sequences, and the application of CRISPR/Cas9 for targeted mutagenesis. Additionally, the integration of
plant hormonomics for deep physiological phenotyping and high-throughput phenotyping platforms are highlighted as pivotal in
understanding and enhancing crop traits. These molecular and genomic advancements collectively contribute to the development
of Triticeae crops with improved yield, stress tolerance, and adaptability to changing climates.
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1 Introducion
The Triticeae tribe, a significant group within the Poaceae family, encompasses several major cereal crops,
including wheat (Triticum spp.), barley (Hordeum vulgare), and rye (Secale cereale) (Chen et al., 2020; Gao et al.,
2023). These species are characterized by their large and complex genomes, which have been the focus of
extensive genomic research due to their agricultural importance and intricate genetic histories (Rabanus-Wallace
and Stein, 2019; Gao et al., 2023). Advances in sequencing technologies have facilitated the assembly of
high-quality reference genomes and pan-genome studies, providing deeper insights into the genetic diversity and
evolutionary dynamics of Triticeae species (Rabanus-Wallace and Stein, 2019; Gao et al., 2023).

Triticeae crops are vital for global food security, serving as staple foods for a significant portion of the world's
population and as essential sources of animal feed and industrial raw materials (Sakuma and Schnurbusch, 2020;
Khalid et al., 2023). Wheat alone accounts for approximately half of the food calories consumed worldwide,
highlighting its critical role in human nutrition (Khalid et al., 2023). The genetic and genomic advancements in
Triticeae have enabled the identification of key traits related to yield, stress tolerance, and disease resistance,
which are crucial for improving crop productivity and sustainability (Hensel, 2019; Sakuma and Schnurbusch,
2020; Kuluev et al., 2022). The application of modern biotechnological tools, such as CRISPR/Cas genome
editing, has further accelerated the development of improved Triticeae varieties with enhanced agronomic traits
(Hensel, 2019; Kuluev et al., 2022).

This study provides a comprehensive overview of molecular tools and genomic resources for Triticeae crops,
focusing on enhancing crop productivity. It summarizes advancements in genome sequencing and pan-genome
analyses, discusses the genetic and molecular bases of key agronomic traits like yield potential and stress
tolerance, and highlights the role of genome editing technologies in breeding programs. Future research directions
and the integration of genomic resources for sustainable agriculture and food security are also explored. By
synthesizing recent findings, the study offers insights into genetic and genomic strategies to enhance Triticeae
crop productivity and resilience, contributing to global agricultural sustainability.
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2 Molecular Tools in Triticeae
2.1 Genomic sequencing technologies
Recent advancements in next-generation sequencing (NGS) technologies have significantly reduced the cost of
DNA sequencing, enabling the sequencing of species with large and complex genomes, such as bread wheat
(Triticum aestivum L.) (Hussain et al., 2022). The international effort to sequence the wheat genome has
culminated in the release of a fully annotated reference wheat-genome assembly, which has paved the way for the
pan-genomic era in wheat research. This has facilitated the use of genotyping arrays capable of characterizing
hundreds of wheat lines with thousands of markers, providing fast, relatively inexpensive, and reliable data for
wheat breeding (Hussain et al., 2022). Additionally, open-source computational workflows like TRITEX have
been developed to construct chromosome-scale sequence assemblies, further enhancing genomic studies in
Triticeae crops (Monat et al., 2019).

2.2 Marker-assisted selection (MAS)
Marker-assisted selection (MAS) has revolutionized plant breeding by improving the productivity and accuracy of
classical breeding methods. DNA markers have been extensively used to map quantitative trait loci (QTLs) and
associate them with specific genes, thereby accelerating the development of new crop varieties (Hasan et al.,
2021). Functional markers (FMs) closely associated with phenotypic traits have been identified using various
genomics approaches, facilitating the direct selection of genes associated with desirable traits (Salgotra and
Stewart, 2020). MAS has been successfully applied in breeding programs to improve traits such as drought
resilience in alfalfa, demonstrating its potential to enhance crop productivity under stress conditions (Singh
et al., 2022).

2.3 CRISPR-Cas9 and genome editing
CRISPR-Cas9 has emerged as a powerful, cost-effective, and versatile tool for precise and efficient genome
editing in plants. Unlike earlier genome editing tools like zinc-finger nucleases (ZFNs) and transcription
activator-like effector nucleases (TALENs), CRISPR-Cas9 involves simpler designing and cloning methods,
making it more accessible for targeted mutagenesis (Jaganathan et al., 2018; Razzaq et al., 2019). This technology
has been used for single base substitution, multiplex gene editing, gene knockouts, and regulation of gene
transcription, significantly contributing to crop improvement (Razzaq et al., 2019). The development of
CRISPR-Cas12a and other advanced CRISPR systems has further enhanced the efficiency and specificity of
genome editing, enabling the engineering of multiple genes simultaneously (Liu et al., 2019). These advancements
promise to bridge the gap between forward and reverse genetics, providing rapid methods to validate genes and
alleles for crop improvement (Thomson et al., 2022).

2.4 Transcriptomics and gene expression profiling
Functional genomics approaches, including transcriptomics, have been instrumental in identifying genes and
functional markers associated with plant phenotypic variation. Transcriptomics involves the comprehensive
analysis of gene expression profiles, which helps in understanding the molecular mechanisms underlying various
traits (Salgotra and Stewart, 2020). This approach, combined with other functional genomics strategies like
TILLING and association mapping, has been used to identify candidate genes linked to key traits such as grain
yield, end-use quality, and resistance to biotic and abiotic stresses in wheat (Hussain et al., 2022). The integration
of transcriptomics with other molecular tools provides a holistic view of gene function and regulation, facilitating
the development of improved crop varieties.

In summary, the integration of genomic sequencing technologies, marker-assisted selection, CRISPR-Cas9
genome editing, and transcriptomics has significantly advanced the molecular breeding of Triticeae crops. These
molecular tools offer new opportunities to enhance crop productivity and resilience, addressing the challenges of
global food security.
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3 Genomic Resources in Triticeae
3.1 Reference genomes and genome assemblies
The development of high-quality reference genomes and genome assemblies has been pivotal in advancing
Triticeae research. The TRITEX workflow, an open-source computational tool, has significantly improved the
assembly of large-genome Triticeae crops such as wheat and barley. This tool integrates various sequencing data
types to construct sequence scaffolds with high contiguity, which are then ordered into chromosomal
pseudomolecules. TRITEX has been successfully applied to tetraploid wild emmer, hexaploid bread wheat, and
the barley cultivar Morex, providing valuable resources for the research community (Monat et al., 2019).
Additionally, the generation of multiple wheat genome assemblies has revealed extensive structural variations and
gene content differences among wheat lines, which are crucial for understanding the genetic basis of traits and for
breeding purposes (Walkowiak et al., 2020). The release of a gold-standard, fully annotated reference
wheat-genome assembly in 2018 marked a significant milestone, enabling more efficient exploitation of genomic
resources in wheat breeding (Hussain et al., 2022).

3.2 Genomic databases and bioinformatics tools
The establishment of genomic databases and bioinformatics tools has facilitated the analysis and interpretation of
complex Triticeae genomes. GeneTribe, a novel homology inference method, incorporates gene collinearity to
connect emerging genome assemblies within the Triticeae tribe. This tool has been integrated into the
Triticeae-GeneTribe database, which includes 12 Triticeae genomes and 3 outgroup model genomes, providing
versatile analysis and visualization functions (Chen et al., 2022) (Figure 1). Furthermore, the Zymoseptoria tritici
ORFeome library, which includes over 3000 quality-controlled plasmids, represents a powerful resource for
functional genomics studies, offering opportunities to understand the biology of this wheat pathogen (Chaudhari
et al., 2019).

Chen et al. (2020) addresses the challenges of homology inference in the Triticeae tribe, shaped by frequent
polyploidization and reticulate evolution. It introduces a multi-level framework to organize assemblies and
annotations, enabling efficient gene-gene mapping and hierarchical database construction. The framework
classifies pairwise relationships into six levels, applying different strategies for each to enhance accuracy. The
study highlights the limitations of sequence similarity-based methods, particularly for genetically similar
assemblies, and incorporates additional information such as collinearity, annotation quality, and chromosome
groups to improve inference accuracy. By decomposing polyploid genomes into diploid subgenomes and
considering gene loss and duplication events, the proposed method aims to provide a more reliable inference of
homology relationships. This approach enhances our understanding of Triticeae genomics and supports the
development of more accurate genomic tools for crop improvement.

3.3 Genetic diversity and germplasm collections
Efficient utilization of genetic diversity in germplasm collections is essential for crop improvement. Bioinformatic
approaches have been developed to extract functional genetic diversity from heterogeneous germplasm collections.
For instance, genome-wide SNP data can capture significantly more haplotypic diversity compared to traditional
methods based on geographic or environmental data. This approach has been demonstrated in crops like sorghum,
where subsets of germplasm collections were assembled to maximize diversity at functional loci relevant to
breeding programs (Reeves et al., 2020). Additionally, a haplotype-led approach has been developed to increase
the precision of wheat breeding by identifying genetic diversity using genome assemblies from multiple wheat
cultivars. This method allows for the focused discovery of novel haplotypes, enhancing the efficiency and
precision of breeding efforts (Brinton et al., 2020).

3.4 Functional genomics resources
Functional genomics resources are crucial for understanding gene function and improving crop traits. The
high-resolution genome-wide association study (GWAS) in wheat has identified numerous quantitative trait loci
(QTL) and candidate genes associated with important agronomic traits. This study utilized a large panel of wheat
cultivars and high-density SNP markers, providing a solid foundation for QTL fine mapping and candidate
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gene validation (Pang et al., 2020). Additionally, the development of ORFeome libraries, such as the one for
Zymoseptoria tritici, enables the functional characterization of genes and their encoded proteins, facilitating the
study of gene function and interactions (Chaudhari et al., 2019). Advances in genome engineering technologies,
such as CRISPR/Cas, further enhance the potential for functional genomics studies and the development of
improved Triticeae varieties (Hensel, 2019).

Figure 1 Challenges and strategies for homolog inference in theTriticeae tribe in the pangenomic era (Adopted from Chen et al., 2020)
Image caption: (A) Frequent polyploidization events shaped the complex relationships between Triticeae species; (B) Multiple-level
scenarios for pairwise comparison of assemblies as centered by IWGSC RefSeqv1.1; Triticum-Aegilops is considered a combined
genus; (C) Hierarchical organization of currently published high-quality genome assemblies that are available in the TGT database;
(D) Polypoid genomes are decomposed into multiple diploid subgenomes for pairwise comparison; (E) A model showing that each
assembly of variety 1 and variety 2 has one well-annotated gene (filled box); these genes would be computationally considered
orthologs derived from one gene in an ancient species; The unfilled box indicates a duplicated pseudogene that is not annotated or
has lost its function; (F) A modified model in which the assembly of the middle species is available and an ancient gene duplication
event followed by reciprocal loss of function was uncovered. Gene A1 and gene a2 originated from the paralogous genes Am and
gene am in the middle species, respectively; (G) A model showing that gene loss events or incomplete gene annotations hinder
accurate orthology inference between closely related genomes (Adopted from Chen et al., 2020)

By leveraging these genomic resources and tools, researchers can enhance the productivity and resilience
of Triticeae crops, addressing the challenges posed by a growing global population and changing
environmental conditions.
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4 Applications of Molecular Tools in Enhancing Crop Productivity
4.1 Development of disease-resistant varieties
The development of disease-resistant crop varieties is crucial for ensuring food security and sustainable
agriculture. Molecular tools, particularly CRISPR/Cas genome editing, have revolutionized the breeding of
disease-resistant crops. CRISPR/Cas systems have been effectively used to modify genes responsible for
resistance to various biotic stresses, including fungal, viral, and bacterial pathogens. For instance, recent advances
in CRISPR/Cas-mediated genome editing have enabled the rapid development of crop varieties with enhanced
resistance to multiple biotic stresses, significantly reducing crop losses and improving yield stability (Hensel,
2019; Wang et al., 2022; Parihar et al., 2022). The integration of quantitative trait loci (QTLs) and marker-assisted
selection further accelerates the breeding process by allowing precise introgression of resistance genes from
different sources (Parihar et al., 2022).

4.2 Enhancing abiotic stress tolerance
Abiotic stresses such as drought, salinity, extreme temperatures, and heavy metal toxicity pose significant
challenges to crop productivity. Molecular tools, especially CRISPR/Cas9, have been instrumental in developing
crop varieties with enhanced tolerance to these stresses. CRISPR/Cas9 allows for precise editing of genes
involved in abiotic stress responses, thereby improving the resilience of crops under adverse
environmental conditions (Jaganathan et al., 2018; Surabhi et al., 2019; Nascimento et al., 2023; Joshi et al., 2023).
The use of ribonucleoproteins (RNPs) as a DNA-free strategy for genome editing has also emerged as a promising
approach to avoid regulatory hurdles associated with genetically modified organisms (GMOs) (Nascimento et al.,
2023). Additionally, the integration of functional genomics and transcriptomics has expanded our understanding
of the molecular mechanisms underlying abiotic stress tolerance, facilitating the development of
superior-performing genotypes (Joshi et al., 2023).

4.3 Improving yield and quality traits
Improving yield and quality traits is a primary objective in crop breeding programs. Molecular tools such as
CRISPR/Cas9 have enabled the precise modification of genes associated with yield and quality traits, leading to
the development of high-yielding and nutritionally superior crop varieties. For example, CRISPR/Cas9 has been
used to enhance traits such as grain size, nutrient content, and stress tolerance, contributing to increased yield
potential and improved crop quality (Jaganathan et al., 2018; Wang et al., 2022; Medina-Lozano and Díaz, 2022).
The exploration of crop wild relatives (CWRs) as a source of genetic diversity has also been pivotal in introducing
desirable traits into cultivated varieties, thereby broadening the genetic base and enhancing crop performance
(Mammadov et al., 2018).

4.4 Accelerating breeding programs
The integration of molecular tools in breeding programs has significantly accelerated the development of
improved crop varieties. Techniques such as CRISPR/Cas9 genome editing, marker-assisted selection, and
genomic selection have streamlined the breeding process by enabling precise and efficient modification of target
genes (Hensel, 2019; Wang et al., 2022; Parihar et al., 2022). The availability of comprehensive genetic maps and
reliable DNA markers has facilitated the rapid introgression of desirable traits, reducing the time required to
develop new varieties (Parihar et al., 2022). Additionally, advancements in genome editing technologies have
opened new avenues for creating super cultivars with broad resistance to biotic and abiotic stresses, thereby
enhancing crop productivity and sustainability (Jaganathan et al., 2018; Wang et al., 2022).

In summary, the application of molecular tools such as CRISPR/Cas9 has revolutionized crop breeding by
enabling the development of disease-resistant varieties, enhancing abiotic stress tolerance, improving yield and
quality traits, and accelerating breeding programs. These advancements hold great promise for meeting the
growing global food demand and ensuring agricultural sustainability.
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5 Case Studies
5.1 Successful examples in wheat improvement
Recent advancements in genomic tools have significantly contributed to the improvement of wheat (Triticum
aestivum L.). One notable example is the development of TRITEX, an open-source computational workflow that
has enhanced the assembly of chromosome-scale genome sequences in wheat. This tool has been instrumental in
constructing high-quality reference genome sequences, which are crucial for pan-genomic studies and have
facilitated the identification of genomic regions associated with important agronomic traits (Monat et al., 2019)
(Figure 2).

Figure 2 TRITEX: chromosome-scale sequence assembly of Triticeae genomes with open-source tools (Adopted from Monat
et al., 2019)
Image caption: Morex V1 pseudomolecules, an improved BAC-by-BAC assembly, and a genome-wide optical map; Panel (a) shows
a dot plot alignment revealing high collinearity at a megabase scale but discordance at finer resolutions; Panel (b) presents a more
consistent alignment with the improved Dovetail BAC-by-BAC assembly, showing a higher correlation and concordance in
orientations; Panel (c) aligns optical map contigs to TRITEX scaffolds, indicating high-confidence matches but highlighting some
unaligned restriction sites (Adapted from Monat et al., 2019)

Monat et al. (2019) validates the TRITEX assembly method by comparing it with various genomic resources,
demonstrating its high accuracy and reliability. The TRITEX super-scaffolds showed strong concordance with the
Morex V1 pseudomolecules, improved BAC-by-BAC assemblies, and the genome-wide optical map, indicating
robust sequence alignment and improved assembly quality. This validation highlights TRITEX's effectiveness in
producing precise and comprehensive genome sequences, addressing previous assembly issues, and enhancing our
understanding of the Triticeae genomes. The findings emphasize TRITEX's potential to significantly advance
genomic studies and breeding programs in Triticeae crops, contributing to more accurate and efficient genetic
research and crop improvement strategies.

Additionally, a high-resolution genome-wide association study (GWAS) identified 395 quantitative trait loci
(QTL) for 12 traits in wheat, using a panel of 768 cultivars. This study not only pinpointed known genes and QTL
but also identified eight putative candidate genes that enhance spike seed-setting and grain size. These findings
are pivotal for genomics-based breeding programs aimed at improving wheat yield (Pang et al., 2020).

Moreover, the integration of wild genetic resources into wheat breeding programs has been explored to introduce
new diversity for genes or alleles of agronomical interest. This approach has the potential to accelerate the
development of new improved cultivars, although it is often hampered by the genetic background of the recipient
varieties or the donor (Laugerotte et al., 2022).

5.2 Advances in barley genomics
Barley (Hordeum vulgare) has also seen significant advancements in genomic research. The TRITEX workflow
has been applied to barley, resulting in an improved annotated reference genome sequence assembly of the barley
cultivar Morex. This assembly serves as a valuable community resource for further genomic studies (Monat et al., 2019).
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Furthermore, the use of the CRISPR/Cas genome editing system has been a breakthrough in barley research. This
system has enabled precise genetic modifications, which are essential for studying gene functions and improving
agronomic traits. The majority of studies have focused on bread wheat and barley, highlighting the potential of
CRISPR/Cas technology in these crops (Kuluev et al., 2022).

5.3 Emerging research in rye and Triticale
Rye (Secale cereale) and Triticale (× Triticosecale Wittm.) have also benefited from recent genomic
advancements. The genetic control of compatibility in crosses between wheat and its wild or cultivated relatives,
including rye, has been extensively studied. This research has led to the identification of genetic factors
controlling crossing ability, which is crucial for the creation of triticale. The application of modern genomics
technologies in breeding programs is expected to accelerate the improvement of both wheat and triticale
(Laugerotte et al., 2022).

In addition, the development of the Triticeae-GeneTribe database, which integrates 12 Triticeae genomes and 3
outgroup model genomes, has provided a valuable resource for homology inference and analysis. This database
has facilitated the study of complex evolutionary histories and structural rearrangements in Triticeae crops,
including rye and triticale (Chen et al., 2020).

Overall, these case studies highlight the significant progress made in the genomic research of Triticeae crops,
which is essential for enhancing crop productivity and meeting the demands of a growing global population.

6 Challenges and Future Directions
6.1 Technical and scientific challenges
The advancement of genomic tools and molecular technologies in Triticeae, particularly wheat, faces several
technical and scientific challenges. The hexaploid nature of wheat (Triticum aestivum) complicates genetic
research due to its large and complex genome, which includes significant gene redundancy (Li et al., 2021). This
complexity hinders precision gene modifications and the breeding of elite cultivars. Additionally, the integration
of multi-omics data, such as genomics, transcriptomics, and metabolomics, remains a significant challenge due to
the vast amount of data and the need for sophisticated computational tools to analyze and interpret these datasets
(Pathak et al., 2018; Chen et al., 2021). The development of open-source tools like TRITEX for
chromosome-scale sequence assembly is a step forward, but further improvements are needed to enhance the
accuracy and efficiency of these assemblies (Monat et al., 2019).

6.2 Integrating multi-omics data
Integrating multi-omics data is crucial for a comprehensive understanding of the molecular mechanisms
underlying important agronomic traits in Triticeae. Multi-omics approaches, including genomics, transcriptomics,
proteomics, and metabolomics, have been successfully applied to various crops, providing insights into growth,
yield, and stress responses (Yang et al., 2021). However, the integration of these datasets poses significant
challenges due to the complexity and volume of the data. Advanced computational methods and systems biology
approaches are required to construct predictive models that can link genotype to phenotype and vice versa (Chen
et al., 2021; Yang et al., 2021). For instance, the integration of sRNAome, transcriptome, and degradome data in T.
turgidum has provided valuable insights into the regulatory networks of grain development and stress response,
highlighting the potential of multi-omics approaches in crop improvement (Liu et al., 2020).

6.3 Future prospects in Triticeae genomics
The future of Triticeae genomics lies in the continued development and application of advanced genomic and
molecular tools. Genome editing technologies, such as CRISPR/Cas, offer promising prospects for precise genetic
modifications and the development of improved crop varieties (Kuluev et al., 2022). The use of haplotype-based
approaches and high-resolution genome-wide association studies (GWAS) can enhance the precision of breeding
programs by identifying and exploiting genetic diversity (Brinton et al., 2020; Pang et al., 2020). Additionally, the
integration of multi-omics data with systems biology approaches can facilitate the discovery of functional
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genes and the development of robust models for predicting complex traits (Chen et al., 2021; Yang et al.,
2021). These advancements will be crucial for addressing the challenges of global food security and
environmental sustainability.

6.4 Policy and regulatory considerations
The successful implementation of advanced genomic tools and molecular technologies in Triticeae requires
supportive policy and regulatory frameworks. Policies should promote the adoption of innovative technologies
while ensuring the safety and sustainability of genetically modified crops. Regulatory considerations should
address the ethical, environmental, and socio-economic impacts of genome editing and other molecular breeding
techniques (Li et al., 2021; Kuluev et al., 2022). International collaboration and harmonization of regulatory
standards will be essential to facilitate the global exchange of knowledge and resources, thereby accelerating the
development and deployment of improved Triticeae cultivars. Additionally, policies should support research and
development initiatives, capacity building, and the dissemination of knowledge to ensure that the benefits of these
technologies reach all stakeholders, including smallholder farmers and developing countries (Pathak et al., 2018).

7 Concluding Remarks
The research on molecular tools and genomic resources in Triticeae has demonstrated significant advancements in
enhancing crop productivity. The development and application of molecular marker-assisted selection (MAS)
have revolutionized plant breeding by increasing the accuracy and speed of developing new crop varieties.
High-throughput genotyping platforms and next-generation sequencing (NGS) technologies have enabled the
sequencing of complex genomes, such as that of bread wheat, facilitating the identification of quantitative trait
loci (QTLs) and candidate genes associated with key agronomic traits. The integration of genomic selection (GS)
and CRISPR/Cas9-mediated gene editing has further accelerated the breeding process, allowing for the precise
manipulation of genetic variation to improve yield, stress resistance, and quality traits.

Future research should focus on the continued development and refinement of genomic tools and technologies to
further enhance the efficiency and effectiveness of crop improvement programs. The integration of omics
approaches, such as transcriptomics and proteomics, with traditional breeding methods will provide a more
comprehensive understanding of the genetic basis of important traits. Additionally, the exploration of
pan-genomic resources and the development of associative transcriptomics platforms will enable the identification
of novel genetic markers and candidate genes for trait improvement. Research should also prioritize the
development of climate-resilient crop varieties through the application of GS and advanced gene-editing
techniques, addressing the challenges posed by climate change and ensuring global food security.

The advancements in molecular tools and genomic resources have significantly contributed to the progress in
Triticeae crop improvement. The integration of MAS, GS, and CRISPR/Cas9 technologies has opened new
avenues for precise and efficient breeding, ultimately enhancing crop productivity and resilience. Continued
investment in genomic research and the development of innovative breeding strategies will be crucial in meeting
the growing demands for food in the face of global challenges. The collaborative efforts of researchers, breeders,
and policymakers will be essential in translating these scientific advancements into practical solutions for
sustainable agriculture.
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