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Abstract 
 

To elucidate the genetic basis of drought tolerance at the seedling stage in sorghum, we used the drought-tolerant restorer line 

LNR-6 and the drought-sensitive restorer line LR-2381 as parents to construct an F₂ segregating population comprising 419 individuals.. 

Drought stress was carefully applied at the six-leaf seedling stage, and two extreme phenotype bulks (highly tolerant and highly 

sensitive) were established based on phenotypic evaluation. Bulked segregant analysis (BSA) combined with high-throughput 

sequencing was then employed to map quantitative trait loci (QTL) associated with seedling drought tolerance. The results showed that 

two significantly associated genomic regions were detected on chromosomes 9 and 10, designated qKH9 (29.677 kb) and qKH10 

(400.118 kb), respectively. The qKH9 region contained 231 variant sites involving 17 transcripts, whereas qKH10 harbored 4,039 

variant sites involving 144 transcripts. Functional annotation indicated that qKH9 includes candidate genes related to zinc finger 

proteins and protease-mediated protein degradation, while qKH10 contains putative drought-responsive genes involved in peroxidase 

activity and kinase-mediated signal transduction. These QTL provide key genomic intervals for dissecting the molecular mechanisms 

underlying seedling drought tolerance in sorghum and lay an important foundation for fine mapping, marker development and molecular 

breeding for drought tolerance. 
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Introduction 
 

Sorghum (Sorghum bicolor) is an important dual-
purpose crop used for both grain and forage, as well as a 
key raw material for brewing. It is widely cultivated in 
northern China and other semi-arid and dryland 
agricultural regions (Zheng et al., 2011). Compared with 
other cereal crops such as maize, sorghum possesses 
stronger drought tolerance potential and exhibits clear 
production advantages in water-limited environments 
(Borrell et al., 2014; Wang et al., 2025a). However, during 
the seedling stage, the root system of sorghum is not yet 
fully developed, making plants highly sensitive to 
fluctuations in soil moisture. Drought stress at this stage 
can lead to seedling wilting and growth inhibition, which 
may severely affect population establishment and 
subsequent yield formation (Pinto et al., 2023; Wang et al., 
2025b). Therefore, drought tolerance at the seedling stage 
is a critical trait in sorghum stress-resistance breeding and 
an essential factor for ensuring stable production in dryland 
agriculture (Belete, 2018; Min et al., 2025). 

Drought tolerance in crops is a typical quantitative 
trait that is usually controlled by multiple genes acting in 
coordination. Its genetic mechanism is complex and 
strongly influenced by environmental conditions (Kiriga et 
al., 2016; Liu et al., 2023). Traditional drought-resistance 
breeding mainly relies on field phenotypic selection; 
however, this approach is greatly affected by annual 
climatic fluctuations and environmental variability, 
resulting in relatively low selection efficiency (Cattivelli et 
al., 2008; Kiriga et al., 2016). With the development of 
molecular breeding technologies, identifying drought-

related quantitative trait loci (QTLs) and developing 
reliable molecular markers for rapid screening at the 
seedling stage have become important strategies to 
improve breeding efficiency (Tuberosa et al., 2007; Khan 
et al., 2013; Hassan et al., 2023). 

In recent years, bulked segregant analysis combined 
with high-throughput sequencing (BSA-seq) has been 
widely applied in the mapping of quantitative traits (Habila 
et al., 2025; Hu et al., 2025). This method constructs DNA 
pools from individuals with extreme phenotypes and 
detects allele frequency differences across the genome to 
rapidly identify genomic regions significantly associated 
with target traits. Compared with traditional linkage 
mapping, BSA-seq requires smaller population sizes and 
offers faster mapping speed and higher resolution, making 
it particularly suitable for the preliminary identification of 
complex traits such as drought tolerance (Klein et al., 2018; 
Majeed et al., 2022; Esposito et al., 2025). 

Currently, most studies on sorghum drought tolerance 
have focused on physiological response mechanisms, 
agronomic trait evaluation, and cultivation management 
strategies. In contrast, genome-level mapping studies 
targeting drought tolerance at the seedling stage remain 
relatively limited. In particular, further research is needed 
to precisely define candidate genomic regions, evaluate the 
resolution of mapped intervals, and explore their potential 
for molecular marker development. Therefore, taking 
advantage of the available sorghum genomic resources, the 
application of BSA-seq technology to map loci associated 
with seedling-stage drought tolerance is of great 
significance for narrowing target intervals and improving 
the efficiency of marker development. 
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In this study, the drought-tolerant restorer line LNR-6 
and the drought-sensitive restorer line LR-2381 were used to 
construct an F₂ segregating population. Extreme drought-
tolerant and drought-sensitive individuals were selected 
under controlled drought stress at the seedling stage to 
perform BSA analysis and identify QTL regions associated 
with drought tolerance. The objective of this study was to 
determine the physical intervals of drought-related loci and 
characterize the distribution of genetic variants within these 
regions, thereby providing a theoretical basis for subsequent 
fine mapping and molecular marker development, as well as 
technical support for molecular breeding of drought-tolerant 
sorghum varieties. 
 
Material and Methods 
 
Experimental design: The experiment was conducted 
during May–June 2023, at the experimental field of the 
Liaoning Academy of Agricultural Sciences. The 
drought-tolerant sorghum restorer line LNR-6, the 
drought-sensitive restorer line LR-2381, and 419 F2 
individuals derived from their cross were used as 
experimental materials. The experiment was carried out 
using a pot-culture system. Thirty seeds were evenly 
sown in each pot. At the three-leaf stage, seedlings were 
thinned to maintain 20 healthy and uniformly growing 
plants per pot. Normal irrigation was maintained before 
the seedlings reached the six-leaf stage, with soil moisture 
controlled at approximately 70% of field capacity. When 
the plants reached the six-leaf stage, drought stress 
treatment was initiated by withholding water, and soil 
moisture was reduced and maintained at approximately 
40% of field capacity for a duration of seven days. After 
that, leaf samples were collected for DNA extraction, and 
BSA was performed for preliminary gene mapping. 
 
Phenotyping protocol: Phenotypic evaluation was 
conducted at the end of the 7-day drought stress treatment, 
when the phenotypic differences between drought-tolerant 
and drought-sensitive individuals were most pronounced. 
Drought tolerance was assessed based on visible leaf 
wilting symptoms using a standardized scoring system. 
Specifically, plants were scored on a scale of 0–4 as 
follows: 0= no visible wilting, leaves fully expanded and 
green; 1= slight leaf rolling or partial wilting; 2= moderate 
wilting with obvious leaf rolling; 3= severe wilting and leaf 
drying; 4= complete leaf desiccation or plant death. 
Individuals with scores of 0–1 were classified as drought-
tolerant, whereas those with scores of 3–4 were classified 
as drought-sensitive. 
 
DNA extraction from leaf samples: In this study, 50 
extremely drought-tolerant and 50 extremely drought-
sensitive individuals were selected from the F2 segregating 
population, together with the two parental lines. The 
selection was based on their post-stress survival rate, leaf 
wilting severity, and overall growth performance after 
drought treatment, with individuals representing the two 
extreme phenotypic groups. Young leaf tissues were 
collected and immediately frozen in liquid nitrogen for 
preservation. Genomic DNA was extracted using the 
DNAsecure Plant Genomic DNA Extraction Kit (Tiangen, 
DP320). The integrity and quality of the extracted DNA 
were first assessed by 1.0% agarose gel electrophoresis to 
ensure the absence of degradation. DNA concentration 

and purity were then preliminarily evaluated using a 
NanoDrop ND-2000 UV-Vis spectrophotometer. Samples 
with OD260/OD280 ratios between 1.8 and 2.0 and 
OD260/OD230 ratios greater than 2.0 were considered to 
have acceptable purity. After confirming DNA quality, 
equal amounts of DNA from selected individuals were 
pooled according to their drought-tolerance phenotype to 
construct the extreme phenotype pools. The total DNA 
quantity in each pool was adjusted to meet the 
requirements for subsequent library construction.  
 
Library construction and high-throughput sequencing: 
Qualified DNA samples were randomly fragmented into 
approximately 350 bp fragments using a Covaris ultrasonic 
sonicator. Sequencing libraries were constructed using the 
Illumina TruSeq DNA Nano Library Preparation Kit. The 
library preparation procedure included end repair of DNA 
fragments, addition of a 3′ A-tail, ligation of Illumina-
specific sequencing adapters, purification of ligation 
products using AMPure XP magnetic beads, and PCR 
amplification to enrich adapter-ligated DNA fragments. 
The constructed libraries were first quantified using a 
Qubit 4.0 Fluorometer. The size distribution of library 
insert fragments was then evaluated using an Agilent 2100 
Bioanalyzer to ensure that the library quality met the 
expected standards. Libraries that passed quality control 
were mixed at equimolar concentrations based on their 
effective concentrations and the required sequencing depth. 
The pooled libraries were sequenced on the Illumina 
NovaSeq 6000 platform using the paired-end 150 bp 
(PE150) sequencing strategy. 
 
Sequencing data processing and variant detection: Raw 
sequencing data generated from the platform were first 
subjected to quality control using the Fastp software. The 
filtering steps included removing low-quality reads, 
eliminating reads containing adapter sequences, and 
discarding reads with more than 5% ambiguous bases (N). 
After quality filtering, high-quality clean reads were 
obtained. These clean reads were aligned to the sorghum 
reference genome (BTx623T2T-AGI) using the BWA 
software with default parameters. The resulting alignment 
files were processed using Samtools for sorting, format 
conversion, and removal of PCR duplicates to ensure data 
accuracy. Variant detection for single nucleotide 
polymorphisms (SNPs) and insertions/deletions (InDels) 
was performed using the UnifiedGenotyper module in the 
GATK (v3.8) software package. The Variant Filtration 
module was applied to filter the raw variant dataset. The 
filtering criteria for SNPs were:--cluster Window Size 4, -
-filter Expression "QD < 4.0 || FS > 60.0 || MQ < 40.0", and 
-G_filter "GQ < 20".For InDels, the filtering criterion was:-
-filter Expression "QD < 4.0 || FS > 200.0" (Hu et al., 2024). 
 
BSA analysis and QTL mapping: BSA was conducted 
based on the filtered high-quality SNP dataset. Using the two 
parental lines as reference genotypes, allele frequencies at 
each SNP locus were calculated separately for the drought-
tolerant bulk and the drought-sensitive bulk. The SNP-index 
was defined as the proportion of reads harboring the target 
allele at a given SNP locus within a bulked sample. The 
ΔSNP-index was calculated as the difference between the 
SNP-index of the drought-tolerant bulk and that of the 
drought-sensitive bulk. A sliding-window approach was 
applied with a window size of 1 Mb and a step size of 10 kb 
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to calculate the moving average of ΔSNP-index values along 
each chromosome. To minimize the influence of sequencing 
errors and alignment biases, additional filtering was applied. 
SNP loci were removed if the sequencing depth in both bulks 
was less than 7×, if the SNP-index in both bulks was less 
than 0.3, or if the SNP-index value was missing in either 
bulk. Significant QTL regions were identified based on the 
smoothed ΔSNP-index values and the 95% confidence 
interval generated through 1,000 permutation tests. 
Continuous chromosomal regions where the absolute value 
of ΔSNP-index exceeded the 95% confidence threshold 
were defined as significant QTL intervals. Genes located 
within these candidate regions were subsequently subjected 
to functional annotation. 
 
Results and Analysis  
 
Quality assessment of sequencing data: High-throughput 
sequencing was performed on four samples: the parental 
lines LNR-6 (MP) and LR-2381 (FP), the drought-tolerant 
bulk (F1-D), and the drought-sensitive bulk (F1-ND). 
High-quality raw sequencing data were obtained (Table 1). 
After stringent quality control using Fastp, the proportion 
of valid data for each sample exceeded 98%, indicating 
reliable sequencing quality. The sequencing error rates of 
the clean data were all below 0.03%. Regarding base 
quality, the proportion of bases with a quality score of Q20 
(base-calling accuracy ≥99%) ranged from 95.69% to 
96.13%, while Q30 values (base-calling accuracy ≥99.9%) 
ranged from 90.25% to 90.87%, meeting the requirements 
for subsequent analyses. The GC content ranged from 
43.76% to 44.61%, which is consistent with the average 
GC content of the sorghum genome and showed no 
abnormal bias. Overall, the sequencing data from all 
samples exhibited sufficient sequencing depth, high quality, 
and a normal GC distribution, indicating that library 
construction and sequencing were successful and providing 
a reliable data foundation for subsequent variant detection 
and QTL mapping. 
 
Read mapping to the reference genome: Clean sequencing 
data were aligned to the sorghum reference genome, and 
PCR duplicates were subsequently removed. The results are 
presented in Table 2. The number of reads aligned to the 
reference genome for the four samples was 78,035,504, 
76,143,715, 62,700,468, and 55,134,520, respectively. The 
mapping rate exceeded 98% for all samples, indicating good 
suitability of the reference genome and reliable data quality. 
The average sequencing depth ranged from 10.74× to 
14.89×. Specifically, the average depths for the two bulks 
were 14.89× and 14.22×, while the parental lines had depths 

of 11.81× and 10.74×. Regarding coverage, the 1× coverage 
(proportion of the genome covered by at least one base) 
exceeded 90% for all samples. The 5× coverage (depth ≥5×) 
was between 79.86% and 86.84%, and the 10× coverage 
(depth ≥10×) ranged from 44.54% to 68.48%. Overall, the 
sequencing depth and coverage for all samples met the 
requirements for BSA analysis, and the alignment results 
were suitable for subsequent variant detection and 
association analysis (Table 3). 
 
SNP and InDel detection and annotation: A substantial 
number of genetic variants were detected across the four 
samples (Fig. 1). The majority of SNP variants in all four 
samples were located in intergenic regions, accounting 
for over 74% of the total. SNPs located in exons ranged 
from 3.65% to 3.94%, while those in introns ranged from 
7.53% to 7.78%. SNPs located upstream or downstream 
of genes constituted between 4.14% and 5.46%. Among 
the SNP variants located in exons, non-synonymous 
mutations were predominant. Specifically, sample F1-D 
contained 52,367 non-synonymous mutations, 745 
variants causing premature termination, and 170 variants 
resulting in stop codon loss. Sample F1-ND had 51,135 
non-synonymous mutations, 721 premature termination 
variants, and 163 stop codon loss variants. Sample FP 
showed 44,519 non-synonymous mutations, 640 
premature termination variants, and 140 stop codon loss 
variants. Sample MP contained 47,970 non-synonymous 
mutations, 657 premature termination variants, and 154 
stop codon loss variants. 

Similarly, the majority of InDel variants in samples 
F1-D, F1-ND, FP, and MP were located in intergenic 
regions, accounting for 55.64%, 55.29%, 55.58%, and 
54.95%, respectively. The number of InDel variants in 
exons was 7,417, 7,092, 6,437, and 6,275, respectively. 
InDel variants in introns ranged from 13.61% to 13.91%, 
while those located upstream or downstream of genes 
ranged from 7.82% to 10.98%. Among the InDel variants 
located in exons, sample F1-D contained 60 variants 
causing premature termination, 5 variants causing stop 
codon loss, and 1,961 variants causing frameshifts. Sample 
F1-ND had 1,872 frameshift InDel variants, comprising 
863 frameshift insertions and 1,009 frameshift deletions, 
along with 49 premature termination and 4 stop codon loss 
variants. Sample FP contained 50 variants related to 
termination, including 46 causing premature termination 
and 4 causing stop codon loss, alongside 755 InDel sites 
causing frameshift insertions and 893 causing frameshift 
deletions. Sample MP exhibited 53 variants causing 
premature termination, 3 causing stop codon loss, 725 
frameshift insertions, and 859 frameshift deletions. 

 

Table 1. Summary of sequencing data quality. 

Sample Raw reads Raw bases (bp) Clean reads Clean bases (bp) Error rate (%) Q20% Q30% GC% 

F1-D 88709024 13306353600 88697312 13156569064 0.0296 95.89 90.49 44.14 

F1-ND 85622926 12843438900 85601772 12665149877 0.0300 95.69 90.26 44.08 

FP 71473778 10721066700 71464012 10610216227 0.0299 95.77 90.25 44.61 

MP 63115140 9467271000 63107628 9411757800 0.0291 96.13 90.87 43.76 
 

Table 2. Sequencing depth and coverage statistics. 

Sample Mapped reads 
Mapped rate 

(%) 

Mean depth 

(x) 

Coverage rate (1x) 

(%) 

Coverage rate (5x) 

(%) 

Coverage rate (10x) 

(%) 

F1-D 78035504 98.69 14.89 92.13 86.84 68.48 

F1-ND 76143715 98.41 14.22 92.19 86.33 65.55 

FP 62700468 98.49 11.81 90.19 81.75 51.7 

MP 55134520 98.48 10.74 91.06 79.86 44.54 
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Fig. 1. SNP and InDel variation annotation statistics. (a). SNP detection and annotation results. (b). InDel detection and annotation 

results. (c). Annotation of SNP variants in exons. (d). Annotation of InDel variants in exons. 

 

 
 

Fig. 2. Distribution of SNP indexes on chromosomes for two subpopulations. 
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Table 3. Functional annotation of key candidate genes in qKH9. 

Query name Hit description 
Identities of COG/ 

KOG/ NOG region 

Similarities of COG/ 

KOG/ NOG region 

XM_021447574.1 zinc finger C-x8-C-x5-C-x3-H type family protein 49% 59% 

XM_021447573.1 zinc finger C-x8-C-x5-C-x3-H type family protein 49% 59% 

XM_021447575.1 zinc finger C-x8-C-x5-C-x3-H type family protein 49% 59% 

XM_021447576.1 zinc finger C-x8-C-x5-C-x3-H type family protein 49% 59% 

XM_021446791.1 zinc finger C3HC4 type family protein, putative 76% 83% 

XM_021446791.1 zinc finger C3HC4 type family protein, putative 67% 80% 

XM_002439969.2 ribosomal protein L11 methyltransferase-related, putative 70% 79% 

XM_021447413.1 OsDegp8-Putative Deg protease homologue 71% 81% 

XM_021447413.1 OsDegp8-Putative Deg protease homologue 82% 88% 

XM_002441277.2 OsDegp8-Putative Deg protease homologue 72% 82% 

XM_021447412.1 OsDegp8-Putative Deg protease homologue 71% 80% 

 

QTL mapping for drought tolerance and candidate 

gene analysis: BSA data were analyzed using the QTLseqr 

package to calculate the sliding-window averages of 

ΔSNP-index values along each chromosome and to 

determine 95% confidence intervals based on 1,000 

permutation tests. As shown in Fig. 2, two genomic regions 

significantly associated with drought tolerance at the 

seedling stage were identified on chromosomes 9 and 10. 

The region on chromosome 9, designated qKH9, spans 

29.677 kb, from 53,842,813 bp to 53,872,490 bp, and 

contains 231 variant sites involving 17 transcripts. The 

region on chromosome 10, designated qKH10, spans 

400.118 kb, from 4,996,989 bp to 5,397,107 bp, and 

harbors 4,039 variant sites involving 144 transcripts. 

Within the qKH9 interval, nucleotide sequences of 161 

transcripts were compared against the COG database using 

BLASTn to obtain functional annotations. Among the 17 

transcripts located in this region, 11 were assigned to 

well-defined functional domains. These domains included 

zinc finger C-x8-C-x5-C-x3-H type family proteins, zinc 

finger C3HC4 type family proteins, ribosomal protein L11 

methyltransferase-related proteins and OsDegp8-like 

putative Deg protease homologs, among others. Several 

transcripts were annotated as members of the zinc finger 

protein family, a class of important transcriptional 

regulators known to play key roles in plant responses to 

drought and other abiotic stresses by modulating the 

expression of stress-responsive genes. In addition, genes 

related to ribosomal protein methylation and genes 

encoding Deg protease homologs were identified. Deg 

proteases are responsible for degrading misfolded or 

damaged proteins in plant cells and contribute to 

maintaining protein homeostasis and repairing damaged 

proteins under environmental stress. Taken together, these 

functional domains provide theoretical support for the 

hypothesis that genes within the qKH9 interval may 

participate in the regulation of drought tolerance. 

In the qKH10 interval, 144 transcripts were analyzed 

and 154 functional domains were fully annotated, covering 

multiple functional categories. These domains included 

histidine kinases, inorganic H+ pyrophosphatases, 

keratin-related proteins, type I cytoskeletal 9 proteins, 

leucine-rich repeat receptor protein kinase EXS precursors 

and peroxiredoxins, among others. The genes identified in 

qKH10 thus exhibit considerable functional diversity. 

Histidine kinases are closely involved in signal 

transduction and regulate plant responses to environmental 

stresses. Inorganic H+ pyrophosphatases are related to 

cellular energy metabolism and may contribute to stress 

adaptation by regulating proton gradients and energy 

balance. Keratin-related proteins are implicated in 

maintaining cell structural stability and protecting plants 

from mechanical damage. Leucine-rich repeat receptor 

protein kinase EXS precursors and peroxiredoxins 

participate in signal perception and transduction and in the 

scavenging of reactive oxygen species, respectively; the 

former may activate defense responses by sensing 

extracellular signals, whereas the latter helps maintain 

cellular antioxidant capacity under stress conditions. The 

functional diversity of these domains suggests that the 

qKH10 interval may be involved in drought response in 

sorghum through multiple biological pathways. 

 

Discussion 

 

Drought stress is one of the major abiotic factors 

limiting global crop production, particularly in semi-arid 

and rain-fed agricultural regions, where it significantly 

affects crop growth and yield formation. Sorghum, as a 

typical drought-tolerant crop, shows strong adaptability 

under drought and water-limited conditions. However, 

during the seedling stage, the root system is not yet fully 

developed, making plants more sensitive to water stress, 

which may lead to inhibited growth or even plant death. 

Therefore, elucidating the genetic basis of drought 

tolerance at the seedling stage is of great importance for 

improving the stability of sorghum production in rain-fed 

agricultural regions. Previous studies have demonstrated 

that drought tolerance in crops is generally a complex 

quantitative trait controlled by multiple genes and strongly 

influenced by environmental factors (Borrell et al., 2014; 

Amelework et al., 2015). 

In this study, by constructing bulks from extremely 

drought-tolerant and drought-sensitive individuals for 

genome-wide analysis, two QTL regions significantly 

associated with drought tolerance at the seedling stage 

were successfully identified on chromosomes 9 and 10. 

Importantly, co-location analysis with previously reported 

drought-related QTLs indicated that neither qKH9 nor 

qKH10 overlapped with the major previously reported 

seedling-stage drought-associated regions on chromosome 

9 or chromosome 10, suggesting that both loci identified in 

this study may represent novel genomic regions associated 

with seedling drought tolerance in sorghum. 
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Notably, the qKH9 interval spans only 29.677 kb, 

whereas qKH10 covers a much larger region of 400.118 kb. 

This substantial difference in interval size may be 

attributed to several genomic factors. First, recombination 

frequency varies across the genome, and qKH10 may be 

located in a region with suppressed recombination, 

possibly due to the presence of repetitive sequences or 

heterochromatin, which limits the resolution of BSA-seq 

mapping. Second, differences in local genome assembly 

quality between chromosomal regions may affect variant 

detection density and mapping precision. Third, the 

distribution of functional genes and the complexity of the 

genetic architecture underlying drought tolerance may 

differ between the two regions, with qKH10 potentially 

harboring multiple linked loci or a more complex gene 

network involved in drought response. Future fine-

mapping efforts using larger populations and higher-

density markers will be necessary to narrow the qKH10 

interval and validate these hypotheses. 

Within the qKH9 region, several candidate genes 
related to zinc finger proteins were identified in this study. 
Zinc finger proteins are important transcriptional 
regulators that play key roles in plant responses to abiotic 
stresses. Previous studies have shown that C2H2-type zinc 
finger proteins can enhance plant tolerance to drought and 
salt stress by regulating the expression of stress-responsive 
genes (Agarwal et al., 2007). In addition, some studies 
have reported that zinc finger proteins participate in the 
regulation of osmotic adjustment and reactive oxygen 
species scavenging, thereby enhancing plant adaptation 
under stress conditions. Therefore, the zinc finger-related 
genes identified in the qKH9 interval in this study may 
regulate the expression of drought-responsive genes and 
may play important roles in the formation of drought 
tolerance at the seedling stage in sorghum. 

In addition, candidate genes related to Deg proteases 
were also identified within the qKH9 region. Deg 
proteases are important proteins involved in protein 
quality control in plant cells and mainly function in 
degrading damaged or misfolded proteins to maintain 
protein homeostasis within cells. Under stress conditions, 
cellular proteins are prone to oxidative damage, and Deg 
proteases can maintain cellular function by removing 
damaged proteins (Schuhmann and Adamska,2012). 
Therefore, these genes may potentially contribute to 
drought stress responses in sorghum by maintaining 
protein stability under adverse environmental conditions. 

Compared with qKH9, the qKH10 interval covers a 
relatively larger genomic region. It contains multiple types 
of candidate genes, including histidine kinases, leucine-
rich repeat receptor-like kinases, and peroxiredoxin-related 
proteins. Histidine kinases are important components of 
plant signal transduction pathways and are involved in 
environmental signal perception and stress response 
regulation (Hofmann et al., 2020). Leucine-rich repeat 
receptor-like kinases play key roles in plant immunity and 
stress signaling pathways. In addition, antioxidant enzymes 
such as peroxiredoxins can eliminate reactive oxygen 
species generated during drought stress, thereby reducing 
oxidative damage to plant cells (Wang et al., 2023). The 
presence of these genes suggests that the qKH10 region 
may participate in sorghum drought responses through 
multiple mechanisms, including signal transduction and 
antioxidant regulation. 

It is important to acknowledge the inherent limitations 
of the BSA-seq approach employed in this study. First, the 
use of bulked DNA pools from extreme phenotypic groups 
may mask the effects of minor-effect QTLs or epistatic 
interactions, as only major loci with strong phenotypic 
contributions are likely to be detected. Second, the mapping 
resolution is constrained by population size, sequencing 
depth, and recombination events; while qKH9 was refined to 
a relatively narrow interval, qKH10 remains broad and 
requires further validation. Third, the candidate genes 
identified herein are based solely on bioinformatic 
annotation and require functional validation through gene 
expression analysis, transgenic experiments, or gene editing 
to confirm their roles in drought tolerance. Fourth, the 
phenotypic evaluation in this study relied on visual wilting 
scores under controlled pot-culture conditions, which may 
not fully capture the complexity of drought responses under 
field conditions. Future studies should integrate multi-
environment field trials to assess the stability and 
applicability of these QTLs. 

 

Conclusion 

 

In this study, an F₂ segregating population derived from 

the drought-tolerant sorghum restorer line LNR-6 and the 

drought-sensitive restorer line LR-2381 was used to perform 

genome-wide association analysis of drought tolerance at the 

seedling stage using BSA-seq technology. Two QTL regions 

significantly associated with seedling-stage drought 

tolerance were successfully identified on chromosomes 9 

and 10, namely qKH9 and qKH10. The qKH9 region 

contained 231 variant sites involving 17 transcripts, while 

the qKH10 region contained 4,039 variant sites involving 

144 transcripts. Functional annotation indicated that these 

candidate genes may be mainly involved in biological 

processes such as zinc finger protein-mediated 

transcriptional regulation, protein degradation, signal 

transduction, and antioxidant regulation. The compact qKH9 

interval is particularly suitable for developing diagnostic 

KASP markers to enable high-throughput genotyping and 

marker-assisted selection, while the abundant variants in 

qKH10 provide valuable resources for flanking marker 

design to facilitate foreground and background selection in 

breeding programs.   
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