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Abstract

Background The genetic architecture of perenniality in sorghum remains incompletely understood, particularly 

following interspecific hybridization and recovery of diploid progeny. Rhizome development and overwinter 
regrowth are components of perennial persistence but may differ genetically and environmentally. Characterizing 
their genomic association patterns in diploid Sorghum bicolor × S. halepense material could identify candidate 

genomic regions for subsequent validation and breeding.

Results We investigated perenniality in S3011, a diploid-derived interspecific population from Sorghum bicolor 

× S. halepense. A structured F₄ panel was phenotyped under field conditions, and accession-level best linear unbi-
ased predictors (BLUPs) were used for genome-wide association analyses. No association exceeded the Bonfer-

roni-adjusted genome-wide significance threshold (P ≤ 1.15 × 10⁻⁶; 43,317 SNPs tested), and none remained sig-

nificant after Benjamini–Hochberg false discovery rate correction (q < 0.05). A predefined suggestive threshold 
(P < 1 × 10⁻⁴; −log₁₀(P) > 4) identified 13 SNPs, which were consolidated into seven spatially distinct exploratory 
rhizome-number signals. Complementary characterization using high–low allele-dosage contrasts, local linkage 
disequilibrium, historical positional correspondence, candidate-gene annotation, and a descriptive marker-based 
genome scan revealed heterogeneous regional evidence. The strongest high–low allele-dosage differentiation 
occurred at chromosome 1 cluster 2 (S1_63359080; +0.3364; 100.0th chromosome-relative percentile), followed 
by chromosome 1 cluster 1 (S1_62967991; +0.3002; 99.3rd percentile). The complementary marker scan showed 
within-dataset cross-method concordance for selected rhizome-number signals, including the chromosome 3 
region. Overwinter regrowth produced three exact marker-level GWAS–marker-scan matches but lacked the 
localized multi-marker regional structure observed for rhizome number. Because both association approaches 
used the same S3011 dataset, their agreement represents cross-method concordance rather than independent vali-

dation. Given the modest sample size, low trait heritability, and absence of associations surviving multiple-testing 
correction, all identified signals remain exploratory.
Conclusions Rhizome development and overwinter regrowth showed contrasting genomic association patterns 
in the S3011 population. Rhizome number was associated with seven exploratory signals that differed in allele-
dosage differentiation and complementary regional support, whereas overwinter regrowth showed marker-level 
concordance without comparable localized multi-marker structure. These results do not establish confirmed QTL 
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or causal loci but prioritize genomic regions and allelic combinations for validation in independent populations 
and environments before their breeding utility can be established.

Keywords Perennial sorghum · Rhizome number · Overwinter regrowth · Genome-wide association study · 
Allele dosage · Linkage disequilibrium · Sorghum halepense

Introduction

Developing perennial grain sorghum requires integrating the agronomic attributes of cultivated Sorghum bicolor 

with the belowground persistence characteristic of its rhizomatous wild relative, S. halepense. The latter forms 

extensive rhizome networks, maintains belowground vegetative meristems, and exhibits vigorous regrowth fol-
lowing seasonal stress—traits that contribute to its ecological persistence and provide a biological route toward 

perennializing a major C4 cereal [1–3]. In agricultural systems, perennial root and rhizome architectures can 
improve soil structure, enhance water and nutrient capture, increase soil carbon inputs, and contribute to resil-

ience under climatic stress [4–8]. Despite these potential advantages, breeding perennial grain sorghum remains 

constrained by limited understanding of the genetic architecture underlying rhizome development and post-win-

ter persistence.

Perenniality in sorghum is physiologically complex and encompasses multiple interacting components, includ-

ing rhizome initiation and development, belowground meristem survival, dormancy, crown survival, resource 
storage, and overwinter regrowth. These processes are developmentally integrated but are also strongly condi-

tioned by temperature, moisture, seasonal dynamics, and plant developmental state [9–11]. Rhizomes can con-

tribute to perennial persistence by protecting vegetative meristems belowground and supporting renewed growth 

after seasonal stress, but rhizome development alone need not determine whether a plant survives winter and 
resumes growth [2, 12]. Rhizome development and overwinter regrowth may therefore represent related but 
genetically and environmentally distinct components of perenniality.

Early genetic studies involving perennial sorghum relatives identified genomic regions associated with rhi-
zomatousness and related perenniality traits [2, 13]. More recent transmission-genetic and mapping studies like-

wise support the involvement of multiple genomic regions in the inheritance of rhizomatous growth and perennial 
persistence [14, 15]. However, many interspecific sorghum populations have involved polyploid, aneuploid, or 
mixed-ploidy material in which irregular meiosis, allele-dosage complexity, segregation distortion, and reduced 

fertility complicate genetic analysis [3, 14–16]. These limitations make it difficult to determine how perenniality-
associated variation is organized after recombination and recovery of stable diploid progeny.

Comparative studies in other crop–wild relative systems provide additional evidence that perennial and adap-

tive traits may be genetically heterogeneous rather than governed by a single genomic architecture. In maize–
teosinte populations, traits associated with rhizomatous growth and regrowth have been mapped to multiple 
genomic regions, indicating that perennial growth can be decomposed into genetically tractable components 

while still involving several loci and environmentally responsive processes [17–19]. More broadly, introgressed 

and domestication-related variation can occur within genomic regions that differ in local linkage disequilibrium, 
recombination history, and allelic composition [20–24]. These observations motivate genomic analyses that com-

pare multiple forms of regional evidence without assuming that all biologically relevant loci will exhibit the same 

local genetic signature.

Diploid extraction provides a useful framework for examining these questions in sorghum. Recovery of diploid 
derivatives from interspecific material stabilizes chromosome number at 2n = 20 and can simplify segregation 
and allele-dosage interpretation relative to polyploid or cytogenetically unstable backgrounds. In the KS105 × 

Gypsum 9 N pedigree, triploid intermediates expressed strong rhizomatous phenotypes but retained the meiotic 
instability typical of interspecific hybrids. Subsequent recovery and selfing of fertile diploid derivatives produced 
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the S3011 population, providing a diploid-extraction panel in which perenniality-associated traits can be evalu-

ated within a genetically stabilized background.
Association-mapping frameworks that account for population structure provide one approach for character-

izing marker–trait relationships in such populations [24–26]. In a modestly sized, structured diploid-extraction 
panel, however, suggestive marker associations should be interpreted cautiously because statistical power, allele 
frequency, relatedness, and local marker structure can influence the apparent strength and spatial organization 
of association signals. Accordingly, complementary analyses were used to compare regional patterns of linkage 
disequilibrium, allele-dosage differentiation, marker-scan correspondence, historical QTL context, and positional 
gene content without treating those secondary analyses as confirmation of the suggestive GWAS signals.

Under this framework, localized genomic structure need not imply a single major-locus model, and dispersed 
associations need not imply an absence of genetic control. Rhizome development may produce localized asso-

ciation signals that differ in the degree of support provided by complementary analyses, whereas overwinter 
regrowth may exhibit a more dispersed association profile because it integrates multiple biological processes 
and is particularly sensitive to environmental conditions. Distinguishing between these patterns is important for 

identifying genomic hypotheses that warrant validation while avoiding overinterpretation of suggestive associa-

tions as established QTL.
Here, we investigate the genomic architecture of rhizome number and overwinter regrowth in S3011, a diploid-

extraction population derived from S. bicolor × S. halepense. We combine accession-level best linear unbiased 

predictors (BLUPs) with population-structure-adjusted genome-wide association analysis and complementary 

marker-based genome scans. For rhizome number, we further characterize the seven spatially distinct suggestive 
GWAS signals using lead-to-neighbor local linkage disequilibrium, GWAS-effect-oriented high–low allele-dos-

age contrasts, historical QTL correspondence, positional candidate-gene annotation, and selected region-specific 
sensitivity analyses. We use these complementary analyses to (i) identify and describe exploratory genomic 

signals associated with rhizome number, (ii) compare the degree and type of regional characterization among 
those signals, (iii) evaluate whether allele-dosage differentiation between high- and low-rhizome accessions is 
exceptional relative to chromosome and genome-wide backgrounds, (iv) assess positional correspondence with 
previously reported rhizomatousness loci, and (v) contrast the genomic association profile of rhizome develop-

ment with that of overwinter regrowth. This framework is intended to prioritize testable genomic hypotheses for 
subsequent validation rather than to define confirmed QTL or causal loci.

Materials and methods

Plant materials and population development

The S3011 population was developed as a diploid-extraction system to recover perenniality-associated alleles 

from Sorghum halepense within a diploid S. bicolor background. In 2017, the diploid inbred KS105A (2×) was 
crossed with the tetraploid perennial accession Gypsum 9 N (4×). Interspecific hybridization produced F₁ prog-

eny spanning diploid, triploid, and tetraploid cytotypes, with triploid derivatives exhibiting strong rhizomatous 
phenotypes but limited fertility.

Selfing of triploid individuals generated segregating F₂ progeny with mixed ploidy. Fertile diploid individu-

als exhibiting rhizome formation were selected and advanced through successive selfing to generate diploid 
F₄ families. These lines retain introgressed S. halepense genomic segments while exhibiting stabilized diploid 
inheritance.

Because the population was derived through a partially fertile triploid intermediate, seed production varied 

substantially among F₄ families. Consequently, the realized field population was constrained by seed availability, 
and neither the number of plots nor the number of plants established per accession was uniform across the experi-

ment. Some accessions produced sufficient seed to be represented in multiple plots, whereas others could only be 



Article in Press

BMC Plant Biology

https://doi.org/10.1186/s12870-026-09930-8

established in a single plot or with fewer individual plants. As a result, the realized experiment did not constitute 
a perfectly balanced evaluation of all accessions.

A total of 129 diploid F₄ accessions comprising 855 individual plants were established and phenotyped in the 
field. Leaf tissue was collected from every surviving plant for DNA extraction. Following the selective-genotyp-

ing strategy originally proposed for this population, only a subset of these samples was selected for genotyping 

in order to improve the efficiency of detecting marker–trait associations while substantially reducing genotyping 
costs [27]. After genotype quality filtering, 606 individuals representing 124 accessions were retained for down-

stream genetic analyses.

Phenotypic observations were collected at the individual-plant level, whereas all downstream genetic analy-

ses were conducted at the accession level. Because multiple plants were evaluated for each accession whenever 

available, accession effects were estimated using linear mixed models fitted by restricted maximum likelihood 
(REML), with plot included as a random effect to account for environmental variation among field plots and 
accession included as a random effect to estimate accession-level genetic effects. Accession-level best linear unbi-
ased predictors (BLUPs) were extracted from these models and used as the phenotypic inputs for all downstream 

genome-wide analyses. Genotype data from selectively genotyped individuals were summarized as mean allele 
dosage per accession, resulting in one phenotypic value and one genotype vector for each accession included in 

the association analyses.

Source and identification of plant materials

The perennial accession Gypsum 9 N (4×), derived from Sorghum halepense, originated from a natural popula-

tion located at the northern city limits of Gypsum, Kansas, USA, on the east side of Kansas Highway 4. The mate-

rial was collected and subsequently developed within a breeding context by Dr. Stan Cox (The Land Institute, 
Salina, KS, USA).

Collection was conducted on publicly accessible land, and no permits or licenses were required under local 
regulations. No voucher specimen was deposited, as the material was incorporated directly into an ongoing 

breeding program.

Taxonomic identification of Sorghum halepense was performed by Dr. Stan Cox (The Land Institute, Salina, 
KS, USA) based on established morphological descriptors and breeding records maintained within the perennial 
sorghum breeding program.

The annual inbred KS105A (Sorghum bicolor) was obtained from the USDA Germplasm Resources Informa-

tion Network (GRIN; accession PI 612408) and is maintained as part of publicly available sorghum germplasm 
resources.

All experimental research involving plant materials complied with institutional, national, and international 

guidelines. Field experiments were conducted in accordance with local regulations at the University of Georgia 
Coastal Plain Experiment Station, Tifton, GA, USA.

DNA extraction, library preparation, and sequencing

Leaf tissue samples from individual plants were flash-frozen at − 80 °C and lyophilized for 48 h prior to DNA 
extraction. Genomic DNA was extracted from lyophilized tissue using a modified salt-extraction protocol follow-

ing the rapid polysaccharide- and polyphenol-free method described by [28]. DNA concentrations were normal-

ized to 20 ng µL⁻¹ prior to library preparation.
Genotyping-by-sequencing (GBS) libraries were prepared using restriction enzyme-based complexity reduc-

tion. Libraries were constructed following the ApeKI-based GBS protocol originally described by [29], con-

sistent with reduced-representation sequencing approaches widely used in sorghum and related cereal species. 

Fragment libraries were purified and size-selected prior to sequencing.
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Sequencing was performed on the Illumina NovaSeq 6000 platform (Illumina Inc., San Diego, CA, USA), 
generating paired-end FASTQ reads for downstream genotyping analyses.

Read processing, alignment, and SNP discovery

Sequence reads were processed using the TASSEL-GBS v5 pipeline [30]. Reads were aligned to the Sorghum 

bicolor reference genome BTx623 v3.1.1 [31] using BWA-MEM [32] implemented in BWA [33]. Variant discov-

ery and initial quality filtering were performed using the Genome Analysis Toolkit (GATK; RRID: SCR_001876) 
[34].

SNP filtering, imputation, and data aggregation

Quality control was applied at both individual and marker levels. Individuals with > 50% missing genotype data 
were excluded. SNPs were retained if they satisfied the following criteria: call rate ≥ 80%, minor allele frequency 
(MAF) ≥ 0.05, and genotype quality score Q ≥ 20. Monomorphic loci were removed.

Following plant-level genotype quality control, 43,318 SNPs across 606 individuals were retained. Genotype 
data from retained individuals were then summarized at the accession level as mean allele dosage across available 
genotyped plants within each accession. Remaining missing accession-level dosage values were imputed using 
the SNP-wise mean allele dosage.

After accession-level aggregation and imputation, one of the 43,318 QC-retained markers was invariant across 
accession-level dosage values and was therefore excluded before association testing because a zero-variance 
predictor has no estimable marker effect. The final accession-level genotype matrix used for GWAS consequently 
contained 43,317 variable SNPs. Thus, 43,318 refers to markers retained after plant-level genotype quality con-

trol, whereas 43,317 refers to the variable markers actually tested in the accession-level GWAS.

Reference genome and annotation provenance

Sequence alignment, variant discovery, and the physical coordinates used for GWAS were based on the Sorghum 

bicolor BTx623 v3.1.1 reference genome. To maintain a single coordinate framework throughout the final analy-

sis, positional candidate-gene annotation was also performed using the BTx623 v3.1.1 structural gene annotation 

available through Phytozome v12 (Sbicolor_454_v3.1.1). No cross-version coordinate conversion was used in 
the final GWAS, signal-window definition, historical-QTL distance calculations, or positional candidate-gene 
catalogue. BTx623 v5.1 gene models considered during earlier exploratory work were not used to define the 
final candidate-gene catalogue because direct gene-model correspondence across annotation releases was not 
established.

Field site and experimental design

Field trials were conducted at the University of Georgia Coastal Plain Experiment Station in Tifton, Georgia, 
USA (31.5070° N, 83.5085° W). The experimental site is characterized by Tifton loamy sand soils.

The field experiment was established on 5 May 2022 using the available seed from each diploid F₄ accession. 
Individual accessions were planted in 3.7 m single-row plots with 0.90 m row spacing and approximately 0.30 m 
within-row plant spacing. Because the S3011 population originated through a partially fertile triploid interme-

diate, seed production varied substantially among F₄ families. Consequently, the realized field experiment was 
unbalanced, with variation among accessions in both the number of field plots established and the number of 
plants per plot. Some accessions produced sufficient seed to be represented in multiple plots, whereas others were 
represented in a single plot with fewer established plants. Plot identifiers were unique across the experiment and 
served as the experimental units in subsequent mixed-model analyses.
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Weed control consisted of pre-emergence application of S-metolachlor followed by manual weeding as 

required. No supplemental irrigation was applied during the growing season. During the 2022–2023 overwinter-
ing period, minimum air temperatures reached − 9.2 °C, with multiple freeze events below 0 °C. Leaf tissue was 
collected from every surviving plant for DNA extraction prior to selective genotyping.

Phenotypic measurements

Rhizome development

Rhizome expression was scored in late fall 2022 using an ordinal scale (0, 0.5, 1, 2, 3) reflecting increasing levels 
of rhizome-derived tiller emergence.

Although ordinal, this trait was analyzed as continuous to approximate an underlying biological gradient (lia-

bility scale). This approach is commonly applied in quantitative genetic analyses of ordered traits.

Overwinter regrowth

Regrowth was recorded in spring 2023 as a binary trait (0 = no regrowth; 1 = regrowth observed).
Although binary, regrowth was analyzed using linear mixed models to enable BLUP estimation and com-

patibility with downstream association analysis. This approach approximates a liability-threshold model and is 

widely used in quantitative genetics [35]. As a sensitivity consideration, results should be interpreted with aware-

ness of potential deviations from logistic models.

Mixed models and BLUP estimation

Phenotypic observations were analyzed at the individual-plant level using linear mixed models fitted by restricted 
maximum likelihood (REML). For each trait, the following model was fitted:

 𝑦𝑦𝑖𝑖𝑖𝑖𝑘𝑘 = 𝜇𝜇 + 𝑃𝑃𝑖𝑖 + 𝐴𝐴𝑖𝑖 + 𝜀𝜀𝑖𝑖𝑖𝑖𝑘𝑘𝑖
where yiⱼₖ is the phenotype of an individual plant, µ is the overall mean, Pi is the random effect of plot, Aⱼ is the 
random effect of accession, and εiⱼₖ is the residual error. Plot identifiers were unique across the experiment, with 
each plot representing a single accession planting. Accordingly, plot was treated as the experimental unit and 

modeled as a random effect to account for environmental heterogeneity among field plots.
Although the original experimental design followed a randomized complete block design with two nominal 

replicates, variation in seed availability, field establishment, and plant survival resulted in an unbalanced realized 
experiment with unequal representation of accessions across plots. Consequently, the mixed-effects model was 
specified to reflect the realized experimental design by treating plot as the experimental unit rather than fitting a 
nominal replicate effect. The accession random effect was used to estimate accession-level genetic effects across 
all available plant observations.

Accession-level best linear unbiased predictors (BLUPs) were extracted from the accession random effects and 
used as the phenotypic inputs for all downstream genome-wide analyses. Thus, both the exploratory genome-wide 

association analysis (GWAS) and the complementary marker-based genome scan were conducted at the acces-

sion level rather than by treating individual plants as independent genetic units. Genotype data were likewise 
summarized as mean allele dosage per accession prior to association analysis. Consequently, individual plants 
contributed to the estimation of accession-level genetic effects through the mixed model but were not treated as 
independent genetic observations in downstream association analyses, thereby avoiding pseudo-replication.
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Population structure and kinship assessment

Population structure was evaluated using principal component analysis (PCA) [36, 37]. The first three principal 
components (PC1–PC3) were included as fixed covariates in all association models.

Because the S3011 panel contains family structure and relatedness, association models with and without a kin-

ship term were evaluated diagnostically. Inclusion of kinship broadly attenuated marker-association statistics and 
produced only modest changes in genomic-inflation diagnostics relative to models containing PC1–PC3 alone. 
The PCA-adjusted model was therefore retained as the primary exploratory association framework, while the 
kinship-adjusted analysis was treated as a sensitivity assessment rather than as independent evidence. Genomic 
inflation factors for the primary PCA-adjusted analyses ranged from λ = 1.17 to 1.26, indicating modest residual 
inflation. Accordingly, all marker associations are interpreted conservatively as exploratory, and residual related-

ness is retained as a limitation of the present study.

Genome-wide association analysis

Genome-wide association analysis (GWAS) was conducted at the accession level using accession-level BLUPs 
as phenotypic values and mean allele dosage as the corresponding genotype representation. Association testing 

followed the linear model.

 
𝑦𝑦 = 𝜇𝜇 + 𝛽𝛽𝑠𝑠𝑠𝑠𝑠𝑠𝑋𝑋 +∑𝑘𝑘𝑘𝑘3 𝛽𝛽𝑘𝑘𝑃𝑃𝑃𝑃𝑘𝑘 + 𝜀𝜀,

where y denotes the accession-level phenotype, µ is the intercept, x is the accession-level mean allele dosage at 
the SNP being tested, βₛₙₚ is the estimated additive allele-substitution effect, PCₖ denotes the first three principal-
component covariates, and ε is the residual error. This framework corresponds to a population-structure-adjusted 
linear association model [25, 26, 38].

Genome-wide significance was evaluated using a Bonferroni-adjusted threshold based on the 43,317 variable 
SNPs that entered the final accession-level association scan:

 𝑇𝑇𝑇𝑇𝑇 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑉𝑉𝑉𝑉𝑇𝑇𝑇𝑇𝑇𝑇 𝑇 𝑉𝑉𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑇𝑇𝑇𝑉𝑉𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑇𝑇𝑉𝑉𝑇𝑇 0.05/43,317 = 1.15 × 10-6,
corresponding to − log₁₀(P) ≈ 5.94. Benjamini–Hochberg false discovery rate (BH-FDR) correction was addi-
tionally applied at q < 0.05. A predefined suggestive threshold of P < 1 × 10⁻⁴ (− log₁₀(P) > 4) was used to identify 
exploratory associations for subsequent characterization. Associations meeting only the suggestive threshold 
were not considered genome-wide significant and were interpreted as exploratory signals rather than confirmed 
QTL.

To distinguish localized multi-marker signals from isolated suggestive associations, SNPs exceeding the sug-

gestive threshold were grouped descriptively according to physical proximity. Adjacent suggestive SNPs sepa-

rated by ≤ 250 kb were assigned to the same localized cluster, whereas suggestive SNPs separated by greater 
distances were treated as spatially distinct signals. For each resulting signal or cluster, the SNP with the smallest 

P-value was designated as the representative lead marker. This clustering procedure was used to summarize the 
spatial organization of suggestive associations and did not constitute linkage-based QTL interval mapping.

For each representative SNP, the proportion of phenotypic variance explained (PVE) was calculated as.

 𝑃𝑃𝑃𝑃𝑃𝑃 (%) = 100 × 𝛽𝛽2 𝑃𝑃𝑉𝑉𝑉𝑉 (𝑋𝑋) /𝑃𝑃𝑉𝑉𝑉𝑉 (𝑦𝑦) ,
where β is the estimated SNP effect from the population-structure-adjusted GWAS, Var(X) is the variance of the 
accession-level marker-dosage vector, and Var(y) is the variance of the corresponding accession-level phenotype. 
These PVE values describe the marker-level variance contribution under the GWAS effect estimate and should 
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not be interpreted as independently estimated QTL variance components. Given the modest sample size, low trait 
heritability, and exploratory significance of the associations, PVE estimates were interpreted cautiously.

Definition and downstream evaluation of suggestive genomic signals

All spatially distinct signals defined from SNPs exceeding the predefined suggestive GWAS threshold were 
retained in the primary summary of exploratory associations. Subsequent analyses were used to evaluate the 

degree of complementary support available for these signals rather than to redefine suggestive GWAS associa-

tions as confirmed QTL.
Some complementary analyses had been developed within the original analytical workflow around a subset of 

candidate regions on chromosomes 1, 3, and 4. Accordingly, results from these analyses were retained as addi-
tional characterization of selected exploratory signals and were not interpreted as evidence that chromosomes 
1, 3, and 4 represented the complete set of suggestive GWAS associations. Differences in the amount or type of 
downstream evidence available among signals were therefore treated as differences in analytical characterization 
rather than as a biological criterion for excluding other suggestive signals.

Descriptive marker-scan concordance analysis

A second marker-level scan was used to describe cross-method positional concordance with the primary pop-

ulation-structure-adjusted GWAS. At each retained SNP, accession-level BLUPs were regressed on accession-
level mean allele dosage by ordinary least squares. This analysis was not treated as classical linkage-based QTL 
mapping because a complete linkage map was not available, nor was it treated as an independent association 
experiment.

For each trait, Manhattan and Q–Q plots summarized the marker scan. Chromosome-wise marker-scan peaks 
were compared with the seven representative rhizome-number GWAS markers. Exact SNP matches were recorded 
directly, and physical distance to the chromosome-wise marker-scan peak was calculated for each GWAS lead 
marker. A ± 250-kb window defined proximal concordance.

Because both analyses used the same S3011 accessions and genotype dataset, exact or proximal agreement was 

interpreted strictly as within-dataset cross-method concordance. It was used to describe whether an exploratory 

GWAS position was also prioritized by an alternative marker-level model, not to validate, replicate, or exclude a 
GWAS signal.

All seven exploratory rhizome-number GWAS signals were characterized using the same core secondary 
analyses: high–low allele-dosage contrasts, local lead-to-neighbor linkage disequilibrium, historical positional 
correspondence, positional candidate-gene annotation, and descriptive marker-scan concordance. Additional 
dosage-response and regional quality-control or sensitivity analyses remained restricted to selected regions from 

the earlier analytical workflow.

GWAS-effect-oriented high–low allele-dosage contrast analysis

Phenotype-associated allele-dosage differentiation was evaluated after orienting genotype dosage to the GWAS 
effect direction, such that increasing dosage corresponded to the allele associated with increasing rhizome num-

ber. This orientation standardizes the direction of the contrast but does not assign alleles to either parental species. 
Accordingly, we use the term high–low allele-dosage contrast throughout and do not interpret this analysis as 
ancestry inference.

The analysis included 124 accessions with aligned genotype data and rhizome-number BLUPs. Accessions 
were ranked by BLUP and divided into lower and upper quartiles (31 low-rhizome and 31 high-rhizome acces-

sions). For each marker, the contrast was the mean GWAS-effect-oriented dosage in the high-rhizome group 
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minus the corresponding mean in the low-rhizome group. Positive values therefore indicate higher dosage of the 
rhizome-increasing allele in the high-rhizome group.

Marker-level contrasts were summarized in non-overlapping 500-kb windows, yielding 1,248 informative 
windows genome-wide. Each window-level contrast was ranked within its chromosome and across the genome 
by absolute magnitude. For each of the seven representative rhizome-number GWAS signals, we recorded the 
contrast for the 500-kb window containing the lead SNP, its chromosome-relative percentile, and its genome-
wide absolute-contrast rank.

These quantities are phenotype-oriented dosage contrasts, not local-ancestry estimates. Phased haplotypes 

and sufficiently informative parental reference panels were unavailable, and GWAS-effect orientation does not 
identify parental origin. Accordingly, no contrast is interpreted as direct evidence of S. halepense ancestry or 

segment-level introgression.

Historical QTL correspondence analysis

The spatial correspondence between the seven exploratory rhizome-number GWAS signals identified in the S3011 
population and previously reported rhizomatousness loci was evaluated using QTL identified in independent 
interspecific Sorghum bicolor × S. halepense mapping populations [39]. The comparison focused on published 

rhizomatousness loci reported for the rhizome-groups (RG) phenotype because these provided the most directly 
relevant historical genomic reference for comparison with the S3011 rhizome-number associations.

For each of the seven spatially distinct suggestive GWAS signals, the position of the representative S3011 
lead SNP was compared with the corresponding published historical rhizomatousness locus on the same chromo-

some. For historical QTL identified by interval mapping, physical correspondence was evaluated relative to the 
published QTL interval boundaries reported by [39]. When an S3011 lead SNP fell within a published historical 

QTL interval, the minimum physical distance was defined as zero. When the lead SNP fell outside the interval, 
the minimum distance was calculated to the nearest published interval boundary.

The chromosome 3 comparison was treated separately because the historical locus qRG.3.H6.1 was detected 

for the rhizome-groups (RG) phenotype by the complementary single-marker analysis of [39], rather than by 

their interval-mapping analysis. In that study, RG denotes categorical rhizomatousness derived from rhizome 
occurrence and is distinct from winter survival, which was analyzed separately as ISur. Accordingly, qRG.3.H6.1 

is treated here as a historical rhizomatousness locus and not as an overwinter-regrowth or survival QTL. Accord-

ingly, the S3011 chromosome 3 lead SNP was compared with the published peak marker (S3_58273458) and the 

reported left–right flanking-marker span associated with qRG.3.H6.1. Because this span was derived from the 

single-marker analysis, it was not interpreted as equivalent to a QTL confidence interval obtained by interval map-

ping. Distance for the chromosome 3 comparison was therefore reported relative to the published peak marker, 
together with a descriptive assessment of whether the S3011 signal fell within the broader reported marker span.

Historical correspondence was summarized descriptively according to the physical relationship between each 
S3011 lead SNP and the relevant published locus. For interval-mapped QTL, relationships were classified as posi-
tional correspondence when the S3011 lead SNP occurred within the published interval, close regional proximity 

when it occurred near an interval boundary, or broader/little positional correspondence at increasing physical dis-

tances. The chromosome 3 relationship was reported separately as correspondence with a single-marker-defined 
historical locus. These categories were descriptive and were not treated as statistical tests of replication.

Because the S3011 population and the historical mapping populations differ in population structure, marker 
density, analytical framework, and mapping resolution, physical correspondence was interpreted as contextual 
evidence rather than evidence that an S3011 association and a historical QTL represent the same underlying 
causal locus. This qualification is particularly important for broad historical intervals, for which physical inclu-

sion of an S3011 signal provides limited resolution regarding locus identity. Historical QTL correspondence was 
therefore used as a complementary line of evidence for biological interpretation and prioritization of exploratory 
signals and not as independent validation, replication, or confirmation of the S3011 GWAS associations.
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Local linkage disequilibrium analysis

Local linkage disequilibrium (LD) was evaluated for each of the seven spatially distinct exploratory rhizome-
number GWAS signals. For each signal, the representative SNP was used as the focal marker, and neighbor-
ing SNPs located within ± 250 kb of the representative SNP were identified. The representative SNP itself was 
excluded from the set of neighboring markers.

Pairwise LD between each representative SNP and each neighboring marker was quantified as the squared 
Pearson correlation (r²) between their genotype-dosage vectors across accessions with estimable dosage values 

[40, 41]. Thus, the analysis characterized lead-to-neighbor LD within each 500-kb signal-centered window rather 
than calculating all pairwise marker comparisons or defining formal haplotype blocks.

For each of the seven signals, local LD was summarized by the number of neighboring markers in the ± 250-kb 
window, the median and maximum lead-to-neighbor r², and the numbers of neighboring markers with r² ≥ 0.20 
and r² ≥ 0.50. The neighboring marker showing the maximum r² with each representative SNP was also identi-
fied. These thresholds were used descriptively to compare the extent of local marker correlation among the seven 
exploratory signals and were not used to define haplotype blocks, determine GWAS signal retention, or infer 
causal variants.

Because none of the rhizome-number associations satisfied genome-wide multiple-testing-adjusted signifi-

cance criteria, the LD analysis was interpreted as complementary regional characterization of the seven explor-
atory signals rather than evidence of confirmed QTL or causal loci.

Candidate gene identification

Positional genes were catalogued uniformly for all seven exploratory rhizome-number signals by extracting 
BTx623 v3.1.1 gene models (Phytozome v12; Sbicolor_454_v3.1.1) overlapping the ± 250-kb interval around 
each representative SNP. Signal-level gene counts, the nearest annotated gene, and a deduplicated seven-signal 

catalogue were recorded; genes shared by the overlapping chromosome 1 intervals were counted once in the 
deduplicated total.

The catalogue is positional rather than functional. No gene was prioritized on proximity alone, and earlier 
BTx623 v5.1 candidates were not carried forward because direct gene-model identity across annotation releases 
was not established. The resulting list therefore defines hypotheses for subsequent functional work rather than 
causal candidates.

Statistical software and reproducibility

All statistical and genomic analyses were conducted in R using the packages lme4, data.table, ggplot2, emmeans, 
and additional packages documented within the reproducibility scripts. The analytical workflow included pheno-

type processing, mixed-model estimation, genome-wide association analysis (GWAS), complementary marker-
based genome scans, linkage disequilibrium (LD) analysis, GWAS-effect-oriented high–low allele-dosage 
contrast analysis, signal-centered and candidate-gene analyses, historical QTL correspondence analyses, quality-
control diagnostics, and generation of supplementary outputs.

The final curated datasets, analysis scripts, supplementary materials, and reproducibility documentation sup-

porting this study have been permanently archived in Zenodo Version V4 and are publicly available at:
https://doi.org/10.5281/zenodo.22074040.

The archived repository includes processed phenotype and genotype data, analysis scripts, locked analytical 
outputs, supplementary tables and figures, audit manifests, provenance records, and a README describing the 
repository structure and reproducibility workflow. The deposited analysis package was verified for file integrity, 
R-script syntax, dependency resolution, portability, and cold-start reproducibility.

https://doi.org/10.5281/zenodo.22074040
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Results

Phenotypic variation for rhizome development and overwinter regrowth

The S3011-derived diploid F₄ panel exhibited substantial phenotypic variation for key components of perenni-
ality (Fig. 1). Phenotypic observations were analyzed using mixed models to derive accession-level best linear 
unbiased predictors (BLUPs).

Rhizome number ranged from 0 to 3 (mean = 1.10) and displayed a right-skewed distribution. Accession-level 
BLUPs spanned a broad continuum, consistent with segregation of introgressed S. halepense genomic segments 

within a diploid S. bicolor background.
Overwinter regrowth was observed in 7.8% of plants under winter conditions reaching a minimum temperature 

of − 9.2 °C. The low frequency of regrowth limited statistical power for association detection.
Rhizome number and overwinter regrowth were weakly correlated (r = 0.19), indicating that rhizome initiation 

alone is not sufficient to confer overwinter survival.
Broad-sense heritability was low for rhizome number (H² = 0.07 ± 0.02 SE) and very low for overwinter 

regrowth (H² = 0.04 ± 0.01 SE) (Table 1; Supplementary Table S1). These low estimates are consistent with 

Table 1 Phenotypic summary statistics and broad-sense heritability in the S3011 diploid-extraction panel

Trait Mean Range SD H² (± SE)
Rhizome number 1.10 0.0–3.0 0.88 0.07 ± 0.02
Overwinter regrowth 0.08 0–1 0.27 0.04 ± 0.01
Rhizome number and overwinter regrowth are reported with broad-sense heritability (H²) estimates
Means, ranges, and standard deviations summarize the observed phenotypic distributions. Broad-sense heritability estimates are reported with 
their corresponding standard errors

Fig. 1 Phenotypic distributions in the final S3011 analytical panel. A Distribution of rhizome number scores among the 606 
genotyped individuals retained after genotype quality control and contributing to the 124-accession analytical panel used for 
genome-wide association analysis. B Accession-level best linear unbiased predictors (BLUPs) for overwinter regrowth and 
rhizome number across the 124 genotyped accessions used for genome-wide association analysis. Points represent individual 
accessions and violin plots summarize the distribution of BLUP values
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strong environmental influence and evaluation in a single environment. Although heritability was low, estimates 
remained non-zero, indicating detectable genetic variance.

Population structure of the diploid mapping panel

Principal component analysis (PCA) revealed modest genomic structure (Supplementary Fig. S3). The first three 
principal components each explained 5–7% of total genetic variation.

No discrete clustering was observed, indicating continuous genomic variation rather than sharply stratified 
subpopulations. Genomic inflation factors for the primary PCA-adjusted analyses were modest (λRhiz = 1.26; 
λRegrowth = 1.17), consistent with modest residual inflation. Diagnostic comparison of models with and without 
kinship showed that the kinship term broadly attenuated marker-association statistics while producing only mod-

est changes in genomic-inflation diagnostics. The PCA-adjusted model was retained as the primary exploratory 
framework, the kinship-adjusted analysis was treated as a sensitivity assessment, and residual relatedness was 
retained as a limitation.

Genome-wide association analysis identifies seven spatially distinct suggestive signals for rhizome 

development

Genome-wide association analyses were conducted using accession-level BLUPs and mean allele dosage. For 
rhizome number, 13 SNPs exceeded the predefined suggestive threshold (P < 1 × 10⁻⁴), distributed across chromo-

somes 1, 2, 3, 4, and 10 (Fig. 2; Supplementary Fig. S1).
Using an adjacent-marker gap of ≤ 250 kb to describe localized clustering, these 13 SNPs resolved into seven 

spatially distinct suggestive signals (Table 2). Chromosome 1 contained eight suggestive SNPs distributed across 
two localized multi-marker clusters, whereas the chromosome 2, chromosome 3, and chromosome 10 signals 
were represented by single suggestive SNPs. Chromosome 4 contained two spatially separated singleton signals 
(Supplementary Table S2).

The seven representative lead markers were S1_62967991 for chromosome 1 cluster 1, S1_63359080 for 
chromosome 1 cluster 2, S2_23212567 for the chromosome 2 singleton, S3_62120700 for the chromosome 3 
singleton, S4_490163 for the chromosome 4 0.49-Mb singleton, S4_8603936 for the chromosome 4 8.60-Mb 
singleton, and S10_52748375 for the chromosome 10 singleton (Table 2).

No SNP exceeded the Bonferroni-adjusted genome-wide significance threshold (P ≤ 1.15 × 10⁻⁶, based on 
43,317 tested SNPs), and no association remained significant after Benjamini–Hochberg false discovery rate 
(BH-FDR) correction (q < 0.05). Accordingly, the seven signals are interpreted as exploratory associations rather 
than confirmed QTL.

The representative lead markers had estimated PVE values ranging from 13.32% to 20.35% under the marker-
level GWAS calculation (Table 2). Given the modest sample size, low heritability of rhizome number, and 
absence of associations surviving multiple-testing correction, these values are interpreted as descriptive measures 

of marker-level effect magnitude rather than precise estimates of QTL variance.
All seven exploratory rhizome-number GWAS signals were characterized using a common set of complemen-

tary analyses, including GWAS-effect-oriented high–low allele-dosage contrasts, local lead-to-neighbor linkage 
disequilibrium, historical-QTL correspondence, positional candidate-gene annotation, and comparison with the 
complementary marker-based genome scan. Additional downstream analyses were not applied uniformly across 
all seven signals. In particular, signal-specific allele dosage–response analyses and regional quality-control or 
sensitivity assessments were restricted to selected regions examined in the earlier analytical workflow, including 
the chromosome 4 leave-one-accession-out analysis. These differences in analytical depth do not alter the pri-
mary GWAS result of seven spatially distinct suggestive signals across chromosomes 1, 2, 3, 4, and 10.

Additional quality-control analyses conducted for the selected chromosome 4 region included evaluation of 
local linkage disequilibrium, allele-dosage distributions, and leave-one-accession-out sensitivity analyses. In the 
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Fig. 2 Genome-wide association profiles for rhizome number and overwinter regrowth in the S3011 diploid-extraction 
panel. Manhattan plots show association results for rhizome number (top) and overwinter regrowth (bottom) across chro-
mosomes 1–10. The dashed blue line denotes the predefined suggestive threshold (P < 1 × 10⁻⁴; −log₁₀(P) > 4), and the solid 
red line denotes the Bonferroni-adjusted genome-wide significance threshold (P ≤ 1.15 × 10⁻⁶; −log₁₀(P) ≈ 5.94), based on 
43,317 tested SNPs. For rhizome number, 13 SNPs exceeded the suggestive threshold on chromosomes 1, 2, 3, 4, and 10 
and resolved into seven spatially distinct suggestive signals: two localized multi-marker clusters on chromosome 1, single-
ton signals on chromosomes 2, 3, and 10, and two spatially separated singleton signals on chromosome 4. Representative 
SNPs for these seven signals are reported in Table 2. Overwinter-regrowth associations were more dispersed and did not 
show the localized multi-marker structure observed for rhizome number. No association for either trait exceeded the Bon-
ferroni-adjusted genome-wide significance threshold. Rhizome-number associations also did not remain significant after 
Benjamini–Hochberg false discovery rate correction. Accordingly, the associations are interpreted as exploratory signals 
rather than confirmed QTL
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leave-one-accession-out analysis, the GWAS model was sequentially refitted after removal of each accession, 
and both chromosome 4 lead-SNP associations remained below the predefined suggestive threshold (P < 1 × 10⁻⁴) 
after removal of the most influential accession. These results indicate that the evaluated chromosome 4 associa-

tions were not attributable to a single influential genotype (Supplementary Fig. S2; Supplementary Table S10).

Overwinter regrowth exhibits a dispersed association profile

The genome-wide association profile for overwinter regrowth contrasted with that observed for rhizome number 
(Fig. 2; Supplementary Fig. S1). No overwinter-regrowth association exceeded the Bonferroni-adjusted genome-
wide significance threshold or remained significant after BH-FDR correction.

Although individual SNPs exceeded the predefined suggestive threshold, these associations were compara-

tively dispersed across the genome and did not exhibit the localized multi-marker structure observed for rhi-
zome number. Consequently, the current analysis did not resolve a robust discrete genomic region for overwinter 
regrowth.

The dispersed association profile is consistent with the low frequency of overwinter regrowth and the limited 
statistical resolution available for this binary trait in the current population. Thus, whereas rhizome number 
yielded seven spatially distinct exploratory signals, overwinter regrowth did not show comparable localized 
genomic architecture under the present experimental conditions.

Complementary marker-based genome scan supports selected rhizome-associated signals

To evaluate whether positions identified by the exploratory GWAS were also prioritized using an alternative ana-

lytical framework, we compared the seven representative rhizome-number GWAS signals with results from the 
complementary marker-based genome scan (Supplementary Figs. S7–S10; Supplementary Table S9).

Exact SNP concordance between the two analytical approaches was observed for chromosome 1 cluster 2 at 

S1_63359080 and for the chromosome 3 signal at S3_62120700. In both cases, the representative GWAS lead 
SNP was also the corresponding marker-scan peak, giving a physical distance of 0 bp between the two results.

The remaining representative GWAS signals did not show equivalent colocalization with their corresponding 
chromosome-wise marker-scan peaks under the predefined ± 250-kb criterion. For chromosome 1 cluster 1, the 

Table 2 Representative lead markers for seven exploratory rhizome-number GWAS signals in the S3011 panel
Marker Chr Position (bp) β P-value PVE (%) Signal type

S1_62967991 1 62,967,991 0.101 8.482505 × 10⁻⁶ 18.13 Multi-SNP cluster

S1_63359080 1 63,359,080 0.079 1.163571 × 10⁻⁵ 15.77 Multi-SNP cluster

S2_23212567 2 23,212,567 0.137 6.066368 × 10⁻⁶ 16.77 Singleton

S3_62120700 3 62,120,700 0.146 9.990040 × 10⁻⁵ 13.32 Singleton

S4_490163 4 490,163 0.124 1.977008 × 10⁻⁵ 17.54 Singleton

S4_8603936 4 8,603,936 0.143 1.307686 × 10⁻⁵ 20.35 Singleton

S10_52748375 10 52,748,375 0.127 2.622930 × 10⁻⁵ 17.16 Singleton

The signals were spatially distinct and identified in the S3011 diploid-extraction panel. Representative lead markers for the seven spatially 
distinct exploratory rhizome-number GWAS signals in the S3011 diploid-extraction panel. Thirteen SNPs exceeded the predefined suggestive 
threshold (P < 1 × 10⁻⁴) and resolved into two multi-SNP clusters on chromosome 1 and singleton signals on chromosomes 2, 3, 4, and 10. The 
two chromosome 4 singleton signals were spatially distinct. Note: Spatial clustering was defined descriptively using an adjacent-marker gap 
of ≤ 250 kb. The chromosome 1 signals represent the most strongly associated SNP within each multi-SNP cluster; the remaining signals are 
singletons. Beta (β) denotes the estimated additive allele-substitution effect on rhizome-number BLUPs. PVE was calculated as 100 × β² Var(X) 
/ Var(y) using the PC-adjusted GWAS effect estimate, accession-level marker-dosage variance, and variance of accession-level rhizome-number 
BLUPs. No SNP exceeded the Bonferroni-adjusted genome-wide significance threshold (P ≤ 1.15 × 10⁻⁶; 43,317 SNPs tested), and no associa-

tion remained significant after Benjamini–Hochberg false discovery rate correction (q < 0.05). Accordingly, all seven signals are interpreted 
as exploratory rather than confirmed QTL. High–low allele-dosage contrasts, local LD, historical-QTL correspondence, positional candidate-
gene annotation, and descriptive marker-scan concordance were evaluated across all seven signals. Additional dosage-response and regional 
quality-control or sensitivity analyses were restricted to selected regions
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GWAS lead marker S1_62967991 was 391,089 bp from the chromosome 1 marker-scan peak S1_63359080 and 
therefore fell outside the defined colocalization window. The chromosome 2, chromosome 4, and chromosome 
10 representative signals likewise did not satisfy the defined colocalization criterion.

These results demonstrate heterogeneous cross-method correspondence among the exploratory GWAS signals. 
Exact concordance for chromosome 1 cluster 2 and chromosome 3 provides within-dataset positional concor-

dance for those positions, whereas absence of concordance for the other signals does not invalidate their sug-

gestive GWAS associations. Because the GWAS and marker-based genome scan were conducted using the same 
population and genotype dataset, this concordance is interpreted as cross-method concordance rather than inde-

pendent replication or validation of QTL.
For overwinter regrowth, the complementary marker-based scan showed three exact marker-level matches 

with suggestive GWAS markers—S3_5435691, S6_52895314, and S9_55930253—but the broader association 
profile remained dispersed and lacked the localized multi-marker regional structure observed for rhizome number 
(Supplementary Figs. S9–S10; Supplementary Table S9). Because both analyses used the same S3011 dataset, 
these matches represent within-dataset cross-method concordance rather than independent validation. Thus, nei-

ther analytical framework resolved a robust discrete overwinter-regrowth region under the current experimental 
conditions.

High–low allele-dosage contrasts differ among the seven exploratory rhizome-associated signals

The GWAS-effect-oriented high–low allele-dosage analysis revealed substantial heterogeneity among the seven 
spatially distinct rhizome-number GWAS signals. Using beta-oriented allele dosage, the high-rhizome minus 
low-rhizome contrast was evaluated for the 500-kb window containing the representative SNP of each signal and 
compared with chromosome-specific and genome-wide background distributions (Fig. 3; Supplementary Fig. S5; 
Supplementary Tables S4–S5).

The strongest high–low allele-dosage differentiation occurred at the two chromosome 1 signals. The window 
containing chromosome 1 cluster 2, represented by S1_63359080, showed a high-rhizome minus low-rhizome 
dosage contrast of + 0.3364 and ranked at the 100.0th percentile of chromosome 1 windows. This window had 
the second-highest absolute contrast among the 1,248 informative 500-kb windows evaluated genome-wide. 
Chromosome 1 cluster 1, represented by S1_62967991, showed a similarly strong positive contrast of + 0.3002, 
corresponding to the 99.3rd chromosome-relative percentile and the fifth-highest absolute contrast genome-wide. 
Thus, both chromosome 1 signals occurred within windows showing exceptional allele-dosage differentiation 
between the high- and low-rhizome groups (Supplementary Tables S4–S5).

Intermediate high–low allele-dosage differentiation was observed for the chromosome 10, chromosome 4 0.49-
Mb, and chromosome 2 signals. The chromosome 10 window containing S10_52748375 showed a contrast of 
+ 0.1416 and was at the 77.5th chromosome-relative percentile, ranking 169th genome-wide by absolute contrast. 
The chromosome 4 0.49-Mb signal represented by S4_490163 showed a contrast of + 0.1266, corresponding to 
the 86.3rd chromosome-relative percentile and a genome-wide rank of 241. The chromosome 2 signal repre-

sented by S2_23212567 showed a contrast of + 0.1134 and was at the 90.6th chromosome-relative percentile, 
with a genome-wide rank of 334. These signals therefore showed positive allele-dosage differentiation, although 
their contrasts were substantially less exceptional genome-wide than those observed for the two chromosome 1 

signals (Supplementary Table S5).
In contrast, the chromosome 3 and chromosome 4 8.60-Mb signals were not exceptional relative to their 

respective chromosome backgrounds. The window containing S3_62120700 showed a positive contrast of 
+ 0.1123 but was at only the 46.4th chromosome-relative percentile and ranked 349th genome-wide. Similarly, 
the chromosome 4 8.60-Mb signal represented by S4_8603936 showed the smallest contrast among the seven 
signals (+ 0.0815), corresponding to the 45.2nd chromosome-relative percentile and a genome-wide rank of 642. 
Thus, although both windows showed positive high-rhizome minus low-rhizome dosage contrasts, neither was 
unusual relative to the genomic background on its chromosome (Supplementary Table S5).
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Fig. 3 Integration of rhizome-number GWAS signals with GWAS-effect-oriented high–low allele-dosage contrasts. A 

Genome-wide association profile for rhizome number across chromosomes 1–10. The dashed line denotes the predefined 
suggestive threshold (P < 1 × 10⁻⁴; −log₁₀(P) > 4), and the solid line denotes the Bonferroni-adjusted genome-wide signifi-
cance threshold (P ≤ 1.15 × 10⁻⁶; −log₁₀(P) ≈ 5.94). No SNP exceeded the Bonferroni-adjusted threshold or remained signifi-
cant after Benjamini–Hochberg false discovery rate correction. B Allele-dosage-derived contrasts for the seven spatially dis-
tinct suggestive rhizome-number signals reported in Table 2. Accessions in the upper and lower quartiles of rhizome-number 
BLUPs comprised 31 high-rhizome and 31 low-rhizome accessions, respectively. SNP dosages were oriented according to 
GWAS effect direction such that increasing dosage corresponded to the rhizome-increasing allele. High-minus-low dosage 
contrasts were summarized in non-overlapping 500-kb windows. For each signal, the plotted value represents the mean 
contrast for the window containing the representative SNP; labels report the contrast and its chromosome-relative percen-
tile based on absolute contrasts among informative windows on the corresponding chromosome. These contrasts quantify 
phenotype-associated allele-dosage differentiation and should not be interpreted as direct evidence of S. halepense ancestry, 
phased local-ancestry assignments, or independent tests of statistical significance
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Genome-wide allele-dosage-derived differences between the phenotypic classes were generally modest (Sup-

plementary Fig. S4; Supplementary Table S4). Against this background, the exceptional contrasts observed for 
the two chromosome 1 signals indicate localized allele-dosage differentiation rather than a broad genome-wide 
shift between the high- and low-rhizome groups. The remaining five signals exhibited a continuum of chromo-

some-relative support, ranging from comparatively elevated contrasts on chromosomes 2, 4, and 10 to chromo-

some-unexceptional contrasts at the chromosome 3 and chromosome 4 8.60-Mb signals.
Overall, the seven-signal analysis demonstrates that phenotype-associated allele-dosage differentiation is het-

erogeneous among the exploratory GWAS signals. The two chromosome 1 signals showed the strongest localized 
differentiation, whereas the other signals showed moderate to comparatively unexceptional contrasts depending 
on their chromosomal background. Because phased haplotypes and parental reference panels sufficient for for-
mal ancestry assignment were unavailable, and because dosage orientation was based on GWAS effect direction, 
these results should be interpreted as phenotype-associated allele-dosage contrasts rather than direct evidence of 

S. halepense ancestry or segment-level local ancestry assignment.

Historical QTL correspondence provides heterogeneous positional context for the exploratory GWAS 

signals

The seven spatially distinct rhizome-number GWAS signals were compared with previously reported rhizoma-

tousness loci identified in an independent interspecific S. bicolor × S. halepense mapping population [39]. The 

degree of positional correspondence varied substantially among the seven S3011 signals (Table 3; Supplementary 
Tables S6 and S8), ranging from interval-level correspondence to close or broad regional proximity and little 
positional correspondence.

The strongest interval-level correspondence was observed for the chromosome 10 singleton signal. The S3011 

lead marker S10_52748375, located at 52.748 Mb, fell within the published 5.7–56.7 Mb interval for qRG.10B.

H6.1, giving a minimum distance of 0 Mb to the historical QTL interval. Because this published interval spans a 
large portion of chromosome 10, however, the physical overlap provides broad positional correspondence rather 

than evidence that the S3011 association and the historical QTL represent the same underlying locus.
The chromosome 3 singleton, S3_62120700 at 62.121 Mb, also showed regional correspondence with the 

previously reported rhizome-groups (RG) signal, qRG.3.H6.1. In [39], RG denotes a categorical rhizomatous-

ness phenotype derived from the proportion of plants exhibiting rhizomes; it is distinct from the winter-survival 
phenotype analyzed separately as ISur. This historical rhizomatousness locus was identified by complementary 
single-marker analysis rather than interval mapping [39]. The S3011 marker fell within the broad genomic range 
represented by the historical single-marker analysis but was approximately 3.847 Mb from the reported historical 
peak marker. Accordingly, the chromosome 3 relationship is interpreted as broad single-marker regional corre-

spondence and is not directly equivalent to overlap with an interval-mapped QTL.
Among the remaining signals, the chromosome 4 8.60-Mb singleton (S4_8603936) showed the closest prox-

imity to an interval-mapped historical QTL. This marker was approximately 0.296 Mb below the published 
interval for qRG.4B.H6.1. The two chromosome 1 signals showed broader regional proximity to qRG.1 C.H6.1: 
S1_62967991 and S1_63359080 were approximately 3.932 and 3.541 Mb, respectively, below the published 
historical interval.

In contrast, the chromosome 4 0.49-Mb signal (S4_490163) was approximately 8.410 Mb from the represented 
qRG.4B.H6.1 interval, indicating little positional correspondence. The chromosome 2 signal (S2_23212567) was 
still more distant from its represented historical chromosome 2 locus, with a minimum separation of approxi-

mately 43.187 Mb.
Collectively, these comparisons demonstrate heterogeneous positional correspondence between the explor-

atory S3011 rhizome-number signals and previously reported perenniality-associated loci. The chromosome 10 
signal showed interval-level correspondence, the chromosome 3 signal showed broad correspondence with a 

historical single-marker rhizome-groups (RG) signal, and the chromosome 4 8.60-Mb and chromosome 1 signals 
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showed varying degrees of regional proximity. The chromosome 2 and chromosome 4 0.49-Mb signals showed 
comparatively little positional correspondence. These relationships provide historical genomic context for the 

exploratory GWAS results but do not constitute independent validation or establish identity of the underlying 
causal loci.

Local linkage disequilibrium differs among the seven exploratory rhizome-associated signals

Local linkage disequilibrium (LD) was evaluated within ± 250 kb of the representative SNP for each of the seven 
spatially distinct exploratory rhizome-number GWAS signals (Supplementary Fig. S6; Supplementary Table S3). 
Pairwise LD was quantified as squared Pearson correlation (r²) between the representative SNP and neighboring 
markers within each signal-centered window. Local LD patterns differed substantially among the seven signals.

The most extensive lead-to-neighbor LD was observed for chromosome 1 cluster 2 and the chromosome 

10 signal. For chromosome 1 cluster 2, represented by S1_63359080, 20 of 35 neighboring markers had r² 
≥ 0.50, with a median r² of 0.5408 and a maximum of 0.6621. For the chromosome 10 signal represented by 
S10_52748375, 16 of 61 neighboring markers had r² ≥ 0.50, with a median r² of 0.4023 and the highest maximum 
r² observed among the seven signals (0.7064).

The chromosome 3 signal, represented by S3_62120700, was surrounded by a larger number of neighboring 
markers but showed less extensive lead-to-neighbor LD. Among 104 neighboring markers, 30 had r² ≥ 0.20 and 
only one had r² ≥ 0.50; the median and maximum r² values were 0.1475 and 0.6534, respectively. Chromosome 
1 cluster 1 showed intermediate local LD, with 33 of 54 neighboring markers having r² ≥ 0.20, although none 
reached r² ≥ 0.50.

The remaining signals showed comparatively weak local LD with their neighboring markers. No neighboring 
marker reached r² ≥ 0.50 for the chromosome 2, chromosome 4 0.49-Mb, or chromosome 4 8.60-Mb signals. 
Median r² values for these signals were 0.0009, 0.0007, and 0.0369, respectively. The chromosome 4 8.60-Mb 
signal had one neighboring marker with r² ≥ 0.20, whereas none reached this threshold for the chromosome 2 or 
chromosome 4 0.49-Mb signals.

Overall, these results demonstrate heterogeneous local LD structure among the seven exploratory GWAS 
signals. Chromosome 1 cluster 2 and the chromosome 10 signal showed the clearest evidence of extended lead-
to-neighbor LD, whereas several other signals occurred in regions with comparatively weak LD to surrounding 
markers. No signal contained a neighboring marker with r² ≥ 0.80. These LD patterns provide regional charac-

terization of the exploratory associations but do not define haplotype blocks, identify causal variants, or establish 
confirmed QTL.

Positional candidate-gene catalogue

The seven ± 250-kb signal-centered intervals contained 15–62 annotated BTx623 v3.1.1 genes each and 286 
unique positional genes after deduplication (Supplementary Table S7). The two chromosome 1 intervals over-
lapped by 108,912 bp and shared eight genes. Nearest annotated genes were 0.103–13.4 kb from the correspond-

ing representative SNP.

Because inclusion was based solely on physical overlap, this catalogue is not a functional ranking. Gene count, 
proximity to the lead SNP, and annotation category were not treated as evidence of causality or as additional 

statistical support for a GWAS signal; Table S7 is intended as a searchable positional resource for subsequent 
functional investigation.
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Multilocus allele-dosage indices are more strongly associated with rhizome number than with 

overwinter regrowth

Multilocus allele-dosage indices constructed from the exploratory rhizome-number GWAS signals showed sub-

stantially stronger relationships with rhizome number than with overwinter regrowth (Supplementary Table S11). 
For the index based on the seven representative SNPs, the Spearman correlation with rhizome number was 
ρ = 0.486 (N = 123, P = 1.17 × 10⁻⁸), compared with ρ = 0.183 (N = 123, P = 0.0428) for overwinter regrowth. When 
the two chromosome 1 signals were combined before constructing a six-region index, the corresponding cor-

relations were ρ = 0.467 (N = 124, P = 4.48 × 10⁻⁸) for rhizome number and ρ = 0.176 (N = 124, P = 0.0509) for 
overwinter regrowth.

The previously defined historical chromosome 3/chromosome 4 dosage index was retained as a comparator 
only. Its correlation with rhizome number was ρ = 0.370 (N = 124, P = 2.29 × 10⁻⁵), whereas its correlation with 
overwinter regrowth was ρ = 0.104 (N = 124, P = 0.252) (Supplementary Table S11).

Because the seven representative SNPs and six spatial signal units were derived from rhizome-number asso-

ciations in this same S3011 panel, these analyses quantify within-sample multilocus allelic accumulation. They 

therefore provide a descriptive comparison between perenniality traits and are not an independent validation of 

the rhizome-number GWAS signals.

Identification of families carrying prioritized allelic combinations

Integration of allele-dosage patterns and accession-level BLUPs within the selected candidate regions identified 
several F₄ families carrying elevated allele dosage at multiple evaluated markers.

Four families—A1D220-S2, A1D179-S4, A1D1-AA6-R1-S4, and A1D119-T6—showed elevated allele dos-

age across multiple evaluated candidate regions together with rhizome BLUPs above the population mean.
These families represent priorities for follow-up evaluation of whether the observed allele-dosage combi-

nations and associated rhizome phenotypes are reproducible in subsequent breeding populations and environ-

ments. Their identification is intended as a breeding-oriented prioritization rather than evidence that the evaluated 
marker combinations are causal.

Summary of genetic architecture

The primary exploratory GWAS for rhizome number identified 13 SNPs exceeding the predefined suggestive 
threshold, which resolved into seven spatially distinct signals across chromosomes 1, 2, 3, 4, and 10. No associa-

tion exceeded the Bonferroni-adjusted genome-wide significance threshold or remained significant after BH-FDR 
correction; consequently, all seven signals are interpreted as exploratory associations rather than confirmed QTL.

Secondary genomic analyses revealed heterogeneous regional patterns among rhizome-associated signals. The 
marker-based genome scan showed exact SNP concordance with chromosome 1 cluster 2 and the chromosome 
3 signal, whereas equivalent colocalization was not observed for the remaining representative rhizome-number 
GWAS signals under the predefined criterion. The high–low allele-dosage analysis showed the strongest local-
ized differentiation at chromosome 1 cluster 2 (S1_63359080; +0.3364, 100.0th chromosome-relative percentile), 
with chromosome 1 cluster 1 (S1_62967991; +0.3002, 99.3rd percentile) providing a second strong chromosome 
1 contrast. High–low allele-dosage contrasts, local lead-to-neighbor LD, historical-QTL correspondence, posi-
tional candidate-gene annotation, and marker-scan comparison were evaluated across all seven signals; additional 
allele dosage–response and regional quality-control or sensitivity analyses were restricted to selected regions. 
Multilocus indices based on the seven representative SNPs or six spatial signal units were more strongly asso-

ciated with rhizome number (ρ = 0.486 and 0.467, respectively) than with overwinter regrowth (ρ = 0.183 and 
0.176, respectively), providing a within-sample descriptive contrast rather than independent validation.
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Overwinter regrowth exhibited a more dispersed suggestive association profile without the localized multi-
marker structure observed for rhizome number. Nevertheless, comparison of the complementary marker-based 
genome scan with the exploratory GWAS identified exact cross-method SNP concordance for three of the ten 
chromosome-wise marker-scan peaks (30%): S3_5435691, S6_52895314, and S9_55930253 (Supplementary 
Table S9). These concordances represent agreement between analytical approaches applied to the same S3011 
dataset rather than independent validation. Together with the low heritability and low frequency of overwinter 

regrowth in the present experiment, the overall dispersed association pattern indicates limited genomic resolution 

for this trait under the current design despite localized cross-method agreement at these three markers.
Collectively, the results support a contrasting pattern of genomic resolution between the two perenniality-asso-

ciated traits. Rhizome development showed detectable but exploratory localized genomic associations, including 
multi-marker signals and heterogeneous support from complementary analyses. Overwinter regrowth showed 
localized cross-method marker concordance on chromosomes 3, 6, and 9 but did not resolve into the comparable 
multi-marker genomic regions observed for rhizome number. These complementary analyses refine the relative 
support for the exploratory signals but do not establish confirmed QTL, causal loci, or independent validation.

Discussion

Rhizome development and overwinter regrowth showed different levels of genomic resolution in the S3011 dip-

loid-extraction panel. The primary rhizome-number GWAS identified 13 suggestive SNPs resolving into seven 
spatial signals on chromosomes 1, 2, 3, 4, and 10; none survived Bonferroni or BH-FDR correction. The seven 
signals therefore remain hypotheses for validation. Secondary analyses did not converge on a single regional 

hierarchy: chromosome 1 showed the strongest phenotype-oriented allele-dosage differentiation, chromosome 1 
cluster 2 and chromosome 3 showed exact within-dataset marker-scan concordance, and local LD and historical 
correspondence varied among signals. Overwinter regrowth, by contrast, remained genomically dispersed under 

the present design. This heterogeneous pattern is more informative than a simple claim of “supported” versus 
“unsupported” loci because each analysis captures a different property of the same structured population.

Heterogeneous regional patterns among exploratory rhizome-associated signals

S3011 is an advanced diploid-extraction panel with family structure rather than a classical linkage-mapping 
population. A population-structure-adjusted association framework was therefore used to identify marker–trait 
relationships, with residual relatedness retained as an explicit limitation. The primary result is seven exploratory 

signals across five chromosomes, not three candidate regions on chromosomes 1, 3, and 4. Chromosome 1 con-

tains two multi-marker clusters; chromosomes 2, 3, and 10 contribute singleton signals; and chromosome 4 con-

tains two separated singleton signals. None met multiple-testing-adjusted significance criteria.
The secondary analyses were designed to characterize, not validate, these signals. High–low allele-dosage 

contrasts, local LD, historical positional correspondence, positional gene content, and marker-scan concordance 
were available for all seven signals. Region-specific dosage-response and quality-control analyses were available 
only for selected regions. Thus, differences in analytical depth should not be interpreted as biological differences 
in credibility.

For the two chromosome 4 signals, leave-one-accession-out sensitivity analyses provided an additional assess-

ment of whether the suggestive associations were disproportionately influenced by individual accessions. The 
GWAS model was sequentially refitted after removal of each accession, and both chromosome 4 lead-SNP asso-

ciations remained below the predefined suggestive threshold (P < 1 × 10⁻⁴) after removal of the most influential 
accession (Supplementary Table S10). These results indicate that the observed chromosome 4 associations were 
not attributable to a single influential genotype, although this within-sample sensitivity analysis does not provide 
independent validation of either signal.
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For rhizome number, the complementary marker-based genome scan (Supplementary Figs. S7–S8) provided 
exact SNP concordance with two of the seven spatially distinct suggestive GWAS signals: chromosome 1 cluster 
2 at S1_63359080 and the chromosome 3 singleton at S3_62120700. Viewed from the marker-scan perspective, 
these corresponded to two of the ten chromosome-wise peaks (20%). The remaining representative rhizome-
number GWAS signals did not show equivalent colocalization with chromosome-wise marker-scan peaks under 
the predefined ± 250-kb criterion (Supplementary Table S9). Because both approaches were applied to the same 
S3011 population and genotype dataset, these exact correspondences represent cross-method concordance rather 

than independent replication or validation. Nevertheless, they provide an additional basis for prioritizing these 
positions for subsequent investigation.

The corrected comparison also identified cross-method concordance for overwinter regrowth (Supplementary 
Figs. S9–S10), although its overall association profile remained more dispersed than that of rhizome number. 
Three of the ten chromosome-wise regrowth marker-scan peaks (30%) were exact matches to suggestive GWAS 
markers: S3_5435691, S6_52895314, and S9_55930253 (Supplementary Table S9). These exact matches dem-

onstrate localized agreement between the two analytical approaches but do not constitute independent validation, 
because the analyses used the same underlying S3011 dataset. Importantly, the presence of these cross-method 

matches does not alter the broader observation that overwinter regrowth lacked the localized multi-marker GWAS 
structure observed for rhizome number under the present experimental design.

Local LD structure also differed substantially among the seven rhizome-number signals (Supplementary Table 
S3). Chromosome 1 cluster 2 and the chromosome 10 signal showed the clearest evidence of extended lead-to-
neighbor LD, with 20 and 16 neighboring markers, respectively, having r² ≥ 0.50. In contrast, the chromosome 3 
signal had only one neighboring marker with r² ≥ 0.50, despite having 104 neighboring markers within its ± 250-
kb window, and the remaining signals showed weaker lead-to-neighbor LD. The high–low allele-dosage analysis 
provided a different regional pattern, identifying particularly strong localized allele-dosage differentiation at the 
two chromosome 1 signals while the remaining signals showed a continuum of chromosome-relative contrasts. 

Thus, LD, allele-dosage differentiation, and marker-scan concordance described distinct regional properties and 
did not uniformly prioritize the same rhizome-number signals.

Positional candidate-gene annotation provided a further common description of the seven signal-centered 

intervals (Supplementary Table S7). However, the presence, number, or proximity of annotated genes within a 
signal-centered interval does not provide independent evidence for the association itself or establish functional 

involvement of any particular gene. Candidate-gene information is therefore most appropriately used to define 
hypotheses for subsequent functional investigation rather than to rank the statistical credibility of the exploratory 
signals.

Each secondary analysis measures a different regional property. None overcomes the absence of multiple-test-
ing-adjusted GWAS significance, and none provides independent validation because the analyses were conducted 
within the same S3011 panel. The seven signals therefore remain explicitly exploratory.

These results are broadly consistent with previous work demonstrating that rhizomatousness in interspe-

cific sorghum populations can be associated with localized genomic regions [39]. However, the historical cor-
respondence observed for the seven S3011 rhizome-number signals was heterogeneous rather than uniform. 
As described below, the comparisons ranged from interval-level positional correspondence to close or broader 

regional proximity and little positional correspondence. These relationships provide useful historical context for 

prioritizing exploratory signals, but they do not establish replication of previously reported QTL or identity of 
the underlying causal loci.

Historical QTL comparisons reveal heterogeneous positional correspondence among exploratory 

signals

Comparison with previously reported rhizomatousness loci provides an additional line of evidence for interpret-
ing the seven exploratory S3011 rhizome-number signals (Supplementary Tables S6 and S8). Rhizomatousness 
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loci for the rhizome-groups (RG) phenotype have previously been reported in an independent interspecific S. 

bicolor × S. halepense population [39]. The present comparison indicates that correspondence between those 

historical loci and the S3011 signals is heterogeneous, ranging from interval-level positional correspondence to 

close or broad regional proximity and little positional correspondence (Table 3).

The chromosome 10 signal provides the clearest example of interval-level positional correspondence. The 

S3011 representative marker S10_52748375 at 52.748 Mb falls within the published 5.7–56.7 Mb interval of 
qRG.10B.H6.1. This overlap is notable because it places the exploratory S3011 association within a genomic 

region previously associated with rhizomatousness, specifically the rhizome-groups (RG) phenotype. However, 
the historical interval spans approximately 51 Mb and therefore encompasses a substantial portion of chromo-

some 10. Physical inclusion within such a broad interval provides positional correspondence but relatively lim-

ited resolution for inferring that the same underlying locus is responsible for the two observations. Accordingly, 

the chromosome 10 result should be considered a candidate for further investigation rather than a replicated 

historical QTL.
The chromosome 3 comparison provides a different form of historical correspondence. The S3011 representa-

tive marker S3_62120700 at 62.121 Mb lies within the broad marker span associated with the historical chromo-

some 3 rhizome-groups (RG) signal qRG.3.H6.1 and is approximately 3.847 Mb from its reported peak marker, 
S3_58273458 [39]. Importantly, qRG.3.H6.1 was identified through the complementary single-marker analysis 
rather than the interval-mapping analysis used to define several of the other historical QTL. The chromosome 
3 comparison therefore cannot be interpreted in the same way as physical inclusion within an interval-mapped 

QTL. Instead, it represents broad regional correspondence between two marker-based signals. This distinction is 
particularly important because the S3011 chromosome 3 signal also received complementary support from exact 

GWAS–marker-scan concordance and additional regional analyses; those additional lines of characterization may 
justify prioritization of the region, but they do not convert the historical correspondence into QTL replication.

The chromosome 4 8.60-Mb signal showed the closest correspondence among S3011 markers lying outside 
a historical interval. S4_8603936 was approximately 0.296 Mb below the published interval for qRG.4B.H6.1, 

representing close regional proximity. The two chromosome 1 signals showed broader regional correspondence: 
S1_62967991 and S1_63359080 occurred approximately 3.932 and 3.541 Mb, respectively, below the published 
interval for qRG.1 C.H6.1. These observations indicate that several S3011 signals occur near regions previously 

implicated in rhizomatousness, but the physical separations and resolution of the historical intervals preclude 
treating them as direct overlaps.

Other S3011 signals showed substantially less correspondence with the historical loci represented in the com-

parison. The chromosome 4 0.49-Mb signal was approximately 8.410 Mb below the published qRG.4B.H6.1 

interval, whereas the chromosome 2 signal was approximately 43.187 Mb below the represented chromosome 2 
historical locus, qRG.2 C.H6.1. These signals therefore provide little evidence of positional correspondence with 

the particular historical QTL considered here. Their lack of correspondence does not, however, argue against a 
biological role for these regions, because the S3011 GWAS and the historical mapping study sampled different 
genetic backgrounds and used different experimental and analytical designs.

Taken together, the historical comparison therefore does not support a simple interpretation in which the S3011 
GWAS either reproduces or fails to reproduce previously mapped rhizomatousness loci. Instead, it reveals a 
continuum of positional relationships among the seven exploratory signals. Chromosome 10 shows interval-
level positional correspondence, chromosome 3 shows broad correspondence with a historical single-marker rhi-
zomatousness signal, chromosome 4 at 8.60 Mb shows close regional proximity, the chromosome 1 signals show 
broader regional proximity, and the chromosome 2 and chromosome 4 0.49-Mb signals show comparatively little 
positional correspondence.

These distinctions are important because positional correspondence alone cannot establish replication or causal 

identity. Differences in mapping population, recombination history, marker density, analytical framework, and 
mapping resolution can substantially affect the location and width of detected genomic signals. Moreover, broad 
historical QTL intervals may contain many genes and linked variants. Consequently, the historical comparisons 
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reported here are best viewed as contextual evidence that can contribute to prioritization rather than as indepen-

dent validation of the S3011 associations. The seven S3011 signals remain exploratory hypotheses requiring vali-

dation in larger populations, additional environments, and independent genetic backgrounds before their utility 
for perennial sorghum breeding can be established.

High–low allele-dosage contrasts distinguish the chromosome 1 signals from genomic background

The GWAS-effect-oriented high–low allele-dosage analysis provides a common phenotype-associated contrast 
across all seven exploratory rhizome-number signals. The analysis asks whether a signal occurs in a window with 
unusual dosage differentiation between high- and low-rhizome accessions; it does not assign parental ancestry. 
Formal local-ancestry inference would require sufficiently informative parental reference panels and haplotypic 
information that were not available here.

The strongest localized differentiation occurred at the two chromosome 1 signals. Chromosome 1 cluster 2, 
represented by S1_63359080, showed a high-rhizome minus low-rhizome dosage contrast of + 0.3364 and ranked 
at the 100.0th percentile of chromosome 1 windows. Its absolute contrast was the second highest among the 1,248 
informative 500-kb windows evaluated genome-wide. Chromosome 1 cluster 1, represented by S1_62967991, 
showed a similarly strong contrast of + 0.3002, corresponding to the 99.3rd chromosome-relative percentile and 
the fifth-highest absolute contrast genome-wide. The occurrence of two spatially distinct chromosome 1 sig-

nals within windows showing exceptional dosage differentiation strengthens the rationale for prioritizing these 
regions for further investigation (Fig. 3; Supplementary Fig. S5; Supplementary Tables S4–S5).

The other five signals showed more moderate or chromosome-unexceptional allele-dosage contrasts. The 
chromosome 10 signal represented by S10_52748375 showed a contrast of + 0.1416 and was at the 77.5th chro-

mosome-relative percentile. The chromosome 4 0.49-Mb signal represented by S4_490163 showed a contrast 
of + 0.1266 and was at the 86.3rd percentile, whereas the chromosome 2 signal represented by S2_23212567 
showed a contrast of + 0.1134 and was at the 90.6th percentile. These windows therefore exhibited positive dif-
ferentiation and were relatively elevated within their respective chromosomes, although their absolute contrasts 

were less exceptional genome-wide than those of the chromosome 1 signals (Supplementary Table S5).
In contrast, the chromosome 3 signal represented by S3_62120700 and the chromosome 4 8.60-Mb signal 

represented by S4_8603936 showed positive contrasts of + 0.1123 and + 0.0815, respectively, but ranked at only 
the 46.4th and 45.2nd percentiles of their corresponding chromosome-wide distributions. Their dosage contrasts 
therefore provide little evidence of unusual localized differentiation relative to their chromosomal backgrounds. 
This is particularly informative for the chromosome 3 signal because that region shows exact GWAS–marker-
scan concordance and broad historical regional correspondence despite weak lead-to-neighbor LD and an unex-

ceptional allele-dosage contrast. Different analytical approaches therefore provide distinct and non-equivalent 
forms of evidence for prioritizing exploratory signals.

Genome-wide allele-dosage differences between the high- and low-rhizome groups were generally modest 
(Supplementary Fig. S4; Supplementary Table S4), indicating that the exceptional chromosome 1 contrasts reflect 
localized differentiation rather than a broad genome-wide shift between phenotypic classes. More generally, the 
continuum of contrasts among the seven signals demonstrates that phenotype-associated allele-dosage differen-

tiation is heterogeneous rather than uniformly associated with suggestive GWAS evidence.
The biological interpretation of these contrasts nevertheless remains limited by the absence of phased hap-

lotypes and sufficiently informative parental reference panels. Moreover, orienting dosage according to GWAS 
effect direction standardizes the direction of phenotype-associated allele-dosage differentiation but does not 
establish the parental origin of the rhizome-increasing allele. Consequently, even the exceptional chromosome 1 
contrasts cannot by themselves demonstrate introgression of specific S. halepense segments. Parental reference 

panels, phased haplotypes, and formal local-ancestry reconstruction will be required to determine whether the 

localized dosage patterns identified here correspond to specific introgressed genomic segments.



Article in Press

BMC Plant Biology

https://doi.org/10.1186/s12870-026-09930-8

Rhizome development and overwinter regrowth show contrasting levels of genomic resolution

The genomic association profiles of rhizome number and overwinter regrowth differed substantially under the 
present experimental conditions. Rhizome number produced seven spatially distinct exploratory signals, includ-

ing two localized multi-marker clusters on chromosome 1. Overwinter regrowth, in contrast, exhibited sugges-

tive associations that were comparatively dispersed across the genome and did not show the same localized 
multi-marker structure. Nevertheless, comparison with the complementary marker-based genome scan identified 
exact cross-method concordance for three of the ten chromosome-wise regrowth peaks (30%): S3_5435691, 
S6_52895314, and S9_55930253 (Supplementary Table S9). These matches demonstrate localized agreement 
between analytical approaches applied to the same S3011 dataset, but they do not constitute independent replica-

tion or validation and do not establish discrete regrowth QTL.
This contrast should therefore not be interpreted as evidence that overwinter regrowth lacks detectable genetic 

associations. Rather, the primary distinction observed here concerns the degree and pattern of genomic resolu-

tion. The ability to resolve genomic associations for regrowth was constrained by the low frequency of success-

ful overwintering, low estimated heritability, binary phenotypic encoding, modest sample size, and evaluation 
within a single environment. Statistical power to identify genotype–phenotype associations depends on sample 
size, allele frequency, trait architecture, effect magnitude, and phenotype quality, and limited power can prevent 
detection of genuine small- to moderate-effect variants [42].

The multilocus allele-dosage sensitivity analyses provided an additional within-sample comparison between 

the two perenniality traits. Indices constructed from the seven representative rhizome-associated SNPs, or from 
six spatial signal units after combining the two chromosome 1 signals, showed substantially stronger relation-

ships with rhizome number than with overwinter regrowth (Supplementary Table S11). The seven-SNP index 
was associated with rhizome number at ρ = 0.486 (N = 123, P = 1.17 × 10⁻⁸), compared with ρ = 0.183 (N = 123, 
P = 0.0428) for overwinter regrowth, while the corresponding correlations for the six-region index were ρ = 0.467 
(N = 124, P = 4.48 × 10⁻⁸) and ρ = 0.176 (N = 124, P = 0.0509), respectively. The historical chromosome 3/chromo-

some 4 comparator index showed a weaker relationship with rhizome number (ρ = 0.370; N = 124; P = 2.29 × 10⁻⁵) 
and little relationship with overwinter regrowth (ρ = 0.104; N = 124; P = 0.252). Because the component markers 
were selected from rhizome-number associations in the same S3011 panel, however, these contrasts represent 
within-sample multilocus allelic-accumulation patterns and should not be interpreted as independent validation 

of different genetic architectures.
Biologically, overwinter regrowth is also likely to integrate processes beyond rhizome initiation or abundance 

alone. Successful perennial persistence can depend on coordinated belowground storage, meristem and bud sur-

vival, dormancy, resource acquisition, stress tolerance, and responses to environmental conditions [6]. In peren-

nial sorghum specifically, rhizomatous growth and post-winter regrowth are related components of perenniality 
but need not have identical genetic architectures [14, 43]. Rhizome development may therefore contribute to 
perennial persistence without being sufficient to determine whether a plant survives and resumes growth after 
winter.

Taken together, the present results support a distinction between stronger localized genomic resolution for 
rhizome development and a more dispersed association profile for overwinter regrowth under the current design, 
rather than a distinction between a genetically controlled rhizome trait and a non-genetic regrowth trait. The three 
exact GWAS–marker-scan concordances for regrowth demonstrate localized within-dataset cross-method con-

cordance, while the multilocus dosage-index analyses indicate that allelic accumulation across the rhizome-asso-

ciated signals was substantially more strongly related to rhizome number than to overwinter regrowth. Neither 
result constitutes independent validation. Larger populations, independent genetic backgrounds, and multi-envi-
ronment measurements of survival and regrowth will therefore be necessary to determine whether the observed 

regrowth associations are reproducible and whether they can ultimately be resolved into stable genomic regions.
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Candidate genes define testable biological hypotheses

The seven signal-centered intervals contain genes annotated for meristem activity, hormone signaling, carbohy-

drate metabolism, vegetative development, and stress responses—processes plausibly relevant to rhizome initia-

tion, belowground resource storage, and seasonal persistence [6]. These annotations are useful for hypothesis 

generation but do not identify causal genes. The 286-gene catalogue was defined by physical position alone, and 
neither proximity to a lead SNP nor functional annotation was treated as evidence of causality. Fine mapping, 

haplotype analysis, expression profiling, and experimental validation will be required to move from positional 
association to mechanism.

Modeling considerations and statistical limitations

Several features of the experimental population and analytical framework constrain interpretation of the genomic 
results. Rhizome expression was analyzed quantitatively despite its ordinal scoring scale. Although this approach 
facilitates quantitative-genetic analysis, it assumes approximately meaningful differences among phenotypic cat-
egories. Overwinter regrowth was binary and was analyzed within a linear-model framework; generalized linear 
mixed models and larger numbers of regrowing individuals may provide improved inference for this trait in 

future experiments.

Population structure was modeled with PC1–PC3, and kinship-adjusted models were evaluated as a sensitivity 
analysis [25, 26, 38]. Kinship broadly attenuated association statistics while changing genomic-inflation diag-

nostics only modestly. That attenuation is itself informative: the primary PCA-adjusted signals are not robust to 
every form of relatedness correction. Residual relatedness is therefore treated as a substantive limitation rather 
than as a problem resolved by the observed inflation factors.

Quantile–quantile diagnostics indicated modest genomic inflation (λ = 1.17–1.26). Given the family structure 
and relatedness among S3011 diploid-extraction accessions, residual structure may contribute to this inflation. 
Population stratification and cryptic relatedness are recognized sources of inflation in genome-wide association 
analyses [25, 42]. Consequently, the suggestive associations should not be interpreted as definitive locus discov-

eries. The absence of associations surviving Bonferroni or BH-FDR correction provides an additional reason for 
treating the seven signals as hypothesis-generating.

The complementary marker-based genome scan also represents a marker-level analytical framework rather 
than classical linkage-based interval mapping. Exact concordance with selected GWAS signals describes within-
dataset cross-method agreement; it does not constitute independent validation because both analyses used the 
same population and genotype dataset.

Finally, the principal region-comparison analyses were applied across the complete seven-signal set: allele-
dosage contrasts, local LD, historical-QTL correspondence, positional candidate-gene annotation, and compari-
son with the complementary marker-based genome scan. The remaining asymmetry in analytical depth arises 
from selected signal-specific allele dosage–response analyses and regional quality-control or sensitivity assess-

ments, which were not applied uniformly across all seven signals. Signals lacking these additional region-specific 
analyses should therefore not be interpreted as biologically weaker on that basis alone.

Implications for perennial sorghum breeding

The seven exploratory rhizome-associated signals are targets for validation, not markers ready for deployment 
(Fig. 4). Their predictive value across genetic backgrounds and environments is unknown, and none met multi-
ple-testing-adjusted significance criteria. Near-term breeding value therefore lies in designing validation popula-

tions and haplotype tests rather than marker-assisted selection.
Prioritization among the seven signals can nevertheless draw on the heterogeneous complementary evidence 

generated in this study. Chromosome 1 cluster 2, represented by S1_63359080, and the chromosome 3 signal, 
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represented by S3_62120700, showed exact SNP concordance between the exploratory GWAS and complemen-

tary marker-based genome scan. The high–low allele-dosage analysis identified the two chromosome 1 signals 
as the most exceptional for localized phenotype-associated dosage differentiation. Chromosome 1 cluster 2 and 
cluster 1 were at the 100.0th and 99.3rd chromosome-relative percentiles, respectively, and ranked second and 
fifth among 1,248 informative 500-kb windows genome-wide by absolute contrast (Supplementary Tables S4–
S5). The other five signals showed more moderate or chromosome-unexceptional allele-dosage contrasts. These 
patterns provide additional evidence for prioritizing the chromosome 1 regions, but they represent phenotype-
associated allele-dosage differentiation rather than direct evidence of S. halepense ancestry.

Local LD characterization provided a second common comparison across all seven representative signals 
(Supplementary Table S3). The most extensive lead-to-neighbor LD was observed for chromosome 1 cluster 2 

and the chromosome 10 signal, for which 20 of 35 and 16 of 61 neighboring markers, respectively, had r² ≥ 0.50. 
The chromosome 3 signal, despite exact GWAS–marker-scan concordance, had only one of 104 neighboring 
markers with r² ≥ 0.50. These differences illustrate that the complementary analyses capture different properties 
of the genomic signals and need not identify the same regions as having the strongest support.

Positional candidate-gene annotation was likewise conducted across all seven representative signals. These 
analyses define genes physically located within the predefined signal-centered intervals and provide targets for 
subsequent functional investigation, but they do not establish causal relationships or constitute independent 

Fig. 4 Conceptual model of perenniality components in the S3011 diploid-extraction population. The S3011 population 
combines genomic contributions from S. bicolor and S. halepense following interspecific hybridization and recovery of 
fertile diploid derivatives. Exploratory mapping of rhizome number identified 13 suggestive SNPs that resolved into seven 
spatially distinct signals across chromosomes 1, 2, 3, 4, and 10. Complementary analyses provided heterogeneous regional 
characterization: the marker-based genome scan showed exact SNP concordance for chromosome 1 cluster 2 and chromo-
some 3, high–low allele-dosage contrasts were strongest for the chromosome 1 signals, and historical-QTL correspondence 
varied among regions [39]. These analyses provide context for prioritizing exploratory signals but do not establish QTL 
replication, causal-locus identity, parental ancestry, or functional validation. Overwinter regrowth showed low heritability 
and a more dispersed association profile. The dashed connection between rhizome development and overwinter regrowth 
represents a biological hypothesis that rhizome development may contribute to perennial persistence but is not sufficient to 
determine overwinter survival
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validation of the corresponding GWAS signals. Candidate-gene content should therefore be considered together 
with, but distinguished from, the statistical, LD, allele-dosage differentiation, and historical-correspondence 
evidence.

Taken together, allele-dosage differentiation, LD, historical correspondence, positional gene content, and 
marker-scan concordance provide complementary regional descriptors rather than independent validation. Their 
rankings are not expected to coincide, and weaker evidence from any single descriptor is not sufficient to discard 
a suggestive GWAS signal.

Historical-QTL correspondence provides an additional, but distinct, basis for prioritization. The chromosome 
10 signal represented by S10_52748375 fell within the broad published interval of the rhizome-groups (RG) QTL 
qRG.10B.H6.1, whereas the chromosome 3 signal showed broad regional correspondence with the historical sin-

gle-marker rhizome-groups signal qRG.3.H6.1 [39]. The chromosome 4 8.60-Mb signal showed close regional 
proximity to the rhizome-groups QTL qRG.4B.H6.1, and the two chromosome 1 signals showed broader regional 

proximity to qRG.1 C.H6.1. These relationships increase the biological interest of particular regions but should 

not be interpreted as replication of the historical QTL. In particular, the very broad historical chromosome 10 
interval provides limited positional resolution despite containing the S3011 representative marker.

Signals receiving weaker support from one line of complementary evidence should not be discarded. For 
example, the chromosome 2 signal and chromosome 4 0.49-Mb signal showed comparatively little positional 
correspondence with the historical rhizomatousness loci evaluated here, yet their allele-dosage windows were 
relatively elevated within their respective chromosomes. Conversely, the chromosome 3 signal showed exact 
GWAS–marker-scan concordance but comparatively limited lead-to-neighbor LD and an allele-dosage contrast 
that was unexceptional relative to its chromosome background. The chromosome 4 8.60-Mb signal showed close 
historical-QTL proximity but similarly unexceptional allele-dosage differentiation and weak local LD. These 
contrasting patterns demonstrate that the complementary analyses provide distinct and non-equivalent forms of 

evidence. Lack of support from any single analysis therefore cannot be interpreted as evidence that a signal lacks 
biological relevance.

A logical next step is targeted validation of the complete set of seven signals in larger populations, indepen-

dent genetic backgrounds, and multiple environments. Dedicated linkage populations, fine-mapping populations, 
or segregating families carrying alternative haplotypes at prioritized regions could help determine whether the 
observed marker–trait relationships are reproducible and refine their genomic positions. Haplotype character-
ization and targeted genotyping could also establish whether prioritized allelic combinations occur at useful 
frequencies within breeding germplasm and whether their effects are consistent across genetic backgrounds. For 
regions showing strong allele-dosage-derived differentiation, phased haplotypes and informative parental refer-
ence panels will additionally be required to determine whether those patterns correspond to specific introgressed 
S. halepense segments. Functional evaluation of positional candidate genes will likewise be required before 
individual genes can be implicated in rhizome development. Such validation will be necessary before individual 
markers or haplotypes can be considered for marker-assisted selection.

More broadly, rhizome development and perennial persistence are unlikely to be adequately represented by a 
small number of individual markers alone. The contrast observed here between localized exploratory signals for 
rhizome number and the comparatively dispersed association profile for overwinter regrowth further suggests 
that breeding for perenniality will require integration of multiple component traits and evaluation across envi-

ronments. Genome-wide prediction may therefore provide a complementary strategy for capturing distributed 
genetic effects while targeted validation clarifies the contribution of individual candidate regions [44]. In the near 

term, the principal breeding value of the seven S3011 signals lies in guiding validation, haplotype characteriza-

tion, parental selection, and the design of populations capable of determining which genomic regions contribute 

reproducibly to rhizome development and perennial persistence.
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Study limitations and future directions

The principal limitations of the present study include modest sample size, single-environment phenotyping, low 
frequency of overwinter regrowth, residual population structure, and the use of phenotype-oriented allele-dosage 

contrasts without formal ancestry inference. These factors can constrain the statistical power and reproducibility 

of association mapping, particularly for complex traits controlled by multiple loci of modest effect [42]. In addi-

tion, the absence of a complete linkage map prevented classical interval mapping, and the depth of complemen-

tary genomic characterization differed among the seven exploratory rhizome-associated signals.
Future work should first determine whether the seven signals are reproducible in larger populations and inde-

pendent environments. Dedicated mapping populations and denser haplotype information would help distinguish 

stable genomic effects from population-specific associations and improve localization of potentially causal vari-
ants. Multi-environment phenotyping will be particularly important for overwinter regrowth because perennial 

persistence reflects both genetic and environmental components and their interaction [6].

Explicit local-ancestry reconstruction using informative parental reference panels would permit direct evalu-

ation of S. halepense-derived introgression, which the present phenotype-oriented dosage contrasts cannot pro-

vide. Functional characterization of prioritized genes and genomic regions will ultimately be required to establish 
causality.

For breeding applications, validation should precede deployment of individual markers. If reproducible effects 
are established, validated regions could subsequently be evaluated within marker-assisted or genomic-selection 
frameworks. For complex persistence traits such as overwinter regrowth, genome-wide prediction may ultimately 
complement locus-specific approaches by capturing distributed small-effect variation [44].

Conclusions

In the structured S3011 diploid-extraction panel, rhizome number showed 13 suggestive SNP associations that 
resolved into seven spatially distinct signals on chromosomes 1, 2, 3, 4, and 10. None survived Bonferroni or BH-
FDR correction. Secondary analyses revealed heterogeneous regional patterns rather than uniform confirmation: 
the strongest phenotype-oriented allele-dosage differentiation occurred at the two chromosome 1 signals, exact 
within-dataset marker-scan concordance occurred at chromosome 1 cluster 2 and chromosome 3, and local LD 
and historical positional correspondence varied among regions.

Overwinter regrowth was less resolved genomically, with low heritability, a dispersed association profile, and 
three exact within-dataset marker-level GWAS–marker-scan matches but no comparable localized multi-marker 
regions. Together, these results identify testable genomic hypotheses for rhizome development while emphasiz-

ing that the present study does not establish QTL, causal loci, parental ancestry, or marker utility for breeding. 
Validation in larger, independently evaluated populations and environments is required before these regions can 

be used for genetic inference or selection.
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