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Abstract This study presents a meta-analysis of yield-related genetic markers in cotton, focusing on their historical development,
current applications, and future prospects. Advances in genetic marker technologies, including the use of SSRs, SNPs, and
high-throughput sequencing, are explored, alongside their association with key yield traits such as boll size, lint weight, and plant
height. Marker-assisted selection (MAS) and genomic selection (GS) are evaluated for their roles in improving breeding efficiency. A
case study highlights the successful implementation of MAS in cotton breeding programs and the associated challenges. This analysis
identifies significant markers and consistent quantitative trait loci (QTLs) across diverse studies, providing insights into emerging
trends and practical applications. The study concludes by emphasizing the integration of advanced technologies, the importance of
collaborative research, and actionable recommendations to enhance the role of genetic markers in sustainable cotton breeding. These
findings offer valuable guidance for researchers and breeders aiming to address future challenges in cotton productivity.
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1 Introduction

Cotton (Gossypium spp.) is a crucial crop globally, serving as a primary source of natural fiber for the textile
industry and contributing significantly to the economies of many countries (Hussain et al., 2019; Zhang et al.,
2019). It is cultivated extensively worldwide, with India being one of the largest areas for cotton cultivation,
although it faces challenges in productivity (Joshi et al., 2023). The economic importance of cotton is underscored
by its role in providing employment and supporting industries related to textiles and agriculture (Gu et al., 2020).

Enhancing cotton yield is fraught with challenges, particularly due to environmental stresses such as drought,
which significantly impact production. The genetic erosion of cotton due to a narrow genetic base further
complicates breeding efforts aimed at improving yield (Hussain et al., 2019). Additionally, the variability in
environmental conditions across different regions necessitates the development of cotton varieties that can
maintain high yields under diverse conditions (Baytar et al., 2018; Gu et al., 2020).

Genetic markers, particularly quantitative trait loci (QTLs), play a pivotal role in understanding the genetic basis
of yield-related traits in cotton. These markers help in identifying genes associated with fiber quality and yield,
facilitating marker-assisted selection (MAS) in breeding programs (Said et al., 2013; Li et al., 2016; Liu et al.,
2022). Recent studies have identified numerous QTLs linked to yield and fiber quality traits, providing insights
into the genetic architecture of these traits and aiding in the development of improved cotton varieties (Xia et al.,
2014; Qin et al., 2015; Zhang et al., 2019).

This study attempts to consolidate existing research on yield-related genetic markers in cotton to identify
consistent QTLs that can be utilized in breeding programs, discuss the integration of data from multiple studies to
provide a comprehensive understanding of the genetic factors influencing yield traits, and provide an overview of
strategies to enhance the efficiency of breeding aimed at improving cotton yield and quality. The findings are
expected to offer valuable insights for cotton breeders and contribute to the development of high-yielding,
resilient cotton varieties.
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2 Advances in Genetic Marker Research in Cotton

2.1 Historical development of genetic marker technologies

The development of genetic marker technologies in cotton has evolved significantly over the years. Initially,
traditional breeding methods were the primary approach for cotton improvement, but these methods were limited
by their time-consuming nature and the need for extensive field trials (Figure 1) (Kushanov et al., 2021). The
introduction of molecular markers revolutionized cotton breeding by enabling the identification and utilization of
DNA polymorphisms. Early marker systems included Restriction Fragment Length Polymorphism (RFLP) and
Random Amplified Polymorphic DNA (RAPD), which laid the groundwork for more advanced techniques
(Shehzad et al., 2017). The sequencing of cotton genomes, such as G. raimondii and G. hirsutum, further
propelled the development of genetic markers by providing a comprehensive understanding of the cotton genome
(Sabeyv et al., 2020).
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Figure 1 Marker-assisted selection in comparison with conventional breeding (Adopted from Kushanov et al., 2021)
Image caption: P1 and P2, parental genotypes, F1, first generation hybrid, Fn, hybrid progeny obtained from first generation by
self-pollination, and BCn, backcross generations (Adopted from Kushanov et al., 2021)

2.2 Commonly used genetic markers in cotton breeding

In cotton breeding, several types of genetic markers are commonly used, including simple sequence repeats (SSRs)
and single nucleotide polymorphisms (SNPs). SSR markers are valued for their high polymorphism and ease of
use in genetic diversity studies and DNA fingerprinting (Wu et al., 2020; Kuang et al., 2022). They have been
instrumental in constructing linkage maps and conducting QTL analysis for traits such as fiber quality and yield
(Sabev et al., 2020). SNP markers, on the other hand, offer high-throughput genotyping capabilities and are
increasingly used for genome-wide association studies and genomic selection (Ashrafi et al., 2015; Hulse-Kemp et
al., 2015). The development of SNP arrays, such as the CottonSNP63K, has provided a standardized resource for
high-density genetic mapping and trait dissection.

2.3 Advances in high-throughput sequencing and marker discovery

Recent advances in high-throughput sequencing technologies have significantly enhanced marker discovery in

cotton. Techniques such as genotyping-by-sequencing (GBS) and specific locus amplified fragment sequencing

(SLAF-seq) have enabled the rapid identification of SNP markers across the cotton genome (Fan et al., 2018).

These technologies facilitate the construction of high-density genetic maps, which are crucial for precise QTL

mapping and marker-assisted selection (Wang et al., 2015; Zhang et al., 2016). The use of transcriptome
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sequencing has also been explored to reduce sequencing costs while still providing valuable SNP data for breeding
programs (Ashrafi et al., 2015). These advancements have accelerated the breeding process by allowing for the
selection of desirable traits at the DNA level, thus improving the efficiency and effectiveness of cotton breeding
programs (Kushanov et al., 2021).

In summary, the evolution of genetic marker technologies in cotton has transitioned from traditional methods to
sophisticated molecular techniques, with SSRs and SNPs being the most commonly used markers.
High-throughput sequencing has further advanced marker discovery, enabling more efficient breeding strategies
and the development of high-yielding, high-quality cotton cultivars.

3 Yield-Related Traits in Cotton and Their Genetic Basis

3.1 Key traits influencing cotton yield

Cotton yield is influenced by several key traits, including boll size, lint weight, and plant height. Boll size is a
critical determinant of yield as it directly affects the number of seeds and the amount of fiber produced per plant.
Larger bolls generally contribute to higher yields (Hussain et al., 2019). Lint weight, which refers to the weight of
the fiber after ginning, is another crucial trait, as it determines the quantity of usable fiber obtained from the
cotton plant (Zhang et al., 2020). Plant height can also influence yield, as it affects the plant's ability to capture
sunlight and its overall biomass production (Baytar et al., 2018).

3.2 Quantitative trait loci (QTLs) associated with yield components

Numerous QTLs have been identified that are associated with yield components in cotton. For instance, a study
identified 983 QTLs related to fiber quality and yield, with 198 being stable across different environments (Zhang
et al., 2019). Another research effort mapped 73 yield-related QTLs, with 10 being stable across multiple
environments, highlighting the genetic complexity of yield traits (Liu et al., 2022). Additionally, 134 QTLs were
associated with fiber yield traits, with 39 being novel discoveries, indicating ongoing advancements in
understanding the genetic basis of yield (Joshi et al., 2023). These QTLs are distributed across various
chromosomes, with some clusters showing significant correlations with yield traits (Gu et al., 2020).

3.3 The relationship between marker-assisted breeding and yield traits

Marker-assisted breeding (MAB) has become an essential tool in improving yield traits in cotton. By utilizing
genetic markers linked to desirable traits, breeders can more efficiently select for high-yielding varieties. For
example, the identification of stable QTLs and candidate genes through genome-wide association studies (GWAS)
and other mapping techniques has facilitated the development of cotton lines with enhanced yield potential (Su et
al., 2020). The integration of MAB in breeding programs has allowed for the precise selection of traits such as
boll weight and lint percentage, leading to improved cotton varieties with higher yields (Diouf et al., 2018). This
approach not only accelerates the breeding process but also increases the accuracy of selecting for complex traits
like yield (Fan et al., 2018).

In summary, understanding the genetic basis of key yield-related traits and leveraging marker-assisted breeding
techniques are crucial for enhancing cotton yield. The identification of QTLs and their integration into breeding
programs can significantly improve the efficiency and effectiveness of developing high-yielding cotton varieties.

4 Integration of Genetic Markers in Breeding Programs

4.1 Marker-assisted selection (MAS) for yield improvement

Marker-assisted selection (MAS) has become a pivotal tool in cotton breeding, allowing for the precise selection
of desirable traits at the DNA level, thereby accelerating the breeding process. MAS facilitates the identification
and incorporation of quantitative trait loci (QTLs) associated with yield and fiber quality into breeding programs.
This approach has been successfully used to develop high-yielding cotton cultivars with superior fiber quality and
resistance to biotic and abiotic stresses (Sabev et al., 2020; Kushanov et al., 2021). For instance, the development
of the 'Ravnaq' cotton cultivar series exemplifies the successful application of MAS, where specific SSR markers
were used to transfer QTLs associated with fiber quality traits into elite cultivars (Darmanov et al., 2022).
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4.2 Use of genomic selection (GS) in breeding pipelines

Genomic selection (GS) is an emerging approach that leverages genome-wide marker data to predict the breeding
value of individuals, thus enhancing the efficiency of selection in breeding programs. GS has shown promise in
capturing the genetic variation for complex traits such as yield and fiber quality in cotton. By integrating GWAS
hits into prediction models, GS can improve the accuracy of trait predictions, although careful consideration of
significance thresholds is necessary (Billings et al., 2022). The development of high-density SNP arrays, such as
the CottonSNP63K, provides a robust resource for implementing GS in cotton breeding, enabling the dissection of
complex traits and enhancing the genetic gain (Hulse-Kemp et al., 2015).

4.3 Challenges and opportunities in translating marker data to breeding success

While the integration of genetic markers into breeding programs offers significant advantages, several challenges
remain. One major challenge is the environment-specific nature of many alleles, which can limit their utility
across different breeding contexts (Billings et al., 2022). Additionally, the narrow genetic diversity in cotton
breeding programs can hinder the effective use of marker data (Aydin et al., 2023). However, opportunities exist
in expanding the genetic base by incorporating wild alleles and utilizing advanced genome editing technologies
like CRISPR/Cas9 to enhance yield-related traits (Figure 2) (Mubarik et al., 2020). Furthermore, the development
of comprehensive genetic maps and the use of diverse molecular markers can facilitate the effective translation of
marker data into breeding success (Qin et al., 2015; Sabev et al., 2020).

In summary, the integration of genetic markers through MAS and GS offers substantial potential for improving
cotton yield and quality. However, addressing challenges such as allele specificity and genetic diversity is crucial
for maximizing the benefits of these technologies in breeding programs.
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Figure 2 Proposed revamped cotton breeding program (Adopted from Mubarik et al., 2020)

Image caption: Fine-tune the already present traits and add new traits to cultivated cotton varieties through plant breeding, genetic
engineering, and genome editing tools. Pyramiding of useful traits by crossing between genetically altered and elite cultivars to
develop climate resilient cotton cultivars (Adopted from Mubarik et al., 2020)

5 Case Study: Marker-Assisted Selection for Cotton Yield Improvement

5.1 Description of a breeding program implementing MAS

Marker-assisted selection (MAS) has been effectively implemented in various cotton breeding programs to
enhance fiber quality and yield. One notable program targeted the improvement of fiber quality traits such as fiber
length, strength, micronaire, and uniformity by utilizing SSR markers associated with specific QTLs. In this
program, donor genotypes possessing desirable fiber quality traits were crossed with local elite cultivars, and the
resulting populations were backcrossed over multiple generations. The transfer of targeted QTLs was monitored
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using polymorphic SSR markers, leading to the development of new cotton cultivars with superior fiber quality
(Darmanov et al., 2022).

5.2 Success stories and quantitative impact on yield improvement

The application of MAS in cotton breeding has led to significant improvements in fiber quality and yield. For
instance, the development of the 'Ravnaq' cultivar series demonstrated the successful transfer of QTLs associated
with superior fiber traits, resulting in cultivars with stronger, longer, and more uniform fibers compared to their
parent lines (Figure 3) (Darmanov et al., 2022). Additionally, the identification of novel marker-trait associations
has provided new insights into the genetic basis of yield and fiber quality, facilitating the development of
high-yielding cotton varieties (Li et al., 2016; Kumar et al., 2021). These advancements underscore the potential
of MAS to accelerate breeding processes and achieve substantial genetic gains in cotton (Kushanov et al., 2021).

L-141 ‘Andijan-35° ‘Ravnaq-1* L-N1 ‘Mekhnat® ‘Ravnaq-2*

Figure 3 Fibre staple lengths (mm) of ‘Ravnaq-1’ and ‘Ravnaq-2’ cultivar compared to controls lines (Adopted from Darmanov et al.,
2022)

5.3 Challenges and lessons learned from real-world applications of MAS

Despite the successes, implementing MAS in cotton breeding presents several challenges. One major issue is the
negative correlation between yield and fiber quality, which complicates the simultaneous improvement of both
traits (Constable et al., 2015; Shang et al., 2015). Additionally, the complexity of cotton's genetic architecture,
with multiple QTLs influencing key traits, requires precise mapping and validation of markers to ensure effective
selection (Deng et al., 2019). Lessons learned from these challenges highlight the importance of integrating MAS
with traditional breeding methods and utilizing comprehensive genomic tools to overcome limitations and
enhance breeding efficiency (Rafiq et al., 2016).

In summary, while MAS has proven to be a powerful tool in cotton breeding, its success depends on careful
planning, integration with conventional methods, and continuous refinement of genomic resources.

6 Key Insights from the Meta-Analysis

6.1 Compilation of significant markers linked to yield traits

The meta-analysis compiled a comprehensive list of significant markers associated with yield traits in cotton. For
instance, a study identified 983 QTLs related to fiber yield and quality, with 198 being stable across multiple
environments (Zhang et al., 2019). Another research identified 53, 70, and 68 significant SNPLDB loci associated
with boll number, boll weight, and lint percentage, respectively (Su et al., 2020). Additionally, 71 QTLs for fiber
quality and yield traits were detected, with 16 being stable across different environments (Li et al., 2016).

6.2 Identification of consistent QTLs across different studies and environments

Consistent QTLs were identified across various studies and environments, highlighting their stability and potential
utility in breeding programs. For example, 24 stable QTLs for fiber quality and 12 for yield traits were identified
in one study (Gu et al., 2020). Another study found 62 stable QTLs for fiber quality and 10 for yield-related traits
across multiple environments (Liu et al., 2022). Furthermore, 30 QTLs were consistent in at least two
environments, indicating their reliability (Diouf et al., 2018).

6.3 Emerging trends in marker development and application

Emerging trends in marker development and application include the use of high-density SNP markers and

genome-wide association studies (GWAS) to enhance the precision of QTL mapping. For instance, a high-density
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genetic map with 6187 bin markers was used to identify novel QTLs for fiber quality and yield traits (Gu et al.,
2020). The use of 5178 SNP markers in another study facilitated the identification of 110 QTLs for various traits
(Diouf et al., 2018). These advancements in marker technology are crucial for improving the efficiency of
marker-assisted selection (MAS) in cotton breeding programs (Zhang et al., 2019).

In summary, the meta-analysis highlights the identification of significant markers and consistent QTLs across
different studies, emphasizing their potential in improving cotton yield traits. The advancements in marker
development and application are paving the way for more efficient breeding strategies.

7 Implications for Future Cotton Breeding

7.1 Integration of advanced technologies like CRISPR and genomic selection

The integration of advanced technologies such as CRISPR and genomic selection holds significant promise for the
future of cotton breeding. CRISPR/Cas9 technology can be utilized to edit genes associated with disease
susceptibility and negative regulators of yield-related traits, thereby enhancing cotton's resilience and productivity
(Rauf et al., 2019; Mubarik et al., 2020). Genomic selection, which leverages high-throughput genotyping and
phenotyping data, can accelerate the breeding process by predicting the performance of breeding lines before field
trials, thus improving the efficiency of developing high-yielding and high-quality cotton cultivars (Bolek et al.,
2016; Billings et al., 2022). These technologies, when combined, can significantly enhance the precision and
speed of breeding programs, leading to the development of superior cotton varieties that meet the demands of
changing climates and market needs (Sabev et al., 2020; Yang et al., 2022).

7.2 Role of collaborative research and data sharing in accelerating marker utility

Collaborative research and data sharing are crucial for maximizing the utility of genetic markers in cotton
breeding. Programs like the CSIRO cotton breeding initiative demonstrate the benefits of partnerships between
research institutions and commercial entities, which facilitate access to diverse genetic resources and advanced
technologies (Conaty et al., 2022). By sharing genomic data and breeding outcomes, researchers can build
comprehensive databases that enhance the understanding of marker-trait associations, thus improving the accuracy
of marker-assisted selection (MAS) (Kushanov et al., 2021). Such collaborations can also help in standardizing
methodologies and tools across different breeding programs, thereby accelerating the development and
deployment of improved cotton varieties globally (Billings et al., 2022).

7.3 Recommendations for enhancing the practical application of markers in breeding

To enhance the practical application of genetic markers in cotton breeding, several strategies can be recommended.
First, the development of high-density genetic maps and the use of next-generation sequencing technologies can
improve the identification and validation of quantitative trait loci (QTLs) associated with economically important
traits (Constable et al., 2015; Bolek et al., 2016). Second, integrating marker-assisted selection with traditional
breeding methods can help overcome the limitations of conventional approaches, such as the time-consuming
nature of phenotypic selection (Sabev et al., 2020). Finally, investing in training programs for breeders to
effectively use molecular tools and data analytics can ensure that the latest advancements in genomics are fully
utilized in breeding programs (Rauf et al., 2019; Kushanov et al., 2021). These steps will facilitate the creation of
elite cotton cultivars with enhanced yield, fiber quality, and stress resistance.

In summary, the future of cotton breeding lies in the strategic integration of cutting-edge technologies,
collaborative efforts, and the practical application of genetic markers. These approaches will collectively drive the
development of cotton varieties that are not only high-yielding and resilient but also tailored to meet the specific
needs of different growing environments and market demands.

8 Concluding Remarks

The meta-analysis of yield-related genetic markers in cotton has revealed significant insights into the genetic
architecture underlying fiber quality and yield traits. Across multiple studies, a variety of quantitative trait loci
(QTLs) have been identified, with some being stable across different environments. For instance, one study
identified 983 QTLs related to fiber quality and yield, with 198 being stable across 17 environments. Another
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study found 210 fiber quality QTLs and 73 yield-related QTLs, with several being stable across multiple
environments. Additionally, novel genomic regions and candidate genes have been uncovered, providing a deeper
understanding of the genetic basis for these traits.

Genetic marker research plays a crucial role in achieving sustainable yield improvements in cotton by enabling the
identification and utilization of key genetic loci associated with desirable traits. The use of high-density genetic
maps and genome-wide association studies (GWAS) has facilitated the discovery of QTLs and candidate genes
that can be targeted in breeding programs to enhance fiber quality and yield. This research supports the
development of cotton varieties that are more resilient to environmental stresses, such as drought, thereby
contributing to sustainable agricultural practices.

To address future challenges in cotton breeding, a multidisciplinary approach is essential. Integrating genomics,
phenomics, and environmental data can enhance our understanding of complex traits and improve breeding
strategies. Collaboration between geneticists, agronomists, and data scientists can lead to the development of more
robust cotton varieties that meet the demands of both productivity and environmental sustainability. By leveraging
advances in molecular biology, bioinformatics, and field trials, the cotton industry can continue to innovate and
adapt to changing global conditions.
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