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Abstract This study summarizes the latest advancements in sugarcane genomics, with a particular focus on the development of
emerging genome sequencing and assembly technologies and their impact on deciphering complex genetic structures. It discusses the
progress in high-throughput sequencing technologies and innovative assembly strategies, which have significantly enhanced the
resolution and completeness of sugarcane genomes. The study reviews functional genomics studies based on these genomic
advancements, emphasizing their role in uncovering the gene functions and regulatory mechanisms associated with key traits such as
disease resistance, sucrose accumulation, and environmental stress adaptation. Furthermore, it explores the implications of these
genetic insights on breeding strategies, particularly through marker-assisted selection and genomic selection, to accelerate the
development of high-yield and stress-resistant sugarcane varieties. Despite the significant progress made, challenges remain in fully
deciphering the sugarcane genome. This study highlights the potential of the dynamic field of sugarcane genomics and its
possibilities for revolutionizing sugarcane breeding and cultivation practices.
Keywords Sugarcane (Saccharum spp.); Complex polyploid genomes; High-throughput sequencing; Genome assembly; Breeding
strategies

1 Introduction
Sugarcane (Saccharum spp.) is a globally significant crop, primarily cultivated for sugar production and
increasingly for bioenergy. It accounts for more than 70% of the world’s sugar consumption and serves as a vital
source of bio-based fuels, especially in tropical and subtropical regions (Setta et al., 2014; Garsmeur et al., 2018;
Yadav et al., 2020). This crop significantly contributes to the economies of numerous countries, providing raw
materials for both the food and energy sectors. The demand for sugarcane is driven by its applications in the
production of sugar, ethanol, and various by-products which are integral to numerous industrial processes,
including the production of bioplastics and pharmaceuticals (Garsmeur et al., 2018). This multifaceted utility
underscores the global reliance on sugarcane, highlighting the necessity for ongoing improvements in crop yield
and processing efficiency through advanced breeding and genetic research.

However, the genetic improvement of sugarcane is challenged by its highly complex genomic structure.
Sugarcane is characterized by an extreme level of polyploidy and exhibits aneuploidy within its chromosomal set,
making it one of the most genetically complex crops. Its genome is a mosaic of multiple copies of each
chromosome, which are contributed by its progenitor species, Saccharum officinarum and Saccharum spontaneum,
which add layers of genetic redundancy (Souza et al., 2011). This complexity not only complicates genetic
mapping and trait association studies but also hinders the efficient manipulation of its genome for breeding
purposes. Additionally, the high genetic diversity within Saccharum spp. presents both a challenge and an
opportunity, providing a rich reservoir of genetic traits that can be harnessed to improve stress tolerance, disease
resistance, and crop yield.

In light of these challenges, this study attempts to explore the recent advancements in genomic technologies that
have significantly enhanced our understanding of the sugarcane genome. Over the past decade, breakthroughs in
next-generation sequencing (NGS) and bioinformatics have begun to unravel the intricacies of the sugarcane
genome, providing new tools for genomic selection and genetic modification. This study will synthesize findings
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from the latest research efforts in sugarcane genomics, emphasizing developments in genome sequencing,
functional genomics, and the emerging applications of these technologies in sugarcane breeding and agricultural
practices. By examining these advancements, the study seeks to highlight the transformative potential of genomic
science in overcoming the genetic complexities of sugarcane, paving the way for more targeted and efficient
breeding strategies.

2 Complexity of the Sugarcane Genome
2.1 Genetic composition
Sugarcane (Saccharum spp.) is an interspecific hybrid primarily derived from Saccharum officinarum and
Saccharum spontaneum. The genetic composition of sugarcane is notably complex due to these interspecific
hybridizations, which have endowed sugarcane with genes from both progenitor species. Saccharum officinarum,
known for its high sugar content, and Saccharum spontaneum, which contributes robustness and disease resistance,
combine to create the genetically diverse and highly adaptable modern sugarcane varieties. This hybrid vigor or
heterosis is pivotal for the enhanced productivity and resilience seen in current sugarcane cultivars (Grivet and
Arruda, 2001; Sharma et al., 2018; Thirugnanasambandam et al., 2018).

2.2 Polyploidy and aneuploidy
The sugarcane genome is characterized by a high degree of polyploidy and aneuploidy, making it one of the most
complex genomes in the plant kingdom (D’Hont et al., 1996; Grivet and Arruda, 2002). Polyploidy refers to the
condition of having more than two complete sets of chromosomes, which in the case of sugarcane can be as high
as 12x (12 sets). Aneuploidy, the presence of an abnormal number of chromosomes in a cell, further complicates
genetic studies and breeding because it leads to variable gene expression levels and phenotypic diversity. These
characteristics pose significant challenges in sequencing efforts and in the assembly of a coherent genome
sequence, which are critical for advanced genetic research and breeding programs. The highly polyploid and
aneuploid nature of the sugarcane genome results in a massive genome size, approximately 10 Gb, filled with
repetitive sequences and multiple gene copies, which complicates genetic mapping and trait association studies
(Hoang et al., 2017; Riaño-Pachón and Mattiello, 2017; Yang et al., 2018).

2.3 Implications of complexity
The complexity of the sugarcane genome has profound implications on breeding and genetic research. Many
important traits for sugarcane improvement are polymorphic in the progenitor species and are influenced by gene
dosage in hybrid breeding programs (Healey et al., 2024). Traditional breeding methods are often insufficient to
address and utilize the full genetic potential of sugarcane due to the difficulty in tracking and selecting for specific
traits governed by multiple genes with variable expression. However, the advent of genomic selection and
marker-assisted breeding has begun to unlock the potential for more targeted and efficient breeding strategies.
Despite these advances, the intricate nature of the genome still requires sophisticated, high-throughput genotyping
technologies to accurately select desirable traits. Moreover, the polyploidy and aneuploidy of sugarcane
necessitate innovative approaches in genetic transformation, gene editing, and biotechnological interventions to
achieve desired improvements in crop yield, disease resistance, and stress tolerance. Understanding and
manipulating such a complex genetic architecture remain a central challenge and focus of contemporary genomic
research in sugarcane (Wang et al., 2017).

The genomic complexity of sugarcane not only defines the current limits of genetic research and breeding but also
highlights the necessity for advanced genetic tools and more refined genomic resources to improve sugarcane
cultivation and productivity effectively.

3 Recent Advancements in Sugarcane Genome Sequencing andAssembly
3.1 High-throughput sequencing technologies
The advent of NGS technologies has significantly impacted sugarcane genomics, a crop known for its complex
polyploid genome. High-throughput sequencing (HTS) technologies, such as Illumina and PacBio, have enabled
the generation of large volumes of sequencing data, facilitating the assembly of sugarcane genomes with greater
accuracy and depth (Trujillo-Montenegro et al., 2021). Additionally, the integration of PacBio Iso-Seq with
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RNA-Seq has provided a comprehensive view of the sugarcane transcriptome, capturing full-length transcript
isoforms and enhancing gene model predictions (Hoang et al., 2017). These advancements underscore the critical
role of HTS technologies in overcoming the challenges posed by the sugarcane genome's polyploidy and
heterozygosity (Manimekalai et al., 2020).

3.2 Innovations in genome assembly
Innovative genome assembly methods, including long-read sequencing and hybrid approaches, have been pivotal
in addressing the complexity of the sugarcane genome. Long-read sequencing technologies, such as PacBio and
Oxford Nanopore, have been instrumental in generating more contiguous and complete genome assemblies (Lang
et al., 2020). For example, the assembly of the SP80-3280 sugarcane variety using PacBio technology resulted in
the identification of 373 869 putative genes and their regulatory regions, providing insights into gene family
evolution and functional diversity (Souza et al., 2019). Shearman et al. (2022) used the PacBio RSII and
chromatin conformation capture sequencing to sequence and assemble the genome of Khon Kaen 3, and genome
annotation produced 242 406 genes from 30 927 orthogroups. Hybrid assembly strategies, combining long-read
and short-read sequencing data, have also proven effective. The assembly of 19 Mb of the sugarcane genome
using a hybrid approach with Illumina and PacBio reads demonstrated high collinearity with the sorghum genome,
highlighting the utility of hybrid methods in constructing reference scaffold maps (Okura et al., 2016). These
innovations are crucial for advancing our understanding of the sugarcane genome and improving breeding
programs (Mikheenko et al., 2018).

3.3 Published genomic resources
The current state of sugarcane genomic resources includes several reference sequences and databases that serve as
valuable tools for researchers. A notable example is the BAC-based monoploid reference sequence for sugarcane,
which was constructed by exploiting colinearity with sorghum and sequencing a minimum tiling path of 4 660
BAC clones, resulting in a SNP-based sugarcane genetic map (Figure 1) (Garsmeur et al., 2018). This
comparative genomic analysis by Garsmeur et al. (2018) highlights the genetic complexity and polyploidy of
sugarcane, revealing conserved synteny and evolutionary links with sorghum. These insights are crucial for
understanding the genetic architecture of sugarcane, aiding in the identification of functional genes and enhancing
breeding programs through marker-assisted selection. By leveraging syntenic relationships, it is possible to
identify and transfer desirable traits such as disease resistance and yield improvement from sorghum to sugarcane.

Additionally, two tetraploid genomes of S. spontaneum clones AP85-441 and Np-X have been published, provides
a foundational resource for understanding the genetic architecture of sugarcane and its progenitors (Zhang et al.,
2018; Zhang et al., 2022). The representative genomic assembly of the SP80-3280 genome sequence reveals
differences in promoter regions associated with distinct gene expression patterns and transposable elements (TEs),
contributing to fine tuning of the sugarcane genome (Souza et al., 2019). Recent publications of the genomes of
the commercial variety KK3 and the modern hybrid sugarcane ZZ1 provide a solid foundation for future research
in sugarcane genomics and molecular breeding, paving the way for advancements in these fields (Shearman et al.,
2022; Bao et al., 2024).

These genomic resources, along with extensive collections of expressed sequence tags (ESTs) and bacterial
artificial chromosome (BAC) libraries, have opened new avenues for functional genomic analyses and the
development of molecular markers for breeding (Thirugnanasambandam et al., 2018). The availability of these
comprehensive genomic datasets is instrumental in facilitating comparative genomics, gene discovery, and the
improvement of sugarcane cultivars.

4 Functional Genomics in Sugarcane
4.1 Gene expression profiling
Gene expression profiling through transcriptome analysis has been instrumental in linking specific genes to
phenotypic traits in sugarcane. Singh and Singh (2015) discussed how transcriptome resources, encompassing
both specific and overlapping gene expression patterns, are used to elucidate functions related to important traits
such as sucrose accumulation and stress responses. By comparing the transcriptomic expression differences
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between the SCMV-resistant genotype B-48 and the susceptible genotype Badila following infection, Akbar et al.
(2020) demonstrated that the B-48 genotype enhances its resistance to SCMV infection by upregulating
antioxidant defense systems and activating key transcription factors. This study provides important molecular
mechanisms and potential targets for disease resistance breeding and management in sugarcane. Moreover, Ma et
al. (2004) provided a foundational set of sugarcane expressed sequence tags (ESTs), facilitating the functional
characterization of genes potentially linked with economic traits. These transcriptomic analyses have enabled a
better understanding of the sugarcane genome, providing a pathway to discover gene functions and their
regulatory mechanisms.

Figure 1 SNP-based sugarcane genetic map with putative origin of co-segregation groups and comparison with sorghum
chromosomes (Adopted from Garsmeur et al., 2018)
Image caption: The 132 CGs of cultivar R570 are represented with SNP markers assigned to S. officinarum or S. spontaneum
indicated by green and red bars, respectively. Circos represents orthologous relationships between sugarcane CGs and sorghum
chromosomes (Sb1–Sb10) based on the alignment, for each CG, of a majority of the markers on one (a, b) or two (c) sorghum
chromosomes (color links) (Adopted from Garsmeur et al., 2018)

4.2 Gene editing and CRISPR
Recent developments in CRISPR/Cas genome editing have opened new avenues for precise genetic modifications
in sugarcane, potentially overcoming some of the limitations posed by its complex genome. The versatility of
CRISPR technology allows for targeted gene modifications that can lead to enhanced trait selection and faster
breeding cycles (Krishna et al., 2023). Kang (2019) highlighted the development of a web-application designed to
aid researchers in finding guide RNA binding sites for CRISPR-based editing in the sugarcane genome,
facilitating the precise engineering of desired traits. Recent studies have employed CRISPR/Cas9 technology to
generate site-specific mutations in sugarcane. For instance, Eid et al. (2021) utilized CRISPR/Cas9 to edit
multiple alleles of the magnesium chelatase subunit I (MgCh), facilitating the production of easily targetable
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phenotypes in sugarcane. Similarly, Oz et al. (2021) applied CRISPR/Cas9-mediated multi-allelic targeted editing
to convert inferior alleles into superior ones through targeted nucleotide replacement, thereby successfully
conferring herbicide tolerance to sugarcane. These advancements contribute significantly to sugarcane
improvement and present an efficient, replicable method for enhancing crops via targeted nucleotide substitutions.
This technology not only enhances the efficiency of genetic modifications but also reduces the time required to
develop cultivars with optimal traits.

4.3 Integrative genomics approaches
Integrative genomics, which combines genomic, transcriptomic, and metabolomic data, provides a comprehensive
approach to understanding the biological functions and interactions within sugarcane. This holistic view is
essential for elucidating the complex metabolic pathways and regulatory networks involved. Souza et al. (2019)
demonstrated that the integration of these diverse data types could resolve the putative homo(eo)logs in the
sugarcane genome, which are crucial for trait development and adaptation. Furthermore, the gene space assembly
of SP80-3280 by Souza et al. (2019) provides insights into the regulatory elements involved in sucrose synthesis,
showcasing the power of integrative approaches in functional genomics. By combining data from various genomic
platforms, researchers can achieve a more detailed and accurate picture of the genetic underpinnings of important
agronomic traits in sugarcane.

5 Genetics and Gene Mapping in Sugarcane
5.1 Genetic linkage maps
Genetic linkage maps are critical tools in understanding the genomic organization of complex polyploid organisms
like sugarcane, which has a highly complicated genetic structure due to its autopolyploid nature and interspecific
hybrid origins. Recent advances have significantly improved the resolution and utility of these maps for trait
association studies. For instance, a comprehensive linkage map using AFLP, SSR, and TRAP markers was
developed, revealing insights into the homologous chromosome groupings and their association with phenotypic
traits in sugarcane cultivars (Andru et al., 2011). With the rapid development of next-generation sequencing
technology, the comprehensive linkage genetic map of sugarcane developed using single nucleotide
polymorphism (SNP) markers is being increasingly applied (Yadav et al., 2021). These maps facilitate the
identification of linkage disequilibrium patterns and provide a foundation for marker-assisted selection and
breeding strategies.

5.2 QTLmapping
Quantitative Trait Loci (QTL) mapping is a powerful genetic tool used to associate specific genomic regions with
phenotypic traits. This method is particularly effective in sugarcane due to its ability to handle the complexities
arising from its genome structure. For instance, multiple QTLs influencing sugar yield and related traits have been
identified, demonstrating significant associations that are invaluable for breeding programs aimed at enhancing
sugar production (Ming et al., 2002). Costa et al. (2016) utilized a comprehensive interval mapping approach,
employing SNP markers across various ploidy levels, to develop a genetic linkage map of sugarcane that includes
AFLP and SSR markers. They also identified QTLs affecting critical agronomic traits in sugarcane, thereby
providing genetic information for molecular assisted selection and breeding in sugarcane. In another study, the
construction of a genetic linkage map and QTL analysis identified quantitative trait loci (QTLs) associated with
resistance to red rot disease in sugarcane and identified candidate genes related to plant defense responses
(Banerjee et al., 2023). In recent years, many researchers have utilized QTL mapping to identify QTLs and
associated candidate genes related to traits such as sugarcane yield, sugar and disease resistance (Singh et al.,
2013; Ukoskit et al., 2019; Lu et al., 2023). The mapping of these QTLs helps in understanding the genetic basis
of complex traits and assists in the development of sugarcane varieties with optimized traits.

5.3 Marker-assisted selection
Marker-Assisted Selection (MAS) leverages molecular markers linked to desirable traits to accelerate the breeding
process. In sugarcane, MAS has been enhanced by the development and validation of markers such as EST-SSRs,
which are associated with sugar-related traits. The identification and use of these markers allow for more precise
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selection of phenotypes with favorable genetic profiles, significantly improving the efficiency of breeding
programs (Ukoskit et al., 2019). Moreover, the integration of functional markers into linkage maps enables
breeders to directly target genes involved in key metabolic pathways, thereby streamlining the development of
superior sugarcane varieties.

6 Implications for Sugarcane Breeding andAgriculture
6.1 Breeding for disease resistance
Recent advancements in sugarcane genomics have provided significant insights into disease resistance, which are
crucial for breeding programs. The identification of the rust resistance gene (Bru1) through map-based cloning
techniques exemplifies the potential of genomic strategies to overcome the challenges posed by the highly
polyploid nature of the sugarcane genome (Islam et al., 2021). Additionally, genomic selection has shown promise
in predicting genetic values for disease resistance traits, with studies demonstrating correlations between observed
and predicted values, thus validating the feasibility of genomic selection in sugarcane breeding (Islam et al., 2021).
Lu et al. (2023) investigated the symptoms of sugarcane mosaic disease (SMD) in offspring through natural
infection and artificial infection with a mixture of sugarcane mosaic virus (SCMV) and sorghum mosaic virus
(SrMV) (Figure 2). 110 pathogen response genes and 69 transcription factors were identified in the QTL interval,
and 9 key genes were predicted. Genome-wide association studies (GWAS) revealed the dominant role of alleles
from the wild species Saccharum spontaneum in conferring resistance to sugarcane orange rust (SOR) in modern
sugarcane varieties. Six quantitative trait loci (QTLs) associated with this resistance were identified, which can
effectively predict disease resistance, thereby paving the way for efficient marker-assisted breeding strategies
(Dijoux et al., 2024). These genetic insights enable breeders to develop disease-resistant cultivars more efficiently,
ensuring sustainable crop production.

6.2 Improving yield and sugar content
Genetic discoveries aimed at improving yield and sugar content have been crucial in enhancing sugarcane
productivity. GWAS have identified multiple marker-trait associations (MTAs) for key yield components such as
stalk height, stalk number, and cane yield, which can be utilized in marker-assisted selection to improve these
traits (Barreto et al., 2019; Meena et al., 2022; Wang et al., 2023; Saavedra-Díaz et al., 2024). Furthermore,
advancements in genomic selection techniques, such as genomic estimated breeding values (GEBVs), have
significantly improved the accuracy of predicting complex traits like tonnes of cane per hectare (TCH) and
commercial cane sugar (CCS), potentially doubling the rate of genetic gain in breeding programs (Hayes et al.,
2021; Satpathy et al., 2022). Genetic engineering and genome editing technologies, such as CRISPR/Cas9, have
opened new avenues for directly manipulating genes associated with yield and sugar content (Khan et al., 2019).
These genomic tools facilitate the accumulation of favorable alleles, resulting in increased yield and sucrose
accumulation in sugarcane cultivars.

6.3 Adaptation to environmental stresses
The adaptation of sugarcane to abiotic stresses, such as drought and heat is critical for maintaining productivity in
the face of climate change. Meena et al. (2022) have highlighted the role of next-generation sequencing and
genome-editing technologies in identifying and harnessing genes associated with stress tolerance. For instance,
the establishment of a monoploid reference sequence has provided a comprehensive understanding of the
sugarcane genome, enabling the identification of genes involved in stress responses (Garsmeur et al., 2018).
Additionally, the integration of functional genomics and gene expression profiling has resulted in the delineation
of gene networks that contribute to stress tolerance, paving the way for the development of stress-resilient
sugarcane varieties. These advancements ensure that sugarcane can thrive under adverse environmental conditions,
securing its role as a major crop for sugar and bioenergy production.

By leveraging these genetic insights and biotechnological tools, sugarcane breeding programs can achieve
significant improvements in disease resistance, yield, sugar content, and environmental stress adaptation,
ultimately enhancing the sustainability and productivity of sugarcane agriculture.
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Figure 2 The SMD symptoms of a highly susceptible progeny and the expression of SMD resistance-related candidate genes
(Adopted from Lu et al., 2023)
Image caption: A) SMD symptoms of a highly susceptible progeny (FN14-255) observed in different months CK1: disease free
control (January); CK2: disease free control (December); (A–L): January-December, respectively; B) The gene expression levels of
110 pathogen-responsive genes and 69 transcription factors; C) The genomic positions, conserved domains and gene structures of the
nine predicted genes (Adopted from Lu et al., 2023)
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7 Challenges and Future Directions
7.1 Overcoming genetic complexity
Sugarcane exhibits polyploid and aneuploid genetic complexity, which poses significant challenges to genome
assembly and genetic manipulation. However, recent advances in sequencing technologies have begun to alleviate
some of these difficulties. For example, the use of high-throughput sequencing technologies, including long-read
sequencing approaches, has enhanced the resolution of genetic information in sugarcane (Garsmeur et al., 2018;
Souza et al., 2019). These methodologies enable researchers to navigate through large and repetitive genomic
regions more effectively, which are prevalent in sugarcane due to its hybrid origin from Saccharum officinarum
and Saccharum spontaneum. Future strategies must focus on improving the efficiency of these technologies and
integrating data from different genomic platforms to build a more comprehensive and detailed structure of the
sugarcane genome.

7.2 Enhancing genomic resources
Despite the advancements in sequencing and assembling the sugarcane genome, there is a crucial need for more
comprehensive genomic databases and tools that can manage and analyze the vast amounts of data generated. The
development of databases such as SUCEST, which facilitates access to expressed sequence tags (ESTs), represents
a significant step forward (Casu et al., 2005). However, enhancing these resources to include more functional
annotations and integration with phenotypic data could dramatically improve the utility of genomic information in
breeding programs. Furthermore, there is a demand for tools that can effectively address polyploidy and
heterozygosity in genetic analyses are needed to fully exploit the sugarcane genome for crop improvement.

7.3 Future of genomic selection
The future of genomic selection in sugarcane looks promising with the potential to revolutionize breeding
strategies for this vital crop. Genomic selection, which uses genome-wide genetic markers to predict phenotypic
performance, is likely to become a pivotal component of sugarcane breeding programs. This approach can be
particularly effective in sugarcane, where traditional breeding is hampered by the crop's complex genetics and
long breeding cycles (Souza et al., 2011). Innovations such as SNP genotyping and gene editing technologies are
expected to improve the accuracy and efficiency of genomic selection, enabling the manipulation of multiple traits
simultaneously, such as yield, sucrose content, and stress resistance (Manimekalai et al., 2020). As these
technologies mature, the integration of genomic selection with high-throughput phenotyping and environmental
modeling could lead to a new era of precision breeding in sugarcane, specifically tailored to specific
agro-environmental conditions.

8 Concluding Remarks
Over the past decade, the field of sugarcane genomics has seen substantial advancements, driven by rapid
technological innovations in sequencing and computational biology. The development and application of
next-generation sequencing technologies have allowed researchers to delve into the highly complex and polyploid
genome of sugarcane with unprecedented detail and accuracy. For example, the construction of a BAC-based
monoploid reference sequence for sugarcane significantly enhances the resolution of genetic analysis in this crop.
The integration of long-read sequencing platforms has facilitated the assembly of large genomic regions, which
are particularly challenging in polyploid genomes like that of sugarcane. Additionally, functional genomics has
progressed substantially, with extensive transcriptome analyses revealing the expression patterns and potential
regulatory mechanisms of thousands of genes associated with traits such as sucrose accumulation, stress responses,
and biomass production.

The insights gained from these genomic studies have profoundly transformed sugarcane breeding programs. The
ability to identify and manipulate genes related to yield, sucrose content, and stress resistance directly impacts the
efficiency of breeding strategies, reducing the time and resources required to develop new cultivars.
Marker-assisted selection has become more targeted, with genetic markers linked to desirable traits speeding up
the selection process. Moreover, the advent of genomic selection in sugarcane offers the potential to revolutionize
breeding by predicting the performance of genotypes based on genomic data alone, a shift that is expected to
enhance the genetic gains per unit of time significantly.
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Despite these advances, significant challenges remain, and there are several key areas where future research is
critically needed. First, the full assembly of the polyploid sugarcane genome remains incomplete. Continued
efforts to achieve a more complete and annotated reference genome will be crucial, as this will provide the
necessary foundation for all genetic and genomic studies in sugarcane. Additionally, the functional validation of
candidate genes identified through genomic studies is still in its infancy. Advanced gene-editing technologies such
as CRISPR/Cas systems need to be adapted and optimized for sugarcane to enable precise manipulation of genetic
traits. Meanwhile, there is a need to better integrate multi-omics data (genomics, transcriptomics, proteomics, and
metabolomics) to gain a holistic understanding of the biological processes underlying trait development in
sugarcane. This integration will not only help in elucidating complex traits such as stress resistance and
photosynthetic efficiency but also in harnessing these traits for the development of superior sugarcane varieties.
By addressing these research needs, the sugarcane research community can continue to make significant
contributions to global food security and sustainable bioenergy production.
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