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diego.zamudioayala@wsu.edu

Abstract: Understanding the genetic basis of plant height (PH) in sorghum is essential for improving
crop performance and breeding efficiency. This study analyzed 309 sorghum accessions using
genome-wide association studies (GWAS) to identify significant single nucleotide polymorphism
(SNP) markers associated with PH. Genotyping was conducted using SeqSNP with 5000 markers, of
which 3143 high-quality SNPs were selected for analysis. Principal component analysis (PCA) and
kinship analysis revealed two distinct genetic clusters. GWAS was performed using seven models:
GLM, MLM, MLMM, CMLM, ECMLM, SUPER, FarmCPU, and BLINK. While GLM and SUPER
identified a large number of significant SNPs, their Manhattan and QQ plots indicated high false-
positive rates. FarmCPU and BLINK proved to be the most reliable models, detecting 10 and 8
significant SNPs, respectively, with four SNPs shared between both models. The most influential
SNPs were located on chromosomes 1 and 8, in genes Sobic.001G017500 and Sobic.008G050800,
known for their roles in plant growth and development. These findings demonstrate the advantage
of multi-locus GWAS models in reducing false positives and enhancing SNP detection accuracy. The
identified markers provide valuable insights for sorghum breeding programs, enabling the selection
of desirable traits to optimize plant height and improve overall yield potential.

Keywords: BLINK; farmCPU; GWAS; sorghum

Introduction

Approximately 29% of the total population is moderately or severely food insecure (FAQO, 2023).
Even though there has been some progress towards reducing chronic hunger in the last four years in
regions such as Asia and Latin America and the Caribbean, projected numbers of undernourished
indicate that the world is far off from achieving zero hunger by 2030 (FAO et al., 2024). In addition,
global food supply and demand are expected to notoriously increase, especially in developing
countries, because the world population is expected to grow 1.6 billion people by 2050 (FAO, 2023).
To meet these challenges, crop yield needs to increase by 70% by 2050 to satisfy the demands of a
growing population (Hussain et al., 2021). Efforts to increase crop yield have included agronomical
practices such as intercropping, breeding high-yield crops, better fertilizers and pesticides, and the
development of stress-tolerant plants (Hussain et al., 2021). However, the implementation of these
techniques is not sufficient to satisfy future food demands (Murchie et al., 2009).

While the majority of studies looking at boosting crop production have focused mainly on C3
species, the genetic factors controlling yield in C4 species are not well understood (Sales et al., 2021).
C4 species such as maize, sorghum, and sugarcane are among the top ten crops with the highest
annual global production, with sorghum being the fifth most important among cereal crops in terms
of both annual metric production and yield (FAO, 2023). Sorghum (Sorghum bicolor L.) is known for
its dual-purpose crop (staple food for humans and feed crop for livestock) and its greatest drought
tolerance among Cs plants (Hossain et al., 2022), vital to secure future food security. The small relative
genome makes sorghum an ideal model crop for crop genomic studies. Moreover, the availability of
the sorghum genome sequences in public databases has made it possible to conduct different
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analyses, including genome-wide-association (GWAS) analysis for the identification of molecular
markers associated with key physiological traits.

Genome-wide association studies (GWAS) are known for their efficiency in identifying
quantitative traits nucleotides (QTNs) associated with genomic regions of interest (CITATION).
However, differentiating true from false QTNs, most often caused by population structure issues, has
been challenging (CITATION). Given that, more powerful models have been developed in the last 10
years to overcome GWAS limitations. Among those new models, fixed and random model circulating
probability unification (farmCPU) (Liu et al, 2016) and bayesian-information and linkage-
disequilibrium iteratively nested keyway (BLINK) (Huang et al., 2018) are the most powerful models
for GWAS. The farmCPU model is a multi-locus linear mixed model (MLMM) that analyzes multiple
markers at the same time as cofactors to partially eliminate the confounding effect of markers and
kinship coefficients (Liu et al., 2016). As a result, farmCPU has higher statistical power and better
computational power compared to other GWAS models. Although the farmCPU model is good for
reducing confounding effects caused by multiple markers, it is still inefficient when a large number
of markers and genotypes are involved in the analysis. In contrast, BLINK, which uses Bayesian
methods, is more time-efficient due to it replaces random effects with a fixed effects model, and
therefore, removes the assumption that casual genes are evenly distributed across the genome.

Although GWAS analysis often reveals novel genomic regions associated with important traits
that have a high impact on crop productivity and resilience, the genetic variation within and among
different plant accessions along with genotype-by-environment interactions (G x E) limits GWAS
results robustness and validation, especially when comparing studies conducted under multi-
environment field trials. In addition, the development of newer GWAS models with higher power
statistical analysis and computational speed needs to be considered when selecting the right model
for a given data set. Therefore, this study aimed to conduct GWAS analysis to identify significant
SNP makers associated with plant height of 309 independent sorghum accessions. This study
hypothesizes that using newer models with higher statistical power and computational speed will
help to identify SNP markers associated with plant height in sorghum accessions.

Material and Methods
Plant Material

The number of sorghum accessions was obtained as outlined by Enyew et al. (2025), with the
difference that only 309 accessions were used in this study.

Phenotyping Data

Plant height (cm; PH) was measured from each sorghum accession before the flowering stage.

SNP Selection and Genotyping

The 309 accessions were genotyped using SeqSNP. This genotyping method used 5000 SNP
makers that were previously identified in the genetic diversity analysis of sorghum accessions by
Enyew et al. (2022). The SNP markers are targeted on chromosome 1 to chromosome 10. The
majority of the SNP markers (93.7%) came from the sorghum DNP database SorGSD
(http://sorgsd.big.ac.cn) and the remaining (6.3%) were identified as outlined by Enyew et al. (2022).
Among the 5000 SNP markers, the polymorphic SNP loci and bi-allelic loi were identified as
described by Enyew et al. (2025). In addition, from the bi-allelic SNP loci group, further SNP filtering
analysis through minimum allele frequency (MAF) was performed to identify high-quality SNP loci
(3142 SNP).

Genome-Wide Association (GWAS)

All data were analyzed using R software version 4.2.2. GWAS analysis was performed using the
statistical package Genome Association and Prediction Integrated Tool (GAPIT version: 3.0). The
GWAS used a total of 3143 SNP markers with phenotype data (plant height, PH) from 309 sorghum
accessions. Principal component analysis (PCA) and pairwise genetic association (kinship matrix)
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were calculated as outlined by Enyew et al. (2022). Five different GWAS models, GLM (general linear
model), MLM (mixed linear model), MLMM (multiple loci mixed linear model), CMLM (compressed
MLM), SUPER, ECMLM (enriched CMLM), farmCPU (Fixed and random model circulating
probability unification), and BLINK (Bayesian-information and linkage-disequilibrium iteratively
nested keyway) were used to determine significant SNPs for PH. Significant associations between PH
and SNPs were determined at P < 0.05 with Bonferroni correction. Manhattan and QQ plots were
generated with GAPIT functions in the R software. To assess the statistical power among the GWAS
models used in this experiment. FarmCPU and BLINK along with earlier models GLM, MLM,
MLMM, CMLM, ECMLM, and SUPER were compared using the GAPIT.Power.compare test
(number of replicates = 10) from the GAPIT function (Wang & Zhang, 2021).

Results and Discussion

Principal Components (PCA)

The principal components analysis (PCA) of the 309 sorghum accessions was determined by the
package GAPIT. The number of principal components that better explained the population variability
was established by the eigenvalues (Figure 1A). Based on these values, 3 principal components (PC)
were used to determine the population stratification of the 309 sorghum accessions (Figure 1B).
Because PC3 contributed less than 5% of the population variability, only 2 PCs were selected to depict
the clustering pattern of the 309 sorghum accessions (Figure 1C). The kinship analysis also showed
that sorghum accessions were clustered into 2 groups (Figure 2).
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Figure 1. Eigenvalues that show the percentage (%) of variability explained by the most significant components
and PCA scatter plots with 3 and 2 components depicting the clustering pattern of the 309 sorghum accessions.
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Figure 2. Heat map diagram of kinship matrix depicting that the 309 sorghum accessions are grouped into two
clustering groups.

Markers-Trait Associated with Plant Height (PH)

Table 1 shows the significant markers associated with PH. The GLM and SUPER model
identified 78 and 124 significant SNP markers, however, based on its QQ plot, the observed vs.
predicted values were not correlated, indicating that the majority of significant SNPs identified
through GLM were false positives.

FarmCPU and BLINK identified 10 and 8 significant SNP markers, respectively associated with
the trait plant height, whereas the other two models MLM and MLMM did not identify any
significant SNP markers associated with PH (Figure 3). Among the significant SNP markers for PH,
four SNPs were identified by both farmCPU and BLINK. The Manhattan and QQ plots of FarmCPU
and BLINK showed that the observed vs. the predicted P-values for the 3143 SNPs are matching,
therefore, false positive results are less likely (Figure 3). The use of multi-locus GWAS models is better
to overcome the limitations associated with single-locus models (Li et al., 2015) because they include
kinship values and principal components to avoid confounding effects caused by population
structure (Enyew et al., 2022). Moreover, the statistical power analysis showed that only farmCPU
and BLINK reduced the likelihood of identifying false positives compared to GLM, MLM, MLMM,
CMLM, and SUPER (Figures 4A and 4B). The comparison between multi-locus GWAS models and
single-locus models has been also assessed to identify SNP markers associated with plant trains in
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the vegetative stage of different sorghum accessions (Zou et al., 2024) suggesting that BLINK and
farmCPU are models with improved statistical power. Similarly, a study assessing the disease rating
for resistance to grain mold in 635 sorghum accessions found that the use of multiple models
including those that avoid overfitting and eliminate confounding effects between kinship and testing
markers (Nida et al., 2021). Even though these studies have assessed different GWAS models to
identify SNP markers in different maturity stages of sorghum accessions, farmCPU and BLINK were
still the most powerful models with less likelihood to identify false positives.

Both farmCPU and BLINK identified four markers in chromosomes 3, 4, 6, and 8 (Figure 5). The
phenotypic variation explained by these markers ranged between 0.11 (chromosome 3) to 12.6%
(chromosome 8). Additionally, four SNP markers were identified by BLINK on chromosomes 1, 5,
and 7 with 2.38, 8.19, and 15.3% of phenotypic variation, respectively. Likewise, farmCPU identified
6 additional SNP markers on chromosomes 1, 3, 6, 9, and 10 with 27.4, 8.23, 0.65, 0, and 0.96% of
phenotypic variation, respectively. The SNP markers that had the largest effect on PH, in
chromosome 1 (PVE = 27.4%) and 8 (PVE=12.6%), were located in the genes Sobic.001G017500 and
Sobic.008G050800, respectively. The former encodes for hydroxysteroid dehydrogenase,
oxidoreductase, and short-chain dehydrogenase regions, while the latter plays an important role in
protein expression. These genes are known for their importance in plant vegetative and reproductive
growth (Enyew et al., 2022).
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Figure 3. Manhattan and WW plots from GLM (general linear model), MLM (mixed linear model), MLMM
(multiple loci mixed linear model), CMLM (compressed MLM), SUPER, ECMLM (enriched CMLM), farmCPU
(Fixed and random model circulating probability unification), and BLINK (Bayesian-information and linkage-
disequilibrium iteratively nested keyway) GWAS analysis of 309 sorghum accessions using 3143 SNP markers
(P values threshold were corrected by Bonferroni correction).
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Figure 4. Statistical power comparison between GLM (general linear model), MLM (mixed linear model),
MLMM (multiple loci mixed linear model), CMLM (compressed MLM), SUPER, ECMLM (enriched CMLM),
farmCPU (Fixed and random model circulating probability unification), and BLINK (Bayesian-information and
linkage-disequilibrium iteratively nested keyway) with simulated phenotype data from 309 sorghum accessions.
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Figure 5. Manhattan plots from farmCPU (Fixed and random model circulating probability unification), and
BLINK (Bayesian-information and linkage-disequilibrium iteratively nested keyway) GWAS analysis to identify
the number of SNP markers identified by both models. .
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4 6 0 0.31068 12 ’
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3 10 5270775  0.11165 06
snp_sb00100104969 4.02E- 0.96
6 10 7303004  0.059871 08 ’
snp_sb04206017673 8.40E-
BLINK 3 1 4778713  0.404531 06 238
snp_sb04206037994 1083653 2.70E- 104
0 3 5 0.07767 10 '
snp_sb00100046972 5410880 1.47E- 734
2 4 6 0.18932 06 ’
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2 5 3 0.415858 06 ’
snp_sb00100071925 5770411 1.77E- 538
4 6 0 0.31068 10 ’
snp_sb04206084352 5999793 1.15E- 15.3
2 7 7 0.119741 06 ’
snp_sb04206085045 6330034 2.46E-
8 7 6 0.127832 06 5.29
snp_sb04206086716 5.97E-
2 8 5053406  0.085761 07 12.6

1 MAF, minor allele frequency (>0.05).
2PVE, phenotypic variation (%).
3 PH, plant height (cm).

+567 Non-significant SNP markers were identified by MLM, MLMM, CMLM, and ECMLM.

aSNPs in bold were identified by two GWAS models (farmCPU and BLINK).

Conclusions

This study highlights the effectiveness of BLINK and farmCPU to identify significant SNP
markers associated with plant height in 309 sorghum accessions, indicating that these models can be
implemented for further GWAS analysis with other phenotypic traits. Both FarmCPU and BLINK
identified four common SNP markers on chromosomes 3, 4, 6, and 8, with additional unique markers
detected by each model. Notably, the SNPs with the largest effects on plant height were located in
genes Sobic.001G017500 and Sobic.008G050800, which are involved in key metabolic and growth-
related processes. Overall, these findings reinforce the importance of selecting robust GWAS models
for trait association studies and provide valuable genetic insights that can aid in sorghum breeding
programs aimed at improving plant height and overall crop performance.
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