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ABSTRACT
Sorghum (Sorghum bicolor L. Moench) is a resilient cereal crop with remarkable adaptability to diverse environments. Nitrogen 
use efficiency (NUE) is critical for improving sorghum yields, resource utilization, livelihood security, and environmental sus-
tainability of the target ecologies. To dissect the physio-genetic variation of sorghum for NUE/Nitrogen (N) stress tolerance, a 
set of 186 diverse sorghum accessions was evaluated for 15 agro-physiological and NUE-related traits under three N regimes 
(0%, 50%, and 100% of the recommended [90 kg ha−1] dose) across two seasons. Genotyping-by-sequencing (GbS) SNP data ena-
bled genome-wide association studies (GWAS). A total of 1369 marker-trait associations (MTAs) were detected across sorghum 
chromosomes, along with 69 candidate genes linked to N metabolism, including glutamine synthetase (GS), nitrate transporters, 
and sucrose-phosphate synthase. Transcriptome analysis of contrasting sorghum accessions detected 2229 (shoot) and 8661 (root) 
differentially expressed genes (DEGs). Integration of GWAS and transcriptomic data identified 10 key candidate genes such as 
the master N-regulators: the NIN-like protein (NLP), AP2/ERF transcription factor, ABC transporter, glutamine synthetase 
(GS), amino acid selective channel protein, F-box protein (FBP), SWEET transporter, glucose-1-phosphate adenylyltransferase 
(AGPase), and phosphofructokinase (PFK). Analysis of identified homologous gene groups across major cereals revealed evolu-
tionary relationships and genetic conservation. Furthermore, this study identified contrasting sorghum accessions for N stress 
tolerance. The identified candidate genes and contrasting genetic stocks provide a foundation for the molecular dissection of 
NUE-related traits, offering clear targets for crop improvement via genomics-assisted breeding and gene editing technologies.

1   |   Introduction

Sorghum (Sorghum bicolor L. Moench) is a highly popular and fifth 
most cultivated cereal crop after wheat (Triticum aestivum L.), rice 

(Oryza sativa L.), maize (Zea mays L.), and barley (Hordeum vul-
gare). It is widely distributed across North America, Africa, Asia, 
and Australia. It is a staple food crop for millions of poor people liv-
ing in highly fragile agro-ecological zones of the semi-arid tropics 
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worldwide (Morris et al. 2013). Sorghum is a multipurpose crop, 
used as food, feed, fodder, forage, and alcoholic beverages (Silva 
et al. 2022). Additionally, sorghum has great economic potential as 
a source of fiber and feedstock for eco-friendly second-generation 
biofuels (Bollam et al. 2021).

The diploid nature (2n = 20), small genome size (812 Mb) of the 
cultivated sorghum and the variability in germplasm make it 
a model cereal for structural and functional genomic analysis. 
It is a C4 crop with good photosynthetic efficiency, deep root 
system architecture, and efficient use of nutrients, radiation, 
and water, which makes it adaptable to adverse and water-scant 
conditions (Paterson et al. 2008). Despite its C4 photosynthetic 
nature and relatively superior drought tolerance compared to 
maize (Paterson et  al.  2009), sorghum continues to rely pre-
dominantly on nitrogen (N) fertilizer for achieving higher grain 
yields within intensive agricultural systems.

Over recent decades, the expansion of sorghum into both high-input 
and marginal environments has been accompanied by increasing 
attention to nitrogen use efficiency (NUE). While average N ap-
plication rates remain lower than in maize, often < 100 kg N ha−1 
in different production ecologies (Wortmann 2006; Ciampitti and 
Prasad 2021), rising fertilizer costs and environmental pressures 
have heightened the need for accessions that maintain yields with 
reduced N inputs. Breeding for improved NUE could enable yield 
stability while cutting N fertilizer use by 20%–30% in some sys-
tems (Masclaux-Daubresse et al. 2010).

Nitrogen is the most important macronutrient for plant growth 
and one of the main factors contributing to high yield. N is the 
primary constituent of key biomolecules, including nucleotides, 
amino acids, proteins, and hormones. About 1.5%–2.0% of total 
plant dry matter and 16% of the plant protein were covered by 
N (Frink et al. 1999). On a global scale, N fertilizer is a widely 
used nutrient input, and it has contributed immensely to the 
productivity improvement of food crops. However, the produc-
tion of nitrogen-based fertilizers consumes ~1% of the world's 
annual energy supply and increases food production expendi-
tures (Erisman et al. 2008). Though N fertilizer is very expen-
sive, it is considerably subsidized in the developing world for 
agricultural purposes, often leading to its excessive application. 
Nevertheless, plants can harness only 30%–40% of the applied 
N for their growth and development, while the remainder of the 
N fertilizer is lost to the environment through processes such 
as ammonia volatilization, denitrification, surface runoff, and 
leaching (Russo et al. 2017). This not only results in economic 
loss for the farmers but also exerts deleterious effects on neigh-
bouring aquatic, plant, and animal ecosystems (Hirel, Chardon, 
and Durand  2007; Hirel, Le Gouis, et  al.  2007; Srikanth 
et al. 2016).

To mitigate these impacts, it is crucial to adopt improved ag-
ronomic practices aimed at reducing fertilizer inputs, and em-
ploying nitrogen-efficient crop varieties is essential (Raun and 
Johnson 1999). NUE encompasses two key components: N up-
take efficiency (NUpE), which measures the plant's ability to 
absorb and utilize available nitrogen from the soil, and N utiliza-
tion efficiency (NUtE), which reflects the efficiency with which 
the absorbed nitrogen is assimilated and redistributed within 
the plant, ultimately contributing to grain production (Good 

et al. 2004). The basic definition of plant NUE is the grain yield 
achieved per unit of supplied nitrogen, a value that can also be 
expressed as the product of NUpE and NUtE (Good et al. 2004). 
Though efficient fertilizer management and modified N sources 
reduced the N losses to some extent, it's crucial to understand 
how crop plants respond to varied N availability scenarios and 
the genetic regulation of NUE remains essential (Raun and 
Johnson 1999).

NUE is a multifaceted phenomenon influenced by various ge-
netic and environmental factors. Deciphering the genetic basis 
of such complex traits requires linking physiological and ag-
ronomic traits to molecular mechanisms (Hirel, Chardon, and 
Durand  2007). Gaining valuable insights in this context can 
open new avenues for selecting and breeding N-use efficient 
lines that can translate applied N into economically sustain-
able yields while minimizing environmental impact. Given the 
above background, the present study was undertaken with the 
following objectives: (1) to study the physiological responses of 
diverse sorghum accessions under varying N levels (2) to iden-
tify genes associated with NUE via a genome-wide association 
study (GWAS) (3) to investigate the global transcriptome profiles 
of contrasting sorghum accessions for NUE under different N 
conditions (4) integrated analysis of GWAS and global transcrip-
tome analysis data to identify common genes, coupled with a 
comprehensive analysis of homologous gene groups across major 
cereals, to elucidate evolutionary relationships and genetic con-
servation. Our results provide novel insights pertaining to ni-
trogen uptake, assimilation, and remobilization, and elucidate 
mechanisms involved in N stress tolerance in sorghum.

2   |   Results

2.1   |   Genotypic and Nitrogen Regime 
Effects on Sorghum Morpho-Physiological 
and Yield-Related Traits

2.1.1   |   Leaf Parameters

An increase in chlorophyll content (CC) was observed across N 
regimes, from N0 to N100 in both individual and pooled sea-
sons (Tables 1 and 2). Leaf area (LA) was lowest under N50 com-
pared to N0 and gradually increased further at N100. For both 
CC and LA, a significant genotype × treatment interaction for 
both individual and pooled seasons was observed along with 
notable season × genotype and season × genotype × treatment 
interactions. A decrease in leaf number (LN) from N0 to N50 
treatments was followed by an increase at N100 in the year 2018 
and across seasons with significant genotype × treatment inter-
actions. In 2017–18, the genotype × treatment interaction for LN 
was significant at p ≤ 0.05. For all leaf parameters, the season × 
genotype and season × genotype× treatment interactions were 
significant (Tables 1 and 2).

2.1.2   |   Growth Parameters

Days to 50% flowering (DFL) showed minimal variability across 
seasons and N regimes, with significant genotype × treatment 
interactions in 2017–18 and pooled seasons with significance at 
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TABLE 1    |    Performance of sorghum accessions under varied N regimes (0 N, 50% N, and 100% of the recommended N) for the seasons 2017–18, 
2018–19, and across seasons.

Trait Treatment

2017–18 2018–19 Across seasons

Range Mean Range Mean Range Mean

Chlorophyll content N0 20.01–47.67 34.30 31.60–51.55 43.08 26.79–47.29 38.69

N50 23.18–53.86 38.48 37.34–55.58 46.90 34.15–53.91 42.67

N100 30.82–63.33 43.88 37.37–54.49 46.30 37.33–54.63 45.10

Days to 50% 
flowering

N0 60–100 79.00 66.48–83.56 73.38 64.34–91.01 76.06

N50 62–99 80.00 66.26–84.47 73.80 66.44–91.67 76.61

N100 62–100 80.00 66.33–82.45 73.26 64.15–89.74 76.39

Leaf area (cm2) N0 389.43–4717.51 1704.98 659.89–9793.07 2693.76 599.58–6435.47 2203.43

N50 394.20–4687.73 1886.08 637.99–8574.55 2345.91 605.53–5304.28 2119.29

N100 433.14–6802.64 2334.35 699.00–10328.00 2726.04 610.28–6594.34 2515.72

Leaf number N0 5.29–23.27 11.70 6.53–51.38 16.89 5.93–30.86 14.07

N50 5.84–20.48 11.15 6.42–61.07 14.90 6.56–31.82 12.91

N100 6.03–24.62 12.66 7.60–55.60 15.77 7.51–34.33 14.02

Plant height (cm) N0 93.12–361.36 212.18 111.69–323.52 229.07 102.45–326.55 220.87

N50 96.66–352.09 226.15 110.53–316.52 226.01 103.67–323.27 226.45

N100 99.33–358.22 237.46 110.79–316.91 227.68 105.01–337.68 232.90

Number of tillers N0 10.64–67.76 35.60 2.54–75.59 26.21 8.49–71.23 30.53

N50 12.14–63.04 39.51 0.93–74.19 24.36 7.15–63.10 31.41

N100 16.67–76.90 43.43 4.97–68.37 29.69 10.68–68.66 36.06

Number of panicles N0 13.05–96.16 38.50 11.75–97.88 43.84 18.28–81.47 40.80

N50 15.10–94.49 45.19 8.60–129.66 46.67 15.47–99.28 45.58

N100 10.80–117.49 48.81 6.93–106.44 50.62 15.32–91.98 49.21

Panicle weight (g) N0 150.24–1450.88 477.63 470.00–2622.55 1551.45 359.87–1676.73 1016.40

N50 194.34–1932.85 590.78 554.66–2592.43 1641.18 386.88–2050.32 1118.27

N100 212.97–1765.35 636.28 465.47–2602.24 1628.86 413.35–2069.98 1133.46

Panicle harvest index N0 0.04–0.92 0.40 0.41–0.88 0.70 0.27–0.84 0.55

N50 0.03–0.87 0.39 0.36–0.83 0.70 0.28–0.84 0.55

N100 0.04–0.89 0.37 0.27–0.83 0.69 0.15–0.83 0.53

Grain yield (g) N0 11.29–1031.31 242.69 210.27–1954.36 1087.29 125.92–1292.32 665.08

N50 15.15–1402.00 305.00 293.78–1978.19 1161.51 181.73–1554.14 733.41

N100 18.43–1294.15 316.73 192.42–1944.44 1139.57 135.74–1513.24 727.10

Test weight (g) N0 0.12–4.89 1.88 1.74–5.29 2.74 1.17–4.30 2.31

N50 0.27–4.73 1.96 1.59–5.26 2.70 1.02–4.75 2.33

N100 0.56–4.34 1.83 1.68–4.99 2.72 1.25–4.29 2.28

Fresh straw yield (kg) N0 1.72–9.63 4.64 1.75–7.50 4.43 2.63–7.41 4.54

N50 1.81–10.89 5.61 2.45–9.41 4.87 3.51–7.66 5.25

N100 1.63–12.99 5.97 2.86–8.51 5.00 3.05–9.31 5.48

(Continues)

 20483694, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fes3.70174 by R

akesh Srivastava - International C
rops R

esearch Institute for Sem
i A

rid T
ropics , W

iley O
nline L

ibrary on [07/02/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



4 of 37 Food and Energy Security, 2026

p ≤ 0.05. A gradual increase in plant height (PH) was observed 
with increased N levels, with significant genotype × treatment, 
season × genotype, and season × genotype× treatment inter-
actions. The number of tillers (NT) increased with a higher N 
in 2017–18 and pooled seasons, with significant genotype × 
treatment interactions in 2018–19 and pooled seasons, and sig-
nificant season × genotype × treatment interactions (p ≤ 0.05) 
(Tables 1 and 2).

2.1.3   |   Panicle Parameters

The number of panicles (PN) increased with higher N dosage in 
both individual and pooled seasons, with significant season × 
genotype interactions (p ≤ 0.05). Accordingly, in both individual 
and across seasons, the panicle weight (PW) also increased with 
higher N dosages, with significant genotype × treatment, season × 
genotype, and season × genotype× treatment interactions. Panicle 
harvest index (PHI) remained consistent in all three treatments, 
yet exhibited significant genotype × treatment, season × genotype, 
and season × genotype× treatment interactions in individual and 
pooled seasons (Tables 1 and 2).

2.1.4   |   Biological Yield Parameters

Grain yield (GY) was slightly higher at N50 compared to N0 and 
N100, with a 9% increase in 2018–19 and a 6% increase across 
seasons. Test weight (TW) exhibited minimal variation across 
N regimes, except in 2017 where N50 recorded the highest seed 
weight. Both GY and TW displayed significant genotype × treat-
ment, season × genotype, and season × genotype × treatment in-
teractions. Fresh straw yield (FSY) and dry straw yield (DSY) 
increased with higher N dosages, with significant genotype × 
treatment, season × genotype, and season × genotype × treat-
ment interactions (Tables  1 and 2). Harvest index (HI) var-
ied across N regimes with significant treatment × genotype 

interactions in 2018 and across seasons and at (p ≤ 0.05) in 
2017–18.

2.1.5   |   Grain and Stover N Content Parameters

Grain N content (GN) showed a quick plunge from N0 to N50, 
with a slight increment at N100 across seasons. Significant gen-
otype× treatment and season× genotype interactions were ob-
served. Straw N content (SN) also increased with the increase of 
N dosage and exhibited significant genotype × treatment, sea-
son × genotype, and season × genotype × treatment interactions 
(Tables 1 and 2).

2.2   |   Correlation Coefficient Analysis of NUE 
and Agronomic Traits Under Varied N Regimes

Correlation coefficient analysis was conducted under three N 
regimes to evaluate the relationships among traits associated 
with NUE. Leaf area (LA) and leaf number (LN) were positively 
correlated with days to 50% flowering (DFL) under all N treat-
ments and across seasons. Leaf number was also significantly 
correlated with LA in all treatments and seasons, and with the 
number of tillers (NT) under all treatments in 2017–18, and in 
N50 and N100 levels across seasons. Plant height (PH) showed 
a positive correlation with NT at N50 and N100 dosages in 
2017–18 and across seasons and at N0 in 2018–19. Grain yield 
(GY) showed significant positive correlations with panicle 
weight (PW) and panicle harvest index (PHI) across all treat-
ments and seasons, and with panicle number (PN) at N0 and 
N100 in both individual and across seasons. Dry stover yield 
(DSY) was positively correlated with PH under all treatments 
and with LA (except N0 in 2018–19). However, DSY exhibited 
negative correlations with GY and PW in 2017–18 and across 
seasons for all treatments. Overall, dry biomass was relatively 
negatively associated with PHI. Under all treatments, harvest 

Trait Treatment

2017–18 2018–19 Across seasons

Range Mean Range Mean Range Mean

Dry straw yield (kg) N0 0.99–6.14 2.46 0.66–4.76 1.90 1.10–4.72 2.18

N50 0.90–6.02 2.91 0.66–5.18 2.10 1.27–5.60 2.51

N100 1.18–8.19 3.05 0.61–5.88 2.20 0.91–7.03 2.63

Harvest index N0 10.43 0.07–74.31 40.84–88.02 69.69 22.07–73.79 40.09

N50 11.69 0.04–73.23 36.33–83.28 70.06 18.84–71.27 40.93

N100 11.14 0.24–74.21 26.81–82.86 68.70 14.25–77.13 40.02

N content in grain N0 0.89–2.64 1.46 1.14–2.07 1.52 1.08–2.05 1.49

N50 0.73–2.28 1.40 1.25–2.13 1.68 1.17–1.95 1.54

N100 0.86–2.54 1.49 1.24–2.29 1.73 1.26–2.16 1.61

N content in straw N0 0.12–1.00 0.37 0.18–0.69 0.35 0.16–0.65 0.36

N50 0.12–0.899 0.35 0.16–0.78 0.39 0.18–0.74 0.37

N100 0.18–1.11 0.44 0.17–0.87 0.40 0.22–0.77 0.42

Note: Data shown as the mean of three replications.

TABLE 1    |    (Continued)
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index (HI) was positively correlated with GY and PW, whereas 
with PN at N0 in 2017–18 and N0 and N50 across seasons. Test 
weight (TW) was positively correlated with GY and PW across 
all treatments in 2017–18 and pooled seasons. Grain N content 
(GN) was negatively correlated with GY under N0 in individ-
ual and pooled seasons, and similar trends were observed for 
N50 and N100 in 2018–19 and pooled seasons. PW was also 
negatively correlated to GN at N0 in 2017–18 and across all 
treatments in 2018–19 and pooled seasons. DSY showed posi-
tive correlations with GN at N0 in individual and pooled sea-
sons; at N50 in 2018–19 and across seasons (p ≤ 0.05); and at 
N100 in 2018–19 (p ≤ 0.05) and pooled seasons. Overall, GN 
and HI showed a negative correlation with each other. SN ex-
hibited negative correlations with HI at N0 and N50 in indi-
vidual and across seasons, and at N100 in 2017–18 and pooled 
seasons. Additionally, SN was negatively correlated with DSY 
across all treatments (Table 3).

2.3   |   Population Structure and Diversity Analysis

The hierarchical population structure analysis assigned the 
186 sorghum genotypes of the study into 5 subpopulations 
(K = 5) with some admixture in all the subpopulations using 
22,439 SNPs (Figure 1a). The composition of possible groups, 
with different accessions contributing to each subpopulation, 
was represented by different colours (Figure 1a). Phylogenetic 
analysis using the GBS data also formed five distinctive clus-
ters, thus supporting the findings of the structure analysis 
(Figure 1b).

2.4   |   Identification of Contrasting Lines Under 
Low N Conditions

Based on the pooled grain yield data of 186 accessions eval-
uated under low N conditions, both high and low NUE lines 
were identified. High-NUE lines included IS15443, ICSV745, 
SSM1267, IS14276, IS2814, IS23903, IS2179, SI-3, IS30405, 
IS20700, IS27599, IS10234, IS4285, IS27791, IS20710, IS25596, 
02.SB-FJT-3, IS29876, IS20697, and IS2787. These lines ex-
hibited higher grain yield even under native N conditions, 
suggesting their strong capacity for higher N use efficiency. 
In contrast, low NUE lines were the genotypes whose yield 
performance was dependent on N availability. Under low 
N conditions, the least performing lines, considered as N-
sensitive lines, included Phule Chitra, SSVMDSORY.5, 
SSV20064, IS39775, IS4776, DORELKEN, SVD806, GS23, 
Maldandi, SSM1123, HDW703, IS22325, 97-SB-F5DT-150, 
GRS1, GS16, SANGATIUI, Macedu, SSM276, SPV2217, and 
BAHUBANZA3 (Figure 2a).

2.5   |   Genome-Wide Association Studies 
for the Identification of Genes Related to NUE 
and Associated Traits

In the present study, a total of 1369 MTAs were identified 
for traits related to NUE and located across the sorghum 
chromosomes, explaining significant phenotypic variance. 
Association analysis for DFL, CC, LA, LN, PH, NT, PN, PW, 

FSY, DSY, GY, TW, and PHI traits under three N conditions 
identified a significant number of SNPs per trait viz., 31, 30, 
29, 32, 32, 204, 61, 147, 28, 109, 184, 182, and 300, respectively 
(Table  S2, Figure  3, Figure  S3). Manhattan and Quintile-
Quintile (QQ) plots were generated through the SUPER model 
of GAPIT. For CC, the most significant SNPs were identified 
on chromosomes 1, 6, 8, and 9 under N0, on chromosomes 2, 
3, 4, 6, and 10 under N50, and on chromosomes 1, 2, and 7 
under N100. For LA, significant SNPs were identified on in-
tergenic and exonic regions of chromosomes 3, 7, 8, and 10. 
SNP S10_60562413, an intergenic variant, was observed in 
both N0 and N100 regimes while significant SNPs for LA were 
identified on chromosomes 1, 2, 5, 6, 9, and 10 under N50, and 
on chromosomes 3, 5, 9, and 10 under N100. For LN, most 
significant SNPs (S1_77012449, S1_72131761, S1_72131726, 
S1_69406852, S1_69406889, S1_11398982, and S1_11398993) 
were identified on chromosome 1 under N0 and N50. Other 
SNPs (S3_14844198, S4_62219103, S9_17559747) were identi-
fied on chromosomes 3, 4, and 9 under N0 and N50, respec-
tively. Under N100, SNPs were identified on chromosomes 1, 
2, 3, 6, 7, and 10, respectively (Table S2, Figure 3, Figure S3).

For DFL, significant SNPs were identified on chromosomes 
1, 2, and 4. SNP S2_61924412 was common to N0 and N100, 
while SNP S4_15604353 was shared between N0 and N50. 
Under N50, the most significant SNPs were distributed on 
chromosomes 1, 4, 7, 8, and 10, whereas under N100, they 
mapped to chromosomes 2, 3, and 4, respectively. For PH, 
common SNPs (S3_61949259, S5_46766667, S7_4970164, 
and S8_39645) were detected under both N0 and N100. SNP 
S7_64604566 was detected in N0 and N50 regimes, and the 
intergenic SNP S7_49701640 was found to be consistently de-
tected in all three N regimes. Additionally, SNP S1_66031569 
was found to be common under N50 and N100. Across nitro-
gen dosages, 16 SNPs on chromosome 6 were shared between 
N0 and N50, 11 SNPs (on chromosomes 1, 3, 4, 5, and 8) were 
common between N0 and N100, and two loci (S9_50,448,596 
and S9_56330993) on chromosome 9 were shared between 
N50 and N100 (Table S2, Figure 3).

For PN, significant associations were observed under N0 
and N50 regimes, where SNPs on chromosome 7 (S7_943417, 
S7_943455, and S7_946508) and chromosome 3 (S3_67137462) 
were common. Additional SNPs were identified on chromo-
somes 1, 3, 6, and 9 under N0, and on chromosomes 1, 2, 3, 4, 
and 6 under N50. A detailed list of MTAs was enlisted in the 
Table  S2, Figure  3. Significant SNPs for PW were identified 
across the sorghum chromosomes. Under N0, associations were 
observed on chromosomes 3, 4, 6, and 10, while N50 and N100 
significant SNPs were identified on chromosomes 1, 4, 6, 7, and 
8 (Table S2, Figure 3).

For GY, 14 common SNPs were identified under N0 and N50 
regimes, primarily located on chromosomes 2 and 3. Between 
N50 and N100, three SNPs (S7_27327500, S1_68025713 and 
S7_42117385) were found to be common. For TW trait, four 
common SNPs (S7_65165549, S7_65165551, S7_65165548 and 
S7_65165550) were identified under N0 and N50, while N50 
and N100 shared associations on chromosomes 1 (S1_79959957, 
S1_15174725), 5 (S5_5312927), and 10 (S10_54692509). Three 
SNPs (S6_57648252, S6_57642317, and S9_14969908) were 
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common between N0 and N100. Associations for FSY were dis-
tributed across all chromosomes, where the SNP S1_57594478 on 
chromosome 1 was common in N0 and N100 regimes. Common 
associations for DSY were present on chromosomes 1 and 2 
under all nitrogen dosages. Four common SNPs (S1_57683857, 
S2_12592539, S2_12592561, and S3_61949275) were consis-
tently associated under all three N regimes. Additionally, three 
SNPs (chromosomes 3 and 10) were common between N0 and 
N50, while five SNPS (on chromosomes 1, 2, and 5) were found 
common between N50 and N100. Notably, SNP S7_20117377 
was uniquely associated with DSY under N0 and N100 regimes 
(Table S2, Figure 3).

2.6   |   Identification of Putative Candidate Genes

Significant MTAs were aligned using the Sorghum BLAST 
server, and genes located within 50 kb upstream and 

downstream window of the MTAs were identified. Genes 
corresponding to significant SNPs that are in Linkage 
Disequilibrium (LD) with the specific traits from the sorghum 
GWAS panel were annotated, and a total of 69 candidate 
genes associated with N metabolism (uptake, assimilation, 
and remobilization) were distributed across different chro-
mosomes (Table  4). The majority of the identified genes are 
known candidate genes of NUE and other abiotic stress-
related functional categories, including Nitrate transporter 
(S1_53455913, S1_53455932), Early nodulin 75-like pro-
tein (S7_59397216), Sucrose-phosphatase (S4_48038005), 
Sucrose-phosphate synthase (S5_12854590), Squamosa 
promoter-binding-like protein 17 (S2_63584677), WRKY 
transcription factor 39 (S4_12354578), DNAJ heat shock 
N-terminal domain-containing protein (S8_60184773, 
S2_61924412), Aquaporin NIP3-2 (S7_3811837), Putative 
corA-like Mg++ transporter protein (S1_78005543), 
Potassium channel protein (S9_50448596), Beclin 1 protein 
(S3_59631616, S3_59627750), Ethylene receptor homologue 
(S6_3181164), Delayed flowering1 (S2_66204566), Leucine-
rich repeat (S2_1024386, S3_62418639), and other transcrip-
tion factors and stress-responsive candidates such as Dehydrin 
(PF00257)–(S3_60686805) and NAC-domain containing pro-
tein 21/22 (S5_1685470), while few identified genes were of 
unknown function (Table 4).

2.7   |   Transcriptome Analysis of Contrasting 
Sorghum Genotypes

To identify genotype, N treatment, tissue and time point specific 
differentially expressed genes, cDNA libraries were prepared from 
shoot and root samples of high (ICSV745) and low NUE (HDW703) 
sorghum genotypes collected at two time points (30 min and 6 h) 
under N0 and N100 regimes. A total of 16 libraries [ICSV745_30m_
N0_Shoot, ICSV745_30m_N0_Root, ICSV745_30m_N100_Shoot,  
ICSV745_30m_N100_Root, ICSV745_6h_N0_Shoot, ICSV745_​
6h_N0_Root, ICSV745_6h_N100_Shoot, ICSV745_6h_N100_
Root, HDW703_30m_N0_Shoot, HDW703_30m_N0_Root, HDW  
703_30m_N100_Shoot, HDW703_30m_N100_Root, HDW703_  
6h_N0_Shoot, HDW703_6h_N0_Root, HDW703_6h_N100_
Shoot, HDW703_6h_N100_Root] were processed for Illumina 
RNA sequencing generating 72.1–546.1 million raw reads per li-
brary (Table 5). After quality filtering, ~94% of sequences aligned 
to the sorghum reference genome. Detailed mapping statistics of 
all libraries are presented in Table 5.

2.7.1   |   Differential Transcript Abundance

To capture the expression variation, 24 pairwise comparisons 
were performed: 8 genotype-specific (high NUE vs. low NUE), 
8 treatment-specific (N0 vs. N100), and 8 time point-specific 
(30 min vs. 6 h) (Table  S3a, b, Table  5, Figure  4b–d). Across 
all comparisons, the number of DEGs ranged from 38 to 3173; 
the highest number of DEGs (3173) was identified between 
the root samples collected 30 min after the N100 treatment in 
ICSV745 and HDW703, followed by 2984 DEGs identified be-
tween the root samples collected 30 min after the N0 treatment 
of ICSV745 and HDW703 (Table  S3a, b, Figure  S2, Table  5, 
Figure 4b–d).

FIGURE 1    |    Population structure and phylogenetic analysis (a) 
Population structure analysis identified five distinct clusters among the 
sorghum accessions of the study. Here, the K value indicates the num-
ber of clusters. The optimal K is determined by cross-validation errors 
(CV errors). (b) Radial phylogenetic tree for analyzing the evolutionary 
history of the sorghum accessions through an unweighted neighbor-
joining method showing five distinct clusters.

(a)

(b)
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2.7.2   |   Gene Ontology, Functional Enrichment, 
and Pathway Analysis

Pair wise comparative analysis of the 24 libraries (Table  3) re-
sulted in the identification of DEGs, which were functionally an-
notated using Gene Ontology (GO) and enrichment analysis using 
the R package “topGO” and KOBAS. Among the top 10 biologi-
cal processes, six GO terms were significantly enriched: organo-
phosphate metabolic process, dephosphorylation, cellular lipid 
metabolic process, phosphorus metabolic process, phosphate-
containing compound metabolic process, and small molecule 
metabolic process (Table S4a, Figure 4e). For cellular components, 
the DEGs were highly enriched in cell wall, chloroplast thylakoid, 

thylakoid, external encapsulating structure, plastid, organelle 
sub-compartment, extracellular region, chaperonin-containing 
T-complex, cytoskeleton, and microtubule (Table S4b, Figure 4f). 
Similarly, the molecular function analysis revealed significant en-
richment in carboxypeptidase activity, serine-type carboxypepti-
dase activity, isomerase activity, serine-type exopeptidase activity, 
lyase activity, DNA secondary structure binding, minor groove of 
adenine-thymine-rich DNA binding, monooxygenase activity, and 
transketolase activity (Table S4c, Figure 4g). The pathway analysis 
has clustered the enriched GOs into seven major groups, of which 
the top clusters are biosynthesis of secondary metabolites (enrich-
ment ratio 0.16) and metabolic pathways (enrichment ratio 0.12) 
(Figure 4h).

FIGURE 2    |    Two-season field evaluation of 186 sorghum accessions for NUE under varying N conditions resulted in the identification of contrast-
ing accessions. (a) Contrasting sorghum accessions for NUE based on grain yield data under N0 conditions. (b) Screening of the selected contrasting 
sorghum accessions (High NUE: ICSV745 and Low NUE: HDW703) under varied N regimes (0% and 100% of the recommended N) in controlled 
glass house conditions for RNA sequencing.
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2.8   |   Identification of Putative Candidate Genes 
through Integrated GWAS- RNA-Seq Analysis 
and Comparative Homolog Identification

To corroborate the putative candidate genes identified through 
GWAS, an integrative analysis was performed by aligning 
MTAs with DEGs from RNA sequencing. This approach identi-
fied 105 genes, distributed across all 10 sorghum chromosomes, 
that were common to both datasets. The functional annotations 
of these genes were presented in Table 6, Table S5, and visual-
ized in Figure 5. Additionally, comparative analysis using NCBI 
TBLASTX further identified putative homologous gene groups 
across sorghum, rice, wheat, maize, pearl millet, and foxtail 
millet (Table S5, Figure S1). This analysis revealed 35 recipro-
cal best-matching gene pairs between sorghum, pearl millet, 
rice, foxtail millet, wheat, and maize; 38 orthologous gene pairs 

among sorghum, pearl millet, foxtail millet, wheat, and maize; 2 
orthologous gene pairs shared by sorghum, foxtail millet, wheat, 
and maize; and 1 orthologous gene pair between sorghum, fox-
tail millet, and pearl millet. Furthermore, 28 unique putative 
candidate genes were found to be specific to sorghum.

3   |   Discussion

Nitrogen Use Efficiency (NUE) in crop plants is a critical deter-
minant of plant growth and yield. Increased application of fer-
tilizer N is not only imposing a financial burden on farmers and 
governments but also detrimental to soil health and other asso-
ciated environmental impacts (Galloway et al. 2008). As a com-
plex polygenic trait, improving NUE in staple crops represents a 
challenging yet remunerative area of research. Understanding 

FIGURE 3    |    Manhattan plots representing the SNPs in LD with the traits under varying N regimes (N0, N50, and N100% of the recommended 
dose). Traits include (a) GYLD—Grain Yield (N0), (b) DSYLD—Dry stover yield (N50), (c) LA—Leaf area (N50), (d) PHI—Panicle harvest index 
(N100), (e) GYLD—Grain Yield (N50), (f) LA—Leaf area (N100), and (g) PHI—Panicle harvest index (N50). In the Manhattan plots, the x-axis 
represents chromosome number, and the coloured dots indicate SNPs specific to each chromosome. The y-axis shows the negative logarithm of the 
association p-values, with a horizontal line marking the significance threshold.
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the physiological and molecular basis of NUE under varying 
N regimes serves as a good starting point for the development 
of improved crop varieties (Hirel, Chardon, and Durand 2007). 
Decoding the genetic basis of NUE requires the systematic inte-
gration of precise physiological and agronomic data with robust 
molecular tools and technologies (Srikanth et al. 2016). GWAS 
is an established approach to dissect the genetic basis of com-
plex and polygenic traits in multiple crops (Wang et  al.  2012; 
Monostori et al. 2017; Rao et al. 2018; Bandyopadhyay et al. 2022; 
and Zhou et al. 2022). Additionally, transcriptome analysis has 
proven to be a powerful approach for elucidating plant response 
to nitrogen status changes at the molecular level; therefore, it is 
considered a potential tool to mine novel NUE-related loci in 
crops (Hao et al. 2011; Yang et al. 2015; Quan et al. 2016; Gelli 
et al. 2017; Bandyopadhyay et al. 2022). These studies have un-
covered several novel genomic regions and regulatory pathways 
that hold potential for improving NUE. This study aimed to 
understand genotype, N dosage, and season-specific variations 
related to NUE across a set of 186 diverse sorghum accessions 
using two seasons of phenotypic data. Furthermore, it seeks to 
unravel the key genes and regulatory networks related to NUE 
through integrated GWAS and transcriptome analysis to iden-
tify key genes and regulatory networks underlying NUE, ulti-
mately contributing to the development of sorghum varieties 
with improved nitrogen efficiency.

3.1   |   Variability in Physiological, Agronomic, 
Yield, and N Estimation-Related Traits

Wide variability was observed for the studied traits in 186 di-
verse sorghum accessions under varied N regimes (0, 50, and 
100% of the recommended N) over two seasons, with few ex-
ceptions. As nitrogen is a key component of chlorophyll, mean 
post-flowering chlorophyll content (CC) increased with higher 
N availability (N50 and N100), consistent with earlier reports in 
sorghum (Ajeigbe et al. 2018; Bollam et al. 2021). High N avail-
ability showed minimal response on days to 50% flowering (DFL) 
trait in sorghum, aligning with findings in sorghum (Ajeigbe 
et al. 2018; Bollam et al. 2021), wheat (Guttieri et al. 2017), and 
mung bean (Achakzai et al. 2012). Sorghum accessions showed 
N-dependent increases in physiological traits like plant height 
(PH), leaf area (LA), and leaf number (LN), highlighting the 
role in facilitating plant growth and development. Yield-related 
traits, including number of tillers (NT), number of panicles (NP), 
and panicle weight (PW), also increased with higher N avail-
ability. A significant yield penalty in both grain yield (GY) and 
dry stover yield (DSY) was observed under the N0 compared to 
the N50 and N100 regimes. However, no significant difference 
in grain yield was noted between N50 and N100 (Tables 1 and 
2). It is well-established that optimal N fertilizer levels stimu-
late traits such as tiller number, panicle number, and panicle 
weight, thereby enhancing both grain and stover yield in sor-
ghum (Shamme et al. 2016; Ajeigbe et al. 2018; Gelli et al. 2016; 
Bollam et al. 2021) and other crops (Laperche et al. 2006; Pan 
et  al.  2016; Srikanth et  al.  2016; Yang and Udvardi  2018 and 
Pujarula et al. 2021) (Tables 1 and 2). Despite the genotypic vari-
ability observed, the lack of significant differences in grain yield 
between the N50 and N100 regimes across seasons may be at-
tributed to the limited ability of some genotypes to utilize excess 

nitrogen in the soil, suggesting split-dose N application could 
improve nitrogen recovery and yields.

Higher N availability also enhanced biomass production, with 
fresh stover yield (FSY) and DSY increasing by ~13% (N50) and 
~17% (N100) relative to N0. This enhancement can be attributed 
to the increased nitrogen availability, which promotes biomass 
accumulation by strengthening the economic sink capacity of the 
plants. In contrast, test weight (TW) is not influenced by the N 
dosage, confirming its varietal dependence (Kanfany et al. 2014). 
N content in grain and stover (GN and SN) consistently improved 
with N dosage, reflecting improved remobilization of N into bio-
mass and grain (Tables  1 and 2). These results align with the 
previous reports, though N content and its relationship to biomass-
related traits are highly diverse and vary with genotype, environ-
ment, and N application timing (Zhang et  al.  2012; Yoshinaga 
et al. 2013; Shamme et al. 2016; He et al. 2017; Bollam et al. 2021).

3.2   |   Correlation Coefficient Analysis

Correlation analysis of traits across seasons and N regimes 
revealed that grain yield (GY) significantly and positively cor-
related with panicle traits (PN and PW), HI, and TW, indicating 
their key role in improving sorghum yield. GY showed a consis-
tent negative correlation with GN under all the treatments and 
seasons, as previously reported (Sinebo et  al.  2004). DSY cor-
related positively with LA, DFL, LN, PH, and GN under the N0 
regime across the seasons, highlighting the importance of mor-
phological traits in stover quality and biomass improvement in 
sorghum. PHI/HI, a measure of assimilates translocation from 
source to sink (Li et al. 2012), was positively correlated with GY 
and PW, and negatively correlated with DSY across the treat-
ments, underscoring its role in yield improvement. Correlation 
of grain and stover yield and other associated NUE traits was 
reported to be variable with genotype, N fertilizer dosage, and 
season-specific variations (Sui et  al.  2013; Zhang et  al.  2013; 
Belete et  al.  2018). Interestingly, LA and PH significantly cor-
related with DFL, LN, FSY, and DSY under all the N regimes 
across the seasons. PN positively correlated with PW, GY, TW, 
and PHI traits in all regimes and seasons (Table 3). These cor-
relations emphasize the role of morphological and yield traits in 
nitrogen uptake, assimilation, and remobilization, and provide 
valuable targets for NUE improvement in sorghum.

3.3   |   Population Structure and Diversity Analysis

The 186 sorghum accessions represented wide genetic diver-
sity from Africa and Asia. It is essential to perform structure 
analysis in natural populations before GWAS to identify and 
overcome the spurious marker-trait associations (Pritchard 
et al. 2000; Krill et al. 2010). The hierarchical population struc-
ture analysis using 22,439 SNPs grouped accessions into 5 
subpopulations (K = 5) with some admixture, confirming the ge-
netic diversity (Figure 1a). Phylogenetic analysis using the GBS 
data also formed five distinct clusters, corroborating the struc-
ture analysis (Figure  1b). These findings align with previous 
reports of strong genetic variability in global sorghum diversity 
panels (Dossou-Aminon et al. 2015; Satish et al. 2016; Afolayan 
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et al. 2019; Bollam et al. 2021). The observed genetic diversity 
of natural populations likely reflects evolutionary patterns, ge-
netic drift, adaptive traits, and environmental heterogeneity (Al 
Salameen et al. 2020).

3.4   |   Contrasting Sorghum Accessions for NUE: 
Key Resource for NUE Improvement

Based on pooled grain yield data from 186 accessions under low 
N conditions, contrasting accessions for NUE, viz., high NUE 
and low NUE lines were identified. Twenty high NUE lines 
(IS15443, ICSV745, SSM1267, IS14276, IS2814, IS23903, IS2179, 
SI-3, IS30405, IS20700, IS27599, IS10234, IS4285, IS27791, 
IS20710, IS25596, 02. SB-FJT-3, IS29876, IS20697, and IS2787) 
consistently produced higher grain yield under native N condi-
tions, demonstrating their capacity for strong NUE and potential 
for use in breeding programs. In contrast, low NUE lines require 
more N fertilizer for their growth and yield performance, with 
20 low NUE lines (Phule Chitra, SSVMDSORY.5, SSV20064, 
IS39775, IS4776, DORELKEN, SVD806, GS23, Maldandi, 
SSM1123, HDW703, IS22325, 97-SB-F5DT-150, GRS1, GS16, 
SANGATIUI, Macedu, SSM276, SPV2217, and BAHUBANZA3) 
under low N conditions (Figure 2a). Among the 20 high NUE 
genotypes, nine were consistent top-yielders across all three 
treatments (N0, N50, and N100), confirming their superior 
performance and plasticity towards N fertilizer dose. Four gen-
otypes (IS15443, IS15526, SSM1267, and IS29876) yielded less 
under N100 than N50, indicating possible sensitivity to high N 
levels, while five genotypes (IS14276, IS2814, IS2179, IS10234, 
and IS27791) displayed consistent yield gains with increasing N. 
The identification of these contrasting lines provides a valuable 
resource for dissecting the molecular basis of NUE. Selected 
high- and low-NUE lines were further used for transcriptome 
profiling to identify differentially expressed genes and regula-
tory networks associated with NUE in sorghum.

3.5   |   Genome-Wide Association Studies Identified 
Candidate Genes Associated With N Use Efficiency 
in Sorghum

GWAS using the SUPER model identified 1369 significant MTAs 
for physiological, yield, and NUE related traits in sorghum, of 
which 513, 489, and 367 were detected under N0, N50, and N100 
regimes, respectively. These MTAs were spread across all 10 chro-
mosomes (203, 166, 163, 152, 84, 171, 162, 96, 84, and 88 MTAs on 
Chr 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10, respectively) and explained the 
phenotypic variance under varying N regimes (Table S2, Table 4, 
Figure  3). Annotations of trait-linked SNPs revealed candidate 
genes with functional categories of N uptake, assimilation, remo-
bilization, and stress tolerance. Notable examples include nitrate 
transporters (SNPs, S1_53455913 and S1_53455932), a known 
candidate for nitrate absorption from the soil and its transloca-
tion to different plant parts; additionally, it is also involved in ni-
trate assimilation by integrating with carbon skeletons for amino 
acid synthesis (Feng et al. 2011; Xu et al. 2012). Cor A Mg2+ trans-
porters (S1_78005543) associated with Mg ion transport across 
the cell membranes (Guskov et al. 2012), and potassium channel 
proteins encoded by SNP S9_50448596, play an important role in 
the maintenance of ion homeostasis and stress tolerance (Kumar 

et al. 2022). Other important candidates were DNAJ heat shock 
proteins (S2_61924412, S8_60184773) known for the mainte-
nance of cellular homeostasis and stress tolerance (Mulaudzi-
Masuku et al. 2015). Early nodulin 75-like proteins encoded by 
SNP S7_59397216 are transmembrane proteins with transporter 
activity (Denancé et al. 2014). SNP S6_3181164 encodes for eth-
ylene receptor homologue (Sobic.006G018800.1) associated with 
the regulation of starch metabolic process (Yang et al. 2015). DSY 
trait-linked SNPs (S3_59631616, S3_59627750) encoding Beclin 
1 protein of Arabidopsis are known for their role in the cellular 
response to nitrogen starvation and inducing male sterility in 
plants (Singh et al. 2010).

Genes affecting yield and carbon partitioning were also identi-
fied, panicle weight-linked SNP S4_48038005 encoding Sucrose-
phosphatase and S5_12854590 encoding Sucrose-phosphate 
synthase (SPS), two key enzymes involved in the catalysis of 
the final step of the sucrose biosynthesis pathway, which reg-
ulates sucrose content in plants (Anur et  al.  2020). Squamosa 
promoter-binding-like protein 17 (S2_63584677) is a known 
candidate gene regulating the ideal plant architecture, pani-
cle branching, higher grain productivity, and reduction in til-
ler number in rice (Jiao et  al.  2010; Luo et  al.  2012; Srikanth 
et  al.  2016). Stress-responsive transcription factors such as 
WRKY (S1_7343400, S3_65162, S4_12354578), NAC-domain 
proteins (S3_10868383, S5_1685470), a key candidate for regu-
lating plant stress response-related transcriptional reprogram-
ming, are strongly linked to biomass and yield potential in 
sorghum (Xia et al. 2018; Zhao et al. 2007), xylem development 
in Arabidopsis (Zhao et al. 2007), and YABBY6 (S8_61048598), 
which is involved in growth and transmembrane transport of 
molecules (Jie et  al.  2022) were enriched. Aquaporin PIP2-3 
(S4_57218423) and Aquaporin NIP3-2 (S7_3811837 SNPs) reg-
ulate the cellular localizations and selective transport of water 
and other molecules across plant parts (Maurel et al. 2015), while 
dehydrin (S3_60686805) plays an important role in establishing 
protective responses to dehydration and maintains plant abiotic 
stress tolerance (Liu et al. 2017). Additional candidates included 
DSY-linked SNP S1_71702924, encoding Sobic.001G439000.1 
gene (AUX1 protein), and GY-linked SNP S9_50007571 encoding 
Sobic.009G142800.4; Sb09g020790 genes associated with amino 
acid transmembrane transport (Swarup and Bhosale  2019). 
Glutamate/malate translocator (S4_2871791) is associated 
with transmembrane transporter activity. GY, PW, PHI traits 
linked SNPs encoding for Leucine-rich repeats (LRR) motif 
proteins (S2_1024386, S2_54591046, S3_62418639, S3_5945619, 
S9_53226072), confer resistance towards biotic stresses in plants 
(Ng and Xavier 2011). Sobic.007G224100.1 (SNPs S7_65165550; 
S7_65165551) gene is involved in response mechanisms to chlo-
rate, heat, salt stress, and water deprivation. Delayed flowering1 
(S2_66204566) gene associated with leucine zipper protein me-
diates floral induction on the shoot apex and delays flowering in 
plants (Muszynski et al. 2006). Zinc finger (C3HC4-type RING 
finger) family (S3_66578045) is involved in drought stress resis-
tance in plants (Han et al. 2020). All these results clearly indi-
cate that NUE is a complex, polygenic trait regulated by multiple 
QTLs and gene families integrating N metabolism, stress adapta-
tion, plant development, and yield improvement. The identified 
candidate genes provide valuable targets for improving NUE and 
stress resilience in sorghum, particularly under low-nitrogen 
conditions (Table S2, Table 4, Figure 3).
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3.6   |   Transcriptome Analysis of Contrasting 
Sorghum Accessions Identified Differentially 
Expressed Genes

Transcriptome analysis of shoot and root samples from con-
trasting sorghum (high [ICSV745] and low NUE [HDW703]) 
accessions grown under N0 and N100 conditions identified 
about 10,800 differentially expressed genes, of which 8661 gene 
transcripts were identified in root samples (16 combinations), 
whereas 2229 gene transcripts were identified in shoot samples 
(16 combinations). The higher number of DEGs is expected as 
the analysis is based on 24 pairwise comparisons (Table S3a, b,  
Table  5, Figure  4a) in three broad categories: (i) genotype-
specific (High NUE vs. Low NUE), (ii) treatment specific (N0 
vs. N100), and (iii) time point specific (30 min vs. 6 h). The higher 
proportion of root-specific DEGs is indicative of tissue-specific 
functional specialization, consistent with similar observations 
in maize, where roots (primary, seminal, and crown roots) show 
higher DEG counts than aerial tissues (Tai et  al.  2016). Most 
DEGs were annotated as putative uncharacterized proteins or 
genes related to housekeeping functions and secondary metab-
olite synthesis. However, a substantial number were associated 
with NUE-related traits, abiotic/biotic stress responses, and 
gene regulation pathways known to influence the expression of 
a large number of downstream genes (84; 85; 86; 87; 88) (Cohen 
et  al.  2010; Kakumanu et  al.  2012; Johnson et  al.  2014; Gelli 
et al. 2016; Drobnitch et al. 2021).

Several candidate genes were differentially expressed between 
high and low NUE genotypes (Genotype-specific DEGs) (Table 5, 
Figure 4b, Table S3a, b). Notable genes include Sobic.006G230800, 
encoding N-MYC DOWNREGULATED-LIKE1 (NDL1) pro-
tein homolog, which modulates root auxin transport and may 
contribute to differences in root biomass under varied N re-
gimes (Mudgil et  al.  2009), Another important candidate gene, 
Sobic.003G360600, encoding cytochrome P450 (CYP) enzymes, 
also showed genotype-specific expression. Cytochrome P450s 
are central to oxidation–reduction reactions by stimulating di-
oxygen (Isin and Guengerich 2007), stress-induced anthocyanin 
biosynthesis (Morant et al. 2003), and plant metabolic diversifi-
cation (Hansen et al. 2021). Four CYPs were reported to be up-
regulated under N stress in rice (Cai et  al.  2012). Other DEGs 
include Sobic.007G080780 encoding receptor-like protein EIX2 
(Drobnitch et  al.  2021), Sobic.004G164200 encoding Copper 
transport protein (Ali 2019), Sobic.005G209200 coding for tran-
scription factor, a GRAS family proteins/scarecrow-like protein 
9 (http://​plant​tfdb.​gao-​lab.​org/​tf.​php?​sp=​Sbi&​did=​Sobic.​005G2​
09200.1.​p), Sobic.001G177000 encoding Chlorophyll a-b binding 
protein 151 homolog (Sbi-MIR2610b), and Sobic.005G043800, a 
Major Facilitator Superfamily protein involved in solute transport 
and pathogen resistance (Diao et al. 2021). Sobic.008G142400 en-
codes triterpenoid synthase gene involved in sterol biosynthesis 
(Busta et al. 2021).

Treatment-specific (N0 vs. N100 treatments) DEGs (Table  5, 
Figure 4c, Table S3a, b) include high-affinity nitrate transporter 
(NRT) genes (Sobic.004G009500) involved in nitrate uptake and 
its translocation between different parts of the plant (Boatwright 
et  al.  2022). As expected, these genes were more highly ex-
pressed in the roots of the high NUE genotype (ICSV 745) under 
N-limited conditions, consistent with previous findings in 

Arabidopsis and sorghum (Gelli et al. 2014). Another important 
gene was Sobic.004G180000, encoding a Squamosa promoter-
binding protein-like (SBP domain) transcription factor, involved 
in starch metabolism and panicle branching in cereal crops, 
and is known to be a major candidate gene associated with 
NUE and grain filling (Jiao et al. 2010; Luo et al. 2012; Srikanth 
et al. 2016). Interestingly, the SPB domain was differentially ex-
pressed in the root samples of the low NUE genotype (HDW 703). 
Other differentially expressed genes include Sobic.002G050300 
coding for lipid-transfer protein/seed storage 2S albumin super-
family protein (Calabrese  2016), Sobic.002G421300 encoding 
hydroxyproline-rich glycoprotein family protein (Willig  2021), 
and Sobic.001G212000 encoding ABA-responsive protein ho-
molog involved in drought stress-responsive mechanisms (Singh 
and Laxmi  2015). Another important gene, Sobic.002G261500 
encoding for auxin-induced in the root (AIR12) protein, is dif-
ferentially expressed in root samples of the low NUE (HDW 
703) genotype. AIR 12 proteins are known to be involved in the 
adaptation to N-limited conditions (Krapp et al. 2011; Geldner 
et al. 2001; Gelli et al. 2014), and the differential expression of 
these genes in the low NUE genotype possibly reflects variations 
in root mass development under limited N conditions.

Time point specific (30 min vs. 6 h) DEGs (Table 5, Figure 4d, 
Table  S3a, b) revealed several candidate genes, including 
thiamine thiazole synthase encoded by Sobic.002G384400 
(Ali  2019), Sobic.001G395900 gene coding nicotianamine syn-
thase (ZmNAS2) protein homolog involved in the production of 
nicotianamine (Mizuno et al. 2003). Sobic.004G340200 encoding 
Cinnamoyl-CoA reductase, an important enzyme in the lignin 
biosynthesis pathway, is also an effector of small GTPase Rac in 
defense signalling in rice and other crops (Kawasaki et al. 2006). 
Other DEGs include Sobic.002G384400 encoding metabolic pro-
cess and oxidation–reduction GO categories (Kianifariz 2017), 
Sobic.006G074200 gene encoding lipid metabolism and transfer. 
Sobic.009G154700 encoding Ferredoxin-6, chloroplast precur-
sor homolog. Sobic.005G110508 encoding NB-ARC domain-
containing disease resistance protein. These genes are largely 
involved in metabolic processes, redox homeostasis, defense 
responses, and nutrient stress adaptation, highlighting the dy-
namic transcriptional reprogramming that occurs at different 
time points under contrasting N conditions.

3.7   |   Gene Ontology Enrichment and Pathway 
Analysis

Differentially expressed transcripts in high (ICSV745) and low 
(HDW703) NUE genotypes were processed for the gene on-
tology enrichment analysis. Six GO terms were significantly 
enriched, which include organophosphate metabolic process, 
dephosphorylation, cellular lipid metabolic process, phos-
phorus metabolic process, phosphate-containing compound 
metabolic process, and small molecule metabolic process 
(Table S4, Figure 4e). In terms of cellular components, DEGs 
were highly enriched in the top 10 significant GO terms: cell 
wall, chloroplast thylakoid, thylakoid, external encapsulating 
structure, plastid, organelle sub-compartment, extracellu-
lar region, chaperonin-containing T-complex, cytoskeleton, 
and microtubule (Table  S4, Figure  4f). Similarly, molecular 
function also shows significant enrichment in the top 10 GO 
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categories, such as carboxypeptidase activity, serine-type 
carboxypeptidase activity, isomerase activity, serine-type ex-
opeptidase activity, lyase activity, DNA secondary structure 
binding, minor groove of adenine-thymine-rich DNA binding, 
monooxygenase activity, and transketolase activity (Table S4, 
Figure 4g). The pathway analysis has clustered the enriched 
GOs into seven groups, of which the top cluster has biosynthe-
sis of secondary metabolites (enrich ratio 0.16) and metabolic 
pathways (enrich ratio 0.12) (Figure 4h).

3.8   |   Identification of Key Candidate Genes 
for NUE, N Stress Tolerance, and Biotic Stress 
Through an Integrated GWAS and RNA Seq Data

To ascertain commonalities, we cross-referenced GWAS-
derived MTAs and RNA-Seq DEGs and identified 105 candi-
date genes distributed across all 10 sorghum chromosomes. 

The functional annotation highlighted genes linked to 
NUE, grain filling, and stress resistance. F-box genes 
(Sobic.002G106200; Sobic.005G077900) on Chr 2 and 5 en-
code F-box proteins (FBPs), which play a crucial role in 
nitrogen metabolism, influencing N uptake, transport, assim-
ilation, and signaling plant growth, development, and stress 
resilience (Zhang et  al.  2021). FBPs are key components of 
the SCF (SKP1–Cullin–F-box) E3 ubiquitin ligase complex; 
these proteins play a critical role in N metabolism by medi-
ating targeted degradation of Nitrate Transporters (NRTs) 
and Ammonium Transporters (AMTs) to fine-tune nitrogen 
uptake through the ubiquitin-proteasome system (Meijón 
et  al.  2014). F-box proteins also modulate Nitrate Reductase 
(NR) and Glutamine Synthetase (GS) activity, ensuring effi-
cient nitrogen assimilation (Zhao et al. 2024).

Protein kinases (Sobic.002G172100, Sobic.002G172200) 
are major candidates in signal transduction pathways, 

TABLE 5    |    RNA sequencing of contrasting sorghum accessions: Details of comparative analysis along with differentially expressed gene (DEG) 
statistics.

Category Sample
UP regulated 

genes

Down 
regulated 

genes
Total 
DEGs

Analysis 1- High 
NUE vs. Low 
NUE (genotype)

ICSV745_30m_N0_Shoot (1) vs. HDW703_30m_N0_Shoot (9) 75 172 247

ICSV745_30m_N0_Root (2) vs. HDW703_30m_N0_Root (10) 2301 683 2984

ICSV745_30m_N100_Shoot (3) vs. HDW703_30m_N100_Shoot (11) 74 179 253

ICSV745_30m_N100_Root (4) vs. HDW703_30m_N100_Root (12) 2284 889 3173

ICSV745_6h_N0_Shoot (5) vs. HDW703_6h_N0_Shoot (13) 61 224 285

ICSV745_6h_N0_Root (6) vs. HDW703_6h_N0_Root (14) 69 145 214

ICSV745_6h_N100_Shoot (7) vs. HDW703_6h_N100_Shoot (15) 71 194 265

ICSV745_6h_N100_Root (8) vs. HDW703_6h_N100_Root (16) 90 107 197

Analysis 2- 
N0 vs. N100 
(treatment)

ICSV745_30m_N0_Shoot (1) vs. ICSV745_30m_N100_Shoot (3) 3 51 55

ICSV745_30m_N0_Root (2) vs. ICSV745_30m_N100_Root (4) 54 8 62

ICSV745_6h_N0_Shoot (5) vs. ICSV745_6h_N100_Shoot (7) 65 2 67

ICSV745_6h_N0_Root (6) vs. ICSV745_6h_N100_Root (8) 23 15 38

HDW703_30m_N0_Shoot (9) vs. HDW703_30m_N100_Shoot (11) 57 138 196

HDW703_30m_N0_Root (10) vs. HDW703_30m_N100_Root (12) 456 59 515

HDW703_6h_N0_Shoot (13) vs. HDW703_6h_N100_Shoot (15) 83 47 130

HDW703_6h_N0_Root (14) vs. HDW703_6h_N100_Root (16) 124 134 258

Analysis 
3–30 min vs. 6 h 
(time point)

ICSV745_30m_N0_Shoot (1) vs. ICSV745_6h_N0_Shoot (5) 52 93 145

ICSV745_30m_N0_Root (2) vs. ICSV745_6h_N0_Root (6) 88 50 138

ICSV745_30m_N100_Shoot (3) vs. ICSV745_6h_N100_Shoot (7) 99 7 106

ICSV745_30m_N100_Root (4) vs. ICSV745_6h_N100_Root (8) 48 203 251

HDW703_30m_N0_Shoot (9) vs. HDW703_6h_N0_Shoot (13) 72 237 309

HDW703_30m_N0_Root (10) vs. HDW703_6h_N0_Root (14) 81 99 180

HDW703_30m_N100_Shoot (11) vs. HDW703_6h_N100_Shoot (15) 127 44 171

HDW703_30m_N100_Root (12) vs. HDW703_6h_N100_Root (16) 177 474 651
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regulating stress responses (Zhu  2016; Chen et  al.  2021). 
While Sobic.002G343600 encodes Leucine-rich repeats (LRR) 
motif proteins, connected with pathogen response, and con-
fers resistance towards biotic stresses (Ng and Xavier  2011). 
ATP-binding Cassette (ABC) transporters (Sobic.003G216300; 
Sobic.007G095100) on Chr 3 and 7 were identified. These trans-
porters are major protein families (> 100 ABC transporters) 
present in the plant genome. ABC transporters are membrane-
intrinsic primary active pumps, driven by ATP hydrolysis, that 
facilitate the movement of nitrate (NO3

−), ammonium (NH4
+), 

amino acids, and peptides across cell membranes. These 
transporters are essential for N uptake, assimilation, translo-
cation, and stress adaptation and also contribute to both bi-
otic and abiotic stress tolerance (Tegeder and Hammes 2018; 
Do et  al.  2021). On Chr 4, the Sobic.004G127200 gene en-
coding xyloglucan endotransglucosylase/hydrolase (XTH) 
was identified, and it is widely present in plant cells and is 
involved in cell wall reconstruction and stress resistance in 
plants (Cheng et  al.  2021). The Sobic.004G133500 gene en-
coding bi-directional sugar transporter (SWEET) facilitates 
the movement of sugars across cell membranes according to 
the concentration gradient. While their primary function is 
sugar transport, they also play a significant role in N metabo-
lism by regulating the balance between carbon and nitrogen. 
Additionally, they also contribute to abiotic stress tolerance 
(Kryukov et al. 2021).

Sobic.004G269900, encoding WRC domain proteins (NIN-like 
proteins, NLPs), are the plant-specific growth-regulating factors 
(GRFs) critical for regulating NUE and N stress tolerance. These 
proteins entail a nuclear localization signal and DNA-binding 
zinc finger motif and are an integral part of N signalling path-
ways, playing a major role in both uptake and assimilation of 
N, thereby influencing plant growth, yield, and stress resilience 
(Huang et  al.  2021). The rice ortholog OsNLP4 is reported to 
orchestrate the expression of major nitrogen uptake, assimila-
tion, and signalling genes by binding to nitrate-responsive cis-
elements in their promoters (Wu et al. 2021). On Chr 5 and 6, 
Sobic.005G052500 and Sobic.006G045400 encode amino acid 
trans domain containing protein and amino acid selective chan-
nel proteins, which are amino acid transporters, key mediators 
of N distribution in plants. These transporters are critical for 
root N uptake, xylem-phloem translocation, intracellular move-
ment, phloem, flower, and seed development (Yao et al. 2020). 
On Chr 7, Sobic.007G101500, encoding glucose-1-phosphate ad-
enylyl transferase (AGPase), is a key enzyme in starch and su-
crose metabolism. It catalyzes ADP-glucose synthesis, the first 
step in the starch biosynthesis pathway, providing the substrate 
for starch synthase to elongate the glucan chain (Preiss 2009). 
AGPase plays a key regulatory role in controlling carbon flux 
toward starch accumulation, thereby influencing both yield and 
biomass production (Geigenberger 2011). Additionally, its role 
in stress adaptation has been established, as it enhances carbon 
allocation efficiency under changing environmental conditions 
(Tetlow and Emes  2017). The geneSobic.007G101800, encod-
ing phosphofructokinase (PFK) domain-containing protein, 
is an important regulatory enzyme in glycolysis. It catalyzes 
the phosphorylation of fructose-6-phosphate to fructose-1,6-
bisphosphate, a critical step in sugar metabolism (Fernie 
et al. 2020). PFK's function is tightly linked to nitrogen metabo-
lism, as carbon availability directly affects nitrogen assimilation 

and use efficiency (NUE); additionally, it contributes to abi-
otic stress tolerance, including resistance to hypoxia, cold, and 
drought (Wang et al. 2021).

On Chr 8, Sobic.008G100300 gene encodes a PUM-HD domain-
containing protein involved in plant development and stress 
response by regulating stress-responsive gene networks and 
hormone signaling pathways through post-transcriptional 
gene expression (Huh  2021). Additionally, these genes play a 
major role in maintaining cellular homeostasis under adverse 
conditions.

Sobic.008G135800 gene encoding Lipase GDSL domain-
containing protein, a diverse group of esterases/lipases involved 
in lipid metabolism, plant development, and stress response 
mechanisms (Xu et al. 2022). On Chr 9, Sobic.009G111200 gene 
encoding APETALA2/ethylene response factor (AP2/ERF), 
part of a major transcription factor (TF) family involved in nitro-
gen metabolism. It regulates NRTs and AMTs gene expression, 
influencing nutrient uptake and regulating the expression of ni-
trate reductase (NR) and glutamine synthetase (GS), which are 
critical for N assimilation (Cao et al. 2020). Additionally, these 
TFs also modulate root architecture and nitrate-responsive 
pathways, contributing to improved nitrogen use efficiency 
(NUE) and stress adaptation (Meng et al. 2021). Hydroxysteroid 
dehydrogenase (HSD) gene (Sobic.009G243400) is associated 
with enhanced biomass and grain yield, together with higher 
tolerance to salt and AB-mediated seed dormancy in transgenic 
plants (Li et al. 2007). On Chr 10, Sobic.010G274400 gene encod-
ing FAD-binding PCMH-type domain-containing protein and is 
associated with P accumulation in wheat (Alomari et al. 2021). 
Though many known candidate genes and protein candidates 
identified in this study are known to play a role in N uptake, 
assimilation, and remobilization and stress resilience, still there 
is a need for more discussion about the molecular mechanisms 
underlying N use efficiency across crop species. Notably, trans-
porter genes such as Sobic.003G216300, Sobic.007G095100 
(ATP-binding Cassette (ABC) transporters), Sobic.004G133500 
(bi-directional sugar transporter-SWEET), Sobic.005G052500, 
Sobic.006G045400 (Amino acid selective channel proteins; 
Amino acid transporters), starch and sucrose metabolism genes 
Sobic.007G101500 (Glucose-1-phosphate adenylyl transferase), 
Sobic.008G135800 (Lipase GDSL domain-lipid transport) play 
an essential role in C/N partitioning. Furthermore, genes such 
as Sobic.009G243400 (hydroxysteroid dehydrogenase (HSD)), 
Sobic.008G100300 (plant PUM-HD), Sobic.007G101800 (phos-
phofructokinase (PFK) domain), Sobic.004G269900 (WRC do-
main), Sobic.002G106200, Sobic.005G077900 (F-box genes), and 
transcription factors Sobic.009G111200 (APETALA2/ethylene 
response factor (AP2/ERF)) respectively have been implicated 
in N sensing, N/C partitioning and transport, starch and glucose 
metabolism, grain filling, and other abiotic stress resistance fac-
tors, all of which ultimately influence yield outcomes (Table 6, 
Table S5).

Therefore, several candidate genes identified in this study have 
direct roles in nitrogen uptake, transport, or signalling, under-
scoring their practical relevance for sorghum improvement. 
For example, loci encoding high-affinity nitrate transporters 
(NRT2 family) and ammonium transporters (AMT1 family) are 
central to root nitrogen acquisition under low-N conditions (Xu 
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FIGURE 4    |    RNA sequencing of contrasting sorghum accessions (High NUE: ICSV745 and Low NUE: HDW703) under varied N regimes (0% and 
100% of the recommended N [90 kg/ha]) and time points (Tissue collection @30 min and 6 h after N induction) exhibited interesting findings; these are 
presented in the figures. (a) Statistics on total DEGs, up-regulated genes, and down-regulated genes. Top up and down regulated genes (DEGs) in each 
analysis category along with fold change details (b) High NUE versus Low NUE (Genotype), (c) N0 vs. N100 (Treatment), (d) 30 min versus 6 h (time 
point). In this x-axis represents gene ID and the y-axis represents fold change. Highly enriched genes for different (e) cellular processes, (f) biological 
processes and (g) molecular processes. (h) Gene enrichment analysis bar plot showing highly enriched gene functions (y-axis), each row represents an 
enriched function, and the length of the bar represents the enrich ratio (x-axis), which is calculated as “input gene number” “background gene number.”
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et al. 2012; Garnett et al. 2015). Genes involved in nitrate assim-
ilation, such as nitrate reductase (NR) and glutamine synthe-
tase (GS), facilitate the incorporation of inorganic nitrogen into 
amino acids, a key step in nitrogen metabolism (Hirel, Chardon, 
and Durand 2007). We also detected candidate genes encoding 
protein kinases and transcription factors (e.g., NLP, MYB) that 

are known to modulate nitrogen-responsive gene networks and 
signalling cascades (Konishi and Yanagisawa 2013; Alvarez 
et al. 2014). The functional annotation of these genes highlights 
their potential as breeding targets for developing nitrogen-
efficient sorghum varieties capable of maintaining yield with 
reduced fertilizer inputs.

FIGURE 4    |     (Continued)
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FIGURE 4    |     (Continued)
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FIGURE 4    |     (Continued)

TABLE 6    |    Putative candidate genes identified through GWAS and RNA sequencing.

S. No. Gene Id Chromosome Start position End position Protein/Functional homolog

1 Sobic.002G106200 Chr02 12693075 12695337 F-box domain-containing protein

Sobic.005G077900 Chr05 9618086 9621970 F-box domain-containing protein

2 Sobic.003G216300 Chr03 55158214 55164924 ABC transporter G family member 40

Sobic.007G095100 Chr07 17560153 17564153 ABC transporter domain-
containing protein

3 Sobic.008G135800 Chr08 56450045 56452857 Lipase_GDSL domain-containing protein

4 Sobic.009G111200 Chr09 44785084 44786853 AP2/ERF domain-containing protein

5 Sobic.004G133500 Chr04 21147714 21152806 Bidirectional sugar transporter SWEET

6 Sobic.004G269900 Chr04 61416646 61421827 WRC domain-containing protein

7 Sobic.005G052500 Chr05 5292803 5295875 Aa_trans domain-containing protein

8 Sobic.006G048700 Chr06 34,559165 34562646 Acyl-[acyl-carrier-protein] desaturase

9 Sobic.007G098800 Chr07 20594640 20618760 Protein kinase domain superfamily protein

10 Sobic.007G101500 Chr07 25707028 25712978 Glucose-1-phosphate adenylyl transferase

11 Sobic.007G101800 Chr07 26843061 26848085 PFK domain-containing protein

12 Sobic.006G045400 Chr06 31848665 31851676 Amino acid selective channel protein
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In summary, based on combined GWAS and transcriptomics 
analysis, we identified a total of 10 key candidate genes mapping 
to seven chromosomes (2, 3, 4, 5, 6, 7, and 9) of sorghum. These 
are as follows:

	 1.	 Sobic.002G106200 (Chr 2): F-box protein; regulates nitro-
gen metabolism by mediating targeted degradation of ni-
trate and ammonium transporters.

	 2.	 Sobic.003G216300 (Chr 3): ABC transporter; major role in 
nitrate and ammonium uptake and translocation.

	 3.	 Sobic.004G269900 (Chr 4): NLP (NIN-like protein, WRC 
domain); master regulator of nitrogen signaling and 
assimilation.

	 4.	 Sobic.004G133500 (Chr 4): Bi-directional sugar trans-
porter (SWEET); links carbon and nitrogen metabolism 
and stress adaptation.

	 5.	 Sobic.005G052500 (Chr 5): Amino acid–selective channel 
protein; facilitates ammonium and amino acid transport 
for nitrogen distribution.

	 6.	 Sobic.006G045400 (Chr 6): Glutamine synthetase (GS); 
key enzyme for ammonium assimilation in nitrogen 
metabolism.

	 7.	 Sobic.007G095100 (Chr 7): ABC transporter; involved in 
nitrogen uptake and stress adaptation.

	 8.	 Sobic.007G101500 (Chr 7): Glucose-1-phosphate adeny-
lyl transferase (AGPase) plays a pivotal role in carbon-
nitrogen partitioning and yield.

	 9.	 Sobic.007G101800 (Chr 7): Phosphofructokinase (PFK) 
plays an important role in glycolysis and nitrogen 
assimilation.

	10.	 Sobic.009G111200 (Chr 9): AP2/ERF transcription fac-
tor; orchestrates nitrate transporter gene regulation and 
nitrogen-responsive networks.

3.9   |   Comparative Assessment of Homologous 
Genes Across Related Crop Species

Homologous gene groups across sorghum, rice, wheat, maize, 
pearl millet, and foxtail millet were identified using compara-
tive assessment. This analysis provided significant insights into 
the homology among major cereal crops, highlighting evolu-
tionary relationships and patterns of functional conservation. 
A detailed description of these gene functions and their homol-
ogy with other cereals is presented in Table S5, Figure S1 and 
is further discussed in the integrative analysis of GWAS and 
transcriptome analysis section. This analysis uncovered 35 re-
ciprocal best-matching gene pairs shared among sorghum, pearl 
millet, rice, foxtail millet, wheat, and maize, indicating robust 
genetic conservation across these species. These gene pairs 
likely represent core functional genes necessary for fundamen-
tal biological processes conserved across diverse cereal lineages. 
Furthermore, 38 orthologous gene pairs were conserved across 
sorghum, pearl millet, foxtail millet, wheat, and maize, high-
lighting the hypothesis of a common ancestral gene set among 
these cereals. Interestingly, two orthologous gene pairs exclusive 
to sorghum, foxtail millet, wheat, and maize indicate potential 
divergence patterns induced by species-specific adaptations. 
Notably, a single orthologous gene pair was detected among sor-
ghum, foxtail millet, and pearl millet, which may reflect genetic 
relationships unique to the Panicoideae subfamily. In addition 
to shared gene pairs, 28 unique putative candidate genes were 
identified exclusively in sorghum, potentially demonstrating 
lineage-specific adaptations or unique functional attributes. 
These sorghum-specific genes offer promising targets for func-
tional characterization, particularly in the context of stress 
tolerance, agronomic performance, and domestication traits. 
Overall, these findings enhance our understanding of genomic 
conservation and divergence among cereals, offering potential 
avenues for comparative genomics driven crop improvement.

4   |   Conclusion

Improving NUE is critical to mitigate the economic and en-
vironmental challenges posed by N fertilizer-intensive cereal 
cropping systems globally. This is the first comprehensive re-
port on sorghum on the N responsiveness across diverse sor-
ghum accessions and the underlying key candidate genes. This 
pioneering study in sorghum investigated NUE and associated 
agronomic traits under varied N regimes and successfully 
identified a distinct set of contrasting sorghum accessions for 

FIGURE 5    |    CIRCOS plot depicting the comparative analysis of 
GWAS and Transcriptome analysis of the contrasting sorghum acces-
sions. Plot to be read from peripheral track to inner track A = genome-
wide genes (Blue = low density and Yellow = high density), B = total 
DEGs (each bar indicates the gene), C = up regulated genes, D = down 
regulated genes, E = GWAS identified SNPs (each bar indicates the 
SNP at respective position), F = GWAS identified Candidate Genes, and 
G = GWAS and Transcriptome analysis validated genes.
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NUE. GWAS analysis pinpointed important genetic loci related 
to NUE and other relevant traits. Through genotype-specific 
N treatment and timepoint-oriented transcriptome analysis 
of contrasting sorghum accessions for N stress tolerance, we 
identified differentially expressed genes and gene networks 
linked to NUE and various abiotic stresses. A comparative 
analysis of GWAS and transcriptome datasets helped identify 
key candidate genes for NUE and other traits, showcasing sig-
nificant potential in uncovering the genetic variation for NUE 
in sorghum. Analysis of identified homologous gene groups 
across major cereals revealed evolutionary relationships and 
genetic conservation. The comprehensive insights, genetic 
and genomic resources, and genetic markers from this study 
offer valuable support to researchers and breeders working on 
NUE improvement, enabling them to devise sustainable crop 
improvement programs. This exhaustive analysis not only un-
covered key avenues for systematic dissection of NUE in sor-
ghum but also paved the way for its potential translation into 
other cereal crops. The identified candidate genes may be used 
for further molecular dissection of NUE-related traits. These 
genes may be deployed using genomics-assisted breeding and 
could be attractive targets for gene editing.

5   |   Material and Methods

5.1   |   Plant Material and Experimental Design

A diverse panel of 186 sorghum accessions, comprising the 
sorghum reference set, promising breeding lines, and acces-
sions from various countries with similar phenology, was 
used in this study (Table  S1). Field experiments were con-
ducted for two seasons (2017–18 and 2018–19) in black soil 
precision fields of the International Crops Research Institute 
for the Semi-Arid Tropics (ICRISAT), Hyderabad, Telangana, 
India. For both seasons, sorghum accessions were evaluated 
in a split-plot alpha lattice design (2017–18: 24 blocks × 8 plots 
and 2018–19: 27 blocks × 7 plots) with three replications under 
three N dosages (0%, 50%, and 100% of the recommended N 
(90 Kg ha−1)). Seeds were sown using a four-cone planter on 
raised furrows at 15–20 seeds per row. Each accession was 
grown in a four-row plot, two meters long, with 0.60 m row 
spacing and 0.15 m between plants. N fertilizer was applied 
to N50 and N100 plots as urea (46% N) in two splits. All plots 
received uniform applications of single super phosphate (16% 
P2O5, 50 kg ha−1) and muriate of potash (60% K2O, 40 kg ha−1) 
in two splits (Bollam et  al.  2021). Standard irrigation, pest, 
and disease management practices were followed to minimize 
yield loss throughout the crop period.

5.2   |   Sampling and Measurement of Traits

Chlorophyll content (CC) was recorded on the flag leaf of three 
randomly selected plants from the middle two rows of each plot 
using a SPAD meter (Konica Minolta Sensing Americas Inc., 
Ramsey, NJ) at the anthesis stage (75 days post emergence). Days 
to 50% flowering (DFL), leaf area (LA), leaf number (LN), plant 
height (PH), number of tillers (NT), fresh and dry straw yield 

(FSY and DSY; g/plot), panicle number (PN), panicle weight (PW; 
g/plot), grain yield (GY; g/plot), test weight (TW; 200 seed weight 
in g) were recorded as described by Bollam et al. (2021). Grain N 
(GN) and straw N (SN) contents were estimated by the sulfuric 
acid-selenium digestion method (Sahrawat et al. 2002) with an 
auto-analyzer (Skalar SAN System, AA Breda, Netherlands).

5.3   |   Genotyping-By-Sequencing and Single 
Nucleotide Polymorphism Calling

Leaf tissue from 12-day-old seedlings (4–6-leaf stage) of each 
accession was collected, and DNA was extracted using a mod-
ified CTAB protocol (Mace et al. 2003). DNA quality was ver-
ified on 0.8% agarose gel, and concentrations were quantified 
using a Nanodrop2000 (Thermo Scientific, USA). Genotyping 
was performed following the genotyping by sequencing (GbS) 
method (Elshire et al. 2011). DNA was digested with the ApeKI 
restriction enzyme, ligated to barcode adapters, pooled in equal 
quantities, and used for library construction. Libraries were se-
quenced on the Illumina HiSeq 2500 platform (Illumina Inc., 
San Diego, CA, United States), yielding ~489 million raw reads 
from 186 genotypes. For SNP calling, TASSEL v5.2 GBS pipe-
line (Bradbury et al. 2007) was used against reference sorghum 
genome assembly v3.1 (https://​phyto​zome-​next.​jgi.​doe.​gov/​
info/​Sbico​lor_​v3_1_​1). Read quality was assessed using the 
Subre tool; low-quality and adapter-contaminated reads were 
removed, and barcode reads were further sorted and demulti-
plexed. A total of 22,439 high-quality SNPs with minor allele 
frequency (MAF) > 1% and < 50% missing data were retained 
for downstream genotyping analysis.

5.4   |   Diversity and Population Structure

A phylogenetic tree was constructed using the unweighted 
neighbour-joining method in TASSEL v5.2 (TASSEL v5.2). 
Population structure of the 186 sorghum accessions was an-
alysed in ADMIXTURE (Alexander et  al.  2009) based on the 
maximum-likelihood method. Cross-validation (CV) was imple-
mented across K-values ranging from 2 to 8, with 10-fold cross-
validations employed to determine an optimal K-value, showing 
the lowest prediction error and consistent clustering with the 
hierarchical tree.

5.5   |   Statistical Analysis

Analysis of variance (ANOVA) for all traits, both within and 
across seasons, was performed using the PROC MIXED proce-
dure in SAS version 9.4 (SAS Institute Inc. 2018). Season, treat-
ment (whole plot), genotype (subplot), and replications were 
treated as fixed effects, while block was considered a random 
effect. Individual season variances were modelled into the com-
bined analysis. Best Linear Unbiased Estimates (BLUE's) were 
calculated for main and interaction effects of season, treatment, 
and genotype. Multiple comparisons were performed for signif-
icant effects (p < 0.05); correlation coefficient analysis was per-
formed using the PROC CORR.
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5.6   |   Genome-Wide Association Studies (GWAS)

GWAS was performed for the panel by using the two seasons' 
phenotypic data (BLUEs) on different morpho-physiological and 
yield attributes (CC, DFL, LA, LN, NT, PH, PN, FSY, DSY, PW, 
TW, PHI) related to NUE, together with the genotypic data with 
a total of 22,439 high-quality SNPs, with minor allele frequency 
(MAF) > 1% and missing data < 50%. Missing genotypes were im-
puted using the Beagle v5.1 algorithm (Browning et al. 2018) im-
plemented in TASSEL v5.0 (Bradbury et al. 2007) prior to GWAS 
analysis. GWAS was performed using Genomic Association 
and Prediction-Integrated Tool (GAPIT) in R (Lipka et al. 2012) 
using the Settlement of MLM Under the Progressively Exclusive 
Relationship (SUPER) model (Wang et al. 2014). For GWAS, pop-
ulation structure was statistically controlled by including the first 
three principal components (PC1–PC3) derived from genome-
wide SNP data, which captured the major variance axes corre-
sponding to these clusters. Relatedness among individuals was 
accounted for using a centered identity-by-state (IBS) kinship 
matrix. This PC + K mixed-model framework is widely used in 
crop GWAS to reduce false positives by correcting for both popu-
lation stratification and cryptic relatedness (Price et al. 2006; Yu 
et al. 2006; Lipka et al. 2012). Marker–trait associations were con-
sidered significant at FDR < 0.05 (Benjamini and Hochberg 1995), 
and the distribution of marker p-values across the sorghum chro-
mosomes was visualized as Manhattan plots using the position of 
chromosome as the x-axis and p value (−log10) as the y-axis.

5.7   |   Identification of the Putative 
Candidate Genes

Significant SNPs showing marker-trait associations and in link-
age disequilibrium (LD) with specific traits were used to identify 
putative candidate genes through the generic genome browser 
(GBrowse; Donlin 2009; Stein 2013). The identified genes were 
BLAST searched against the sorghum reference genome for 
functional annotations. Both known and novel genes involved 
in N stress tolerance and other abiotic stress mechanisms were 
identified.

5.8   |   Screening of Contrasting Sorghum 
Accessions for RNA Sequencing

Seeds of contrasting sorghum lines (High NUE: ICSV745 and 
Low NUE: HDW703), selected from Bollam et  al.  (2021) and 
the present study, were germinated in sand. Eight-day-old 
seedlings with uniform growth (both plumule and radicle) 
were transferred to a hydroponic system containing nutrient 
media (Modified Hoagland) in glass house conditions (16/8 h 
photoperiod; 25°C (day) and 18°C (night), pH 5.8) (Figure 2a,b). 
The nutrient solution was refreshed every 3 days. Two-week-old 
seedlings were N starved for 2 days by replacing the medium 
with an N free solution, followed by exposure to two N lev-
els (0% and 100% of the standard Hoagland N concentration). 
Shoot and root samples of plants from two N treatments were 
harvested separately (at 30 min and 6 h after N induction), flash 
frozen in liquid nitrogen, and stored at −80°C until RNA isola-
tion. For each sample and treatment, three biological replicates 
were maintained.

5.9   |   RNA Extraction From the Shoot and Root 
Samples

Total RNA was isolated from the collected shoot and root tis-
sues [ICSV745_30m_N0_Shoot (1), ICSV745_30m_N0_Root 
(2), ICSV745_30m_N100_Shoot (3), ICSV745_30m_N100_Root 
(4), ICSV745_6h_N0_Shoot (5), ICSV745_6h_N0_Root (6), 
ICSV745_6h_N100_Shoot (7), ICSV745_6h_N100_Root (8), 
HDW703_30m_N0_Shoot (9), HDW703_30m_N0_Root (10), 
HDW703_30m_N100_Shoot (11), HDW703_30m_N100_Root 
(12), HDW703_6h_N0_Shoot (13), HDW703_6h_N0_Root (14), 
HDW703_6h_N100_Shoot (15), HDW703_6h_N100_Root (16)] 
of contrasting sorghum genotypes ICSV745 and HDW703 using 
the RNeasy Plant Mini kit (Qiagen, Germany) as per the manufac-
turer's instructions. RNA was treated with RNAse-free DNAse 
enzyme (Thermo Scientific, USA). RNA was eluted in nuclease-
free water (Ambion, USA). The quantification and quality of 
the isolated RNA were assessed using Nanodrop2000 (Thermo 
Scientific, USA) and QubitTM Fluorometer (Thermo Scientific, 
USA) respectively. The integrity of RNA was determined by 
using Agilent 2100 Bioanalyzer (Agilent Technologies, USA).

5.10   |   Library Preparation and Illumina 
Sequencing

Five hundred ng (500 ng) of total RNA was used for mRNA 
isolation, fragmentation and priming. Fragmented and primed 
mRNA was used to synthesize double-stranded complemen-
tary DNA (dscDNA). The dscDNA was purified using JetSeq 
Beads (Meridian Bioscience, USA). Purified dscDNA was end-
repaired, adenylated, and ligated to Illumina multiplex barcode 
adapters as per NEBNext Ultra II Directional RNA Library Prep 
protocol followed by second strand excision using USER enzyme 
at 37°C for 15 min. Adapter ligated cDNA was purified using 
JetSeq Beads and was subjected to 11 cycles for Indexing- (98°C 
for 30 s, cycling) (98°C for 10 s, 65°C for 75 s) and 65°C for 5 min 
to enrich the adapter-ligated fragments. The final PCR product 
(sequencing library) was purified with JetSeq Beads, followed 
by a library quality control check. The generated cDNA library 
was quantified by Qubit Fluorometer (ThermoFisher Scientific, 
USA) and its fragment size distribution analyzed on Agilent 
2200 TapeStation. The 16 cDNA libraries were sequenced using 
Illumina NovaSeq6000 (150 × 2 chemistry) (Illumina Inc., USA).

5.11   |   RNA Sequencing Data Analysis

The raw RNASeq datasets were filtered to remove adaptors 
and low-quality bases using the Trimmomatic tool (Bolger 
et  al.  2014), and the high-quality reads were mapped to the 
sorghum reference (v3.1) with the hisat2 tool (Kim et al. 2019). 
The read mapping was measured with featureCounts from 
subread-1.4.6 (Liao et  al.  2013), and differentially expressed 
genes were identified with the R package “DESeq” (Wang 
et al. 2009). Genes with an absolute log2 fold-change ≥ 1 (≥ two-
fold change in expression) and a false discovery rate (FDR) 
≤ 0.05, adjusted using the Benjamini–Hochberg method, were 
considered significantly differentially expressed. Enrichment 
analysis was performed with the R package “topGO” (Alexa 
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and Rahnenfuhrer, 2016), “Rgraphviz” (Gentry et al. 2010), and 
KOBAS (Bu et al. 2021).

5.12   |   Integrated GWAS and RNA-Seq Analysis 
for Candidate Gene Identification and Cross-Species 
Homology

The putative candidate genes identified through GWAS analysis 
were compared with RNA sequencing data. Comparative analy-
sis was performed to align MTAs from GWAS with DEGs from 
RNA sequencing, identifying overlapping genes or genomic 
regions. Additionally, putative homologous gene groups across 
sorghum, rice, wheat, maize, pearl millet, and foxtail millet 
were identified using NCBI TBLASTX. Reciprocal best-match 
homologous gene pairs between sorghum and other related crop 
species were designated as putative orthologous gene pairs.
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