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 21 

Main conclusion: Foxtail millet performance under low phosphorus (P) is determined by 22 

growth potential, with tiller number as a key indicator. Yield is influenced by P dilution rather 23 

than total P concentration.  24 

Abstract  25 

Foxtail millet, renowned for its high nutrient content and drought resilience, faces limited 26 

breeding investment despite being cultivated in vulnerable agri-systems. Low phosphorus (P) 27 

levels affect approximately 50% of global agricultural soils, and particularly impact regions 28 
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like Sub-Saharan Africa and Southeast Asia, the latter where foxtail millet is extensively 29 

grown. This study explores the effects of low P (<5 ppm; Hedley Fractionation Method; Cross 30 

and Schlesinger, 1995) on foxtail millet plant growth and yield-related traits, utilizing high-31 

throughput platforms (HTP) with a selected subset of genotypes (n=10) from the core collection 32 

of ICRISAT Genebank. Results uncover substantial variation in plant growth and agronomical 33 

traits at both treatment and genotype levels. Under low P conditions, genotypic variation is 34 

noted, with a 6-fold difference in tiller count, 2.4-fold in grain yield, 2.7-fold in 3D-leaf area, 35 

and 2.3-fold in root surface area. A significant relationship was found between grain yield 36 

under low P and high P conditions (R² = 0.65; P < 0.01). This suggests that genetic yield 37 

potential (vigor) under high P conditions strongly influences grain yield and tiller numbers 38 

under low P conditions. Residual grain yield under low P conditions, not explained by high P 39 

conditions, had a strong positive association with tiller numbers (R² = 0.70; P < 0.01) and 40 

showed a significant negative association with total P concentration (R² = 0.54; P < 0.05). 41 

Conversely, under high P conditions, grain yield (GY_LF) from Lysi-Field exhibited 42 

significant positive correlations with phosphorus use efficiency (PUE) (r = 0.94; P < 0.001) 43 

and total biomass (r = 0.84; P < 0.01). These findings underscore the critical role of P 44 

availability in influencing grain yield and related traits. Under low P conditions, performance 45 

is primarily driven by growth potential, with tiller number serving as a reliable marker of this 46 

potential. The significant genotypic variation observed highlights the importance of selecting 47 

for growth-related traits in P limited environments. Additionally, P dilution, rather than total P 48 

concentration, appears to play a key role in determining yield under low P. Optimizing P 49 

management strategies and breeding for improved growth potential may significantly enhance 50 

crop performance in regions facing P limitation. 51 

 52 

Key words:  Foxtail millet, Grain P content, High throughput phenotyping (HTP) platforms, 53 

Low soil Phosphorus, Phosphorus use efficiency, Resource poor soil.  54 

 55 

Introduction: 56 

 57 

Phosphorus (P), essential alongside nitrogen (N) and potassium (K), is critical for plant growth 58 

(Roch et al. 2020). Despite being primarily sourced from inorganic phosphate (Pi), its limited 59 



soil availability often necessitates using phosphorus fertilizers (Roch et al. 2019). Concerns 60 

over depleting rock phosphate reserves and environmental impacts highlight the need for 61 

sustainable management (Cordell et al. 2009; Sattari et al. 2012; Baker et al. 2015; Ceasar et 62 

al. 2017). Globally, about 50% of agricultural soils, especially in Sub-Saharan Africa and 63 

Southeast Asia, face phosphorus limitations. In India, almost 98% of districts require 64 

phosphorus fertilizers due to varying deficiency levels (Tiwar et al. 2001; Hasan, 1996), 65 

underscoring the need to address P deficiency for improved productivity. 66 

 67 

P deficiency negatively impacts the growth and yield of various crop plants, including rice 68 

(Oryza sativa) (Wissuwa and Ae, 2001a), maize (Zea mays) (Plenet et al. 2000), wheat 69 

(Triticum aestivum) (Lazaro et al. 2010), sorghum (Sorghum bicolor) (Camacho et. al 2002), 70 

common bean (Phaseolus vulgaris) (Bonser et al. 1996), soybean (Glycine max) (Mahamood 71 

et al. 2009), foxtail millet (Setaria italica) (Ceasar et al., 2014, 2020) and other millets 72 

(Maharajan et al., 2019). P deficiency affects a  significant portion of global agricultural land, 73 

(Navea et al. 2023) raising concerns about potential food scarcity (Childers et al. 2011). 74 

Consequently, farmers resort to phosphorus fertilizer application to optimize soil fertility and 75 

enhance crop yield (Maharajan et al. 2017). However, prudent P management is essential to 76 

ensure a continuous supply of P to sustain soil fertility and prevent eutrophication and water 77 

pollution (Maharajan et al. 2021). 78 

Low P levels in the soil profile have been observed to lead to poor seedling emergence (Valluru 79 

et al. 2010), representing a significant constraint for achieving higher millet yield (Rebafka et 80 

al, 1993). Phosphorus Use Efficiency (PUE) is a ratio that quantifies the efficiency with which 81 

a plant utilizes phosphorus for growth and development and is calculated as the square of the 82 

total plant biomass divided by the total P content in the plant, which is derived from the 83 

weighted sum of P concentrations in the leaf, stem, and grain, each weighted by their respective 84 

dry weights (Hayes et al 2022 and Gourley et al 1992). The inefficiency in P utilization, 85 

characterized by a low PUE in modern cultivars, poses a significant challenge in cropping 86 

systems heavily reliant on phosphate fertilizer inputs (Dixon et al 2020). Despite external 87 

inputs, P deficiency persists, necessitating urgent efforts to improve PUE for sustainable 88 

agriculture (Vinod et al. 2015; Ceasar et al. 2020). In this context, breeding efforts for PUE 89 

focus on enhancing adaptation to P starvation.  90 



Foxtail millet (Setaria italica), ranking as the second most cultivated millet crop globally, holds 91 

significance for both food and forage purposes (Jaiswal et al. 2019). This C4 self-pollinated 92 

cereal has a rich cultivation history dating back to 5000–6000 BC along the Yellow River in 93 

China. Foxtail millet is celebrated for its agronomic advantages, cost-effectiveness, stress 94 

resilience, efficient water utilization, and nutritional value. Its primary production hubs are 95 

situated in China and India (Lin et al. 2024). In Africa, foxtail millet is cultivated in upland 96 

regions across East Africa, Cameroon, and southern Africa (Brink, 2006). With its relatively 97 

small diploid genome of 510 Mb, foxtail millet serves as an ideal C4 model for genetic studies. 98 

This includes investigating the molecular, genetic, and physiological mechanisms underlying 99 

the C4 photosynthetic pathway, such as its efficiency in carbon fixation, adaptation to high 100 

temperature conditions, and water-use efficiency. These traits make foxtail millet particularly 101 

valuable for research aimed at enhancing crop productivity and resilience (Jaiswal et al. 2019; 102 

Ceasar et al. 2017; 2020). 103 

Among millets, foxtail millet stands out as an excellent source of protein (12.3g/100g), dietary 104 

fibers (14g/100g), minerals (3g/100g), and ß-carotene (126-191µg/100g), while processing 105 

limited bioavailable carbohydrate content (60.9g/100g) (Ballolli et al. 2014). Despite these 106 

nutritional advantages, there is a noticeable gap in comprehensive studies exploring the 107 

responses of diverse foxtail millet cultivars to limited phosphorus conditions. A few studies 108 

have investigated aspects of plant growth, development, and the molecular expression of the 109 

PHT1 transporter family under phosphorus limitations (Ceasar et al. 2014; 2020; 2017; Roch 110 

et al. 2020; Ahmad et al. 2018). A systematic study aimed at characterizing foxtail millet 111 

genotypes for plant growth and development, water use efficiency, and agronomical trait values 112 

under a limited P regime, utilizing relevant phenotyping methodology, was notably absent. Our 113 

hypothesis is that under limited P condition, overall plant growth and development are critical 114 

factors in determining the grain yield of foxtail millet. To examine this hypothesis, we 115 

undertook a comprehensive investigation involving 10 foxtail millet genotypes from the core 116 

collection of ICRISAT Genebank. This investigation explored responses to both phosphorus 117 

sufficiency (high P) and starvation (low P) using diverse phenotyping platforms, namely Lysi-118 

Field, LeasyScan, and hydroponics. Our specific objectives were i) to identify genotypic 119 

variations in plant canopy growth, root growth, phenology and agronomic traits under different 120 

phosphorus regimes (low P and high P) ii) to analyse functional trait associations under low P 121 

and high P conditions and propose potential driving factors or key component traits for foxtail 122 

millet breeding programs, with a specific emphasis on low P adaptation. 123 



 124 

Materials and methods 125 

Plant materials: Ten foxtail millet genotypes were selected from the core collection based on 126 

the previous study (Krishnamoorthy et al. (2016). The primary objective was to investigate and 127 

comprehend the extent of plant growth and agronomical traits variation across diverse P 128 

regimes, employing various phenotyping platforms. Details on experimental overview 129 

including list of traits assessed across different phenotyping platforms are available in Table 1. 130 

In the initial Lysimeter trial, ISe710 was utilized. However, in subsequent LeasyScan and 131 

Hydroponics experiments, CV Maxima cultivar was chosen to replace ISe710 due to the 132 

scientific interest in evaluating the cultivar and space constraints in these setups. 133 

Water use and agronomical traits assessment at Lysi-Field facility under different P 134 

regimes (Low and High P) 135 

The Lysimetric facility is located at International Crops Research Institute for the Semi-Arid 136 

Tropics (ICRISAT), Patancheru, India (17°30′N; 78°16′E; altitude 549 m). It provides an 137 

experimental setup to assess key crop agronomic features, track the crop's ability to convert 138 

water into biomass (grams of dry mass per unit of water transpired), and measure water use 139 

patterns throughout the cropping season (Vadez et al. 2016). Plants were grown in PVC 140 

plumbing pipe lysimeters with a diameter of 20 cm and a length of 1.2 m, positioned outdoors 141 

under a rain-out shelter. The procedures for preparing soil, filling, spacing arrangement, and 142 

plant cultivation followed the methods outlined by Vadez et al. (2008, 2016). The soil utilized 143 

in this study from ICRISAT field exhibited low P level (2.11 ppm; available P) analysed 144 

through Hedley Fractionation Method (Cross and Schlesinger, 1995). The methodology for 145 

cultivating and testing plants in lysimeters adhered to the protocol established by Vadez et al. 146 

(2013). Seeds were sown in each PVC cylinder, and later, the plants were thinned to four per 147 

cylinder two weeks after sowing. Subsequently, the number was further reduced to two plants 148 

per cylinder at 3 weeks after sowing. Six replications were designated for the high P treatment, 149 

and another six replications for the low P treatment. Following the final thinning, high-P 150 

cylinders received 5g Di-ammonium phosphate (DAP) per cylinder and 2g potash (K) per 151 

cylinder, while low-phosphorus cylinders received 2g K per cylinder and 2g urea per cylinder 152 

to compensate for the nitrogen provided by DAP in high-P cylinders (Kadirimangalam et al. 153 

2022). At 28 days after sowing (DAS), polythene beads were applied to cover the surface of 154 

the soil in the cylinders, preventing direct evaporation (more details in Vadez et al. 2011). 155 



Starting from the 5th week, cylinder weighing was carried out on a weekly basis with flowering 156 

time visually recorded. Tiller numbers were manually scored at the time of harvest. At the end 157 

of the experiment, the plant samples of leaf, stem, and panicles were dried in a hot air oven at 158 

72°C for about 3 days. Individual biomass components, such as leaf dry weight, stem dry 159 

weight, and panicle dry weight, were measured using a KERN 3600 g precision balance (Kern 160 

& Sohn GmbH, Balingen, Germany). Grain yield was obtained by threshing panicles. 161 

Thousand grain numbers were counted by seed counter machine (Data Count S60 seed 162 

Counter, Data technologies, Israel (details in https://data-technologies.com/product/seed-163 

counter-s60/)) and the thousand grain weights were recorded using a weighing scale (KERN 164 

360-3N, Kern &Sohn GmbH, Balingen, Germany). Plant transpiration was assessed based on 165 

consecutive cylinder weight differences and water additions. Total transpiration was 166 

determined as the sum of weekly plant transpiration. Transpiration efficiency (TE; grams of 167 

biomass per kilogram of water transpired; g/kg-1) was calculated as the ratio of total dry 168 

biomass to the unit of water transpired. Finally, Harvest Index (HI) was computed as the ratio 169 

of total grain yield to the total biomass. For additional details on the methodology and data 170 

collection, please refer to Vadez et al. (2011, 2013, 2015, 2022), Tharanya et al. (2018), and 171 

Sivasakthi et al. (2019). The dried samples of leaf, stem and grains were ground, weighed and 172 

subjected to total P estimation through nitric acid pressure digestion (Heinrichs et al. 1986), 173 

followed by measurement using an inductively coupled plasma optical emission spectrometer 174 

(ICP-OES) (Thermo Scientific iCap 6000 Series, Thermo Fisher Scientific, Bremen, 175 

Germany). This method allowed for the determination of leaf P (Leaf P; mg g-1), stem P (Stem 176 

P; mg g -1), and grain P (Grain P; mg g -1) concentration. Total P concentration (mg g-1) was 177 

determined as the sum of P concentrations in leaves, stems, and grains, weighted by their 178 

relative contributions to the total plant biomass. Phosphorus Use Efficiency (PUE; g2 mg-1) was 179 

calculated as the square of the total plant biomass divided by the total P content in the plant, 180 

which is derived from the weighted sum of P concentrations in the leaf, stem, and grain, each 181 

weighted by their respective dry weights (Gourley et al 1992). (Irfan et al. 2020). The percent 182 

reduction in traits under low P conditions compared to high P conditions was calculated using 183 

the formula 184 

Percent Reduction in Trait = (Trait HP − Trait LP) / (Trait HP) × 100 185 

where Trait HP = Value of the trait under high P conditions 186 

Trait LP = Value of the trait under low P conditions 187 

https://data-technologies.com/product/seed-counter-s60/)
https://data-technologies.com/product/seed-counter-s60/)


 188 

Canopy development related traits assessed at LeasyScan under different P regimes (low 189 

and high P) 190 

LeasyScan, a high-throughput phenotyping platform, was designed to effectively monitor crop 191 

canopy-related parameters during the vegetative phase with exceptional throughput and 192 

accuracy. For a detailed understanding of LeasyScan technology and its setup, please refer to 193 

the works of Vadez et al. (2015), Sivasakthi et al. (2018, 2019), Tharanya et al. (2018), and 194 

Kar et al. (2020). Ten seeds sown in individual 10-inch pots during November 2022 post-rainy 195 

season. The soil used in this experiment displayed low P level (2.11 ppm), sourced from the 196 

ICRISAT field, which was also the origin of the soil used in the Lysi-field experiment. Each 197 

genotype and treatment combination involved eight replications, with each replication 198 

consisting of two pots, and after the final thinning, two plants were retained per pot. The 199 

treatments with low P (1g of urea and 1g of potash per pot) and high phosphorus (2.5g of DAP 200 

and 1g of potash per pot) were applied (Kadirimangalam et al. 2022). Throughout the 201 

experiment, plants were maintained under well-watered conditions. Continuous measurements 202 

of canopy size-related parameters, including 3D-leaf area, projected leaf area, plant height and 203 

digital biomass (Estimate of biomass based on observed plant dimensions - height and 204 

volumes), were taken from 15 to 40 days after sowing (DAS), with the final harvest conducted 205 

at 40 DAS. The daily temperature and humidity fluctuated between 11/35.8 °C and 17.2/93.2% 206 

on average during the crop growth period, as recorded by the attached weather station (Model: 207 

WxPRO™; Campbell Scientific Ltd., Shepshed, UK). 208 

Hydroponic facility for plant shoot and root morphological traits under different P 209 

regime (low and high P) 210 

To evaluate plant growth, especially root-related traits under high and low P conditions, plants 211 

were cultivated in a greenhouse under natural daylight fluctuations, with an average day/night 212 

temperature of around 28/22°C and relative humidity ranging from 70% to 90%. Seeds were 213 

initially sown in sand, and when the plants reached the 3rd leaf stage, they were transferred to 214 

trays with nutrient solution (modified Hoagland solution; macronutrients: MgSO4 (2.05 mM), 215 

K2SO4 (1.25 mM), CaCl2*2H2O (3.3 mM), Fe-EDTA (0.04 mM), urea (5 mM) and 216 

micronutrients: H3BO3 (4 mM), MnSO4 (6.6 mM), ZnSO4 (1.55 mM), CuSO4 (1.55 mM), 217 

CoSO4 (0.12 mM), Na2MoO4 (0.12 mM)). Subsequently, the plants were grown in hydroponic 218 

solutions within trays measuring 40cm x 20cm (length and width), utilizing the modified 219 



Hoagland solution in accordance with the protocol outlined in Tharanya et al. 2018, and 220 

Sivasakthi et al. 2020. However, concerning KH2PO4, the high P treatment involved a nutrient 221 

solution with 300 µM KH2PO4, while the low P treatment received 10 µM KH2PO4 (Ceasar et 222 

al. 2020). The pH of the nutrient solution was maintained between 6.0 and 6.3, with continuous 223 

aeration to facilitate root nutrient absorption. The nutrient solution was replenished every 3 224 

days. At 45 DAS, the plants cultivated through hydroponics underwent phenotypic assessment 225 

for morphological characteristics, including root length, crown root numbers and leaf area. 226 

Leaf area was measured utilizing a leaf area meter (LI-3100C area meter, LI-COR BioSciences, 227 

USA). The root surface area was determined by scanning the roots with a Shimadzu scanner 228 

and analyzing the scans with Winrhizo software (Winrhizo, Regent Ltd). Additionally, plant 229 

samples comprising leaves, stems, and roots were dried at 60 °C in an oven for a minimum of 230 

72 hours, and their dry weights were measured using a KERN 3600 g precision balance (Kern 231 

& Sohn GmbH, Balingen, Germany).  232 

 233 

Data analysis 234 

The datasets collected from LeasyScan, hydroponics, and Lysimetric systems were statistically 235 

analyzed. One-way ANOVA was used to assess differences among genotypes, while two-way 236 

ANOVA evaluated the effects of genotypes, treatments, and their interactions. The Tukey–237 

Kramer test was subsequently applied to identify significant variations between genotypes or 238 

treatments. All analyses were performed using the statistical software package CoStat version 239 

6.204 (Cohort Software, Monterey, CA, USA). Residual yields can be effectively used to assess 240 

key adaptation traits under low P conditions. In the absence of genotype-by-treatment 241 

interaction (GxTrt) for yield components, the performance of genotypes under low P conditions 242 

reflects both their inherent grain yield potential and residual yield variation. This residual 243 

component includes the genotypes' adaptation to low P and an error factor, capturing the part 244 

of yield variation under low P that is not explained by grain yield potential (Beggi et al.  2015; 245 

Vadez et al.  2007; Bidinger et al.  1987). In this study, residual yields were calculated by taking 246 

the difference between the predicted yields (based on a linear regression model comparing low 247 

P to high P yields) and the observed yields under low P.  248 

Graphical representations such as box plots, bar graphs, and simple linear regressions were 249 

created using Microsoft Excel 2017 (Microsoft Office 365, Microsoft Corp., Redmond, WA, 250 

USA). To evaluate correlations among selected phenotypic traits, a simple Pearson correlation 251 



analysis was carried out with R software (version 2.11.1) using the 'metan' library. 252 

Additionally, Principal Component Analysis (PCA) was conducted with R software (version 253 

2.11.1) using the 'factoextra' library. 254 

 255 

Results 256 

Treatment and genotypic variation due to varying P conditions 257 

Plant growth, water use and agronomical traits 258 

The study focused on evaluating various traits of foxtail millet genotypes using multiple 259 

phenotyping platforms, including Lysi-field, LeasyScan, and hydroponics facilities under low 260 

P and high P conditions. Using two-way analysis of variance, significant variations in genotype 261 

and treatment were identified for most traits under both low and high P conditions (Table 2). 262 

In the one-way analysis, a range of plant traits, including growth, water use, and agronomical 263 

features, exhibited significant genotypic differences under both low and high P conditions 264 

(Table 3). Under high P conditions, the majority of genotypes exhibited enhanced plant growth 265 

and agronomic parameters compared to low P conditions (Table 2).   266 

Grain yield from the Lysi-Field experiment, ranged from 4.86 g to 50.41 g, with an average of 267 

24.26 g under high P condition. Under low P conditions, it ranged from 1.17 g to 27.95 g, with 268 

an average of 14.12 g (Fig. 1), indicating a 42% decline compared to high P conditions. This 269 

decline underscores the sensitivity of grain production to low P availability. The genotypic 270 

differences in yield across both P conditions are illustrated in Fig. 1b and detailed in Table 3. 271 

Subsequently, biomass accumulation also varied across the treatments with high P having 272 

higher biomass than the than the low P conditions (Table 2). TE exhibited a significant 273 

reduction under low P conditions, with a mean of 2.01 g biomass per kg water under high P 274 

conditions compared to 1.10 g biomass per kg water under low P conditions, representing a 275 

50% reduction. This substantial decline highlights the critical role of phosphorus availability 276 

in influencing water-use (Table 2). 277 

Tiller counts under high P conditions ranged from 3.17 to 32.67, with a mean of 17.5. 278 

Conversely, under low P conditions, tiller counts ranged from 2.17 to 11.50, with a mean of 279 

6.37, representing a 64% reduction compared to the high P treatment (Suppl. Fig. S1a). 280 

Furthermore, genotypic variability in tiller counts under both low and high P conditions is 281 

illustrated in Suppl. Fig. S1b and detailed in Table 3. 282 



 In the LeasyScan facility, the 3D leaf area under high P conditions ranged from 6000 mm² to 283 

50565 mm², with a mean of 23356 mm² Conversely, under low P conditions, the 3D leaf area 284 

ranged from 2500 mm² to 21000 mm², with a mean of 10595 mm², representing a 50% 285 

reduction compared to the high P treatment (Fig. 2a & Suppl Fig. S2). In hydroponic 286 

experiments, root surface area under high P conditions varied from 163 cm² to 699 cm², with a 287 

mean of 419 cm². In contrast, under low P conditions, root surface area ranged from 94 cm² to 288 

575 cm², with a mean of 302 cm², indicating a 28% reduction compared to the high P treatment 289 

(Fig. 2a & Suppl. Fig. S3). Notably, the reduction in root surface area was considerably smaller 290 

than the reduction in 3D leaf area, which may be due to the plant’s prioritization of root growth 291 

to enhance P acquisition under P nutrient limitation. Genotypic variability in 3D leaf area and 292 

root surface area under both low and high P conditions were provided in Table 3 and Suppl. 293 

Fig S2 & S3. 294 

P concentration and PUE in different plant organs    295 

The distribution of P content exhibited significant variability among plant organs, with the 296 

highest concentration found in the grain, followed by the leaf and stem  (Table 3).Notably, 297 

grain P concentration ranged from 2.1 mg g⁻¹ to 4.2 mg g⁻¹ (mean 3.17 mg g⁻¹) under high P 298 

conditions, and from 1.9 mg g⁻¹ to 3.4 mg g⁻¹ (mean 2.55 mg g⁻¹) under low P conditions, 299 

indicating a 24% reduction compared to high P conditions (Table 3). Similarly, leaf P 300 

concentration exhibited substantial variation, ranging from 1.27 mg g⁻¹ to 3.2 mg g⁻¹ (mean 301 

2.26 mg g⁻¹) under high P, and from 0.86 mg g⁻¹ to 2.35 mg g⁻¹ (mean 1.46 mg g⁻¹) under low 302 

P, resulting in a 35% reduction (Table 3). Additionally, stem P concentration demonstrated 303 

significant variation, ranging from 0.65 mg g⁻¹ to 2.13 mg g⁻¹ (mean 1.41 mg g⁻¹) under high 304 

P, and from 0.23 mg g⁻¹ to 1.25 mg g⁻¹ (mean 0.47 mg g⁻¹) under low P, resulting in a 66% 305 

reduction (Table 3). Additionally, genotypic variability in grain, leaf, and stem P content under 306 

low and high P conditions is shown in Suppl. Fig. S4& S5. 307 

Total P concentration ranged from 1.72 mg g⁻¹ to 3.6 mg g⁻¹ (mean 2.45 mg g⁻¹) under high P 308 

conditions and from 1.14 mg g⁻¹ to 2.39 mg g⁻¹ (mean 1.66 mg g⁻¹) under low P conditions, 309 

reflecting a 35% reduction compared to high P conditions (Suppl. Fig. S6A and Table 2). 310 

Genotypic variability in total P concentration under both low and P conditions is provided in 311 

in Table 3 and Suppl. Fig. S6B 312 

Similarly, phosphorus use efficiency (PUE) ranged from 6.08 g² mg⁻¹ to 53.55 g² mg⁻¹ (mean 313 

18.88 g² mg⁻¹) under low P conditions and from 9.04 g² mg⁻¹ to 35.14 g² mg⁻¹ (mean 19.38 g² 314 



mg⁻¹) under high P conditions, representing a 2.58% reduction in low P compared to high P 315 

conditions (Table 2). Genotypic variability in PUE under both low and high P conditions is 316 

shown in Table 3 and Suppl. Fig. S7. 317 

Functional trait associations 318 

Grain yield under both low and high P conditions demonstrated a significant association (R² = 319 

0.65; Fig. 3), suggesting a certain level of consistency in performance across different P levels. 320 

This indicates that grain yield under low P was in a large part influenced by the yield potential 321 

under high P conditions, although other factors may also contribute to yield variations. To 322 

explore the factors contributing to yield variation under low P conditions, the residuals of GY 323 

under low P, which were not explained by GY under high P, were calculated. These residuals 324 

revealed a strong relationship with tiller numbers under both low P (R² = 0.70; Fig. 4) and high 325 

P (R² = 0.66; Fig. 4), indicating that tiller production plays a key role in determining yield, 326 

especially in P limited environments. This suggests that increasing tiller numbers could help 327 

improve yield in conditions where P is limited. 328 

Additionally, a regression analysis was performed to examine the relationship between biomass 329 

and total P concentration. Under low P conditions, a significant negative relationship was 330 

observed (R² = 0.71, p < 0.05; Fig. 5), indicating that genotypes maintaining growth under P-331 

limited conditions are those that effectively dilute P. In contrast, genotypes unable to dilute P 332 

are more likely to experience biomass limitations. No significant relationship was found under 333 

high P conditions (Fig. 5), suggesting that, when P is sufficient, biomass accumulation is less 334 

dependent on total P concentration.  335 

Discussion 336 

Growth potential as the key driver of performance under low P conditions 337 

The imposition of low P deficiency significantly affected various plant traits, including tillers, 338 

leaf area, root surface area, agronomic characteristics (notably grain yield), and P concentration 339 

in different plant tissues. This deficiency led to an overall decrease in plant growth and grain 340 

yield, with reductions in plant growth and development traits ranging from 30% to 50% 341 

compared to high P conditions (see Fig. 1). These findings align with prior studies, showing 342 

similar trends observed in various crops like sorghum (Leiser et al., 2012), maize (Parentoni et 343 

al., 2010), common bean (Beebe et al., 2008), and foxtail millet (Ceasar et al., 2020) under low 344 

P conditions. 345 



The current study highlights a notable variability in the number of tillers and grain yields 346 

among tested foxtail millet genotypes under low P conditions. Zhao et al. (2023) reported 347 

similar reductions in P accumulation, photosynthetic function, and biomass in wheat under low 348 

P conditions. Rajamanickam et al. (2024) also observed significant genotypic variability in root 349 

traits and their association with P utilization efficiency in wheat seedlings under low P 350 

conditions. These findings emphasize the critical role of growth potential in plant performance 351 

under low P conditions. 352 

Our findings align with previous studies by Beggi et al. (2015) and Gemenet et al. (2015), who 353 

investigated low P adaptation in pearl millet. Beggi et al. (2015) reported a significant positive 354 

correlation (r = 0.69; P < 0.01) between grain yield under low and high P conditions and used 355 

residual yields as a proxy for assessing low P adaptation in pearl millet genotypes. Consistent 356 

with Beggi et al. (2015), we observed a significant reduction in transpiration efficiency (TE) 357 

under low P conditions, similar to their findings in pearl millet. However, while their study 358 

indicated that this decrease was less pronounced in genotypes adapted to low P (as shown by 359 

higher grain yields), our results suggest a stronger physiological response to P deficiency, with 360 

a more pronounced reduction in TE. 361 

Genetic variability in plant growth and agronomic traits under low P conditions is essential for 362 

the success of breeding programs, as it enables the identification and selection of traits that 363 

improve crop performance in nutrient-limited environments. The effectiveness of a breeding 364 

program depends on the availability of significant genetic variability for the targeted traits and 365 

the use of efficient selection methods to increase the frequency of desirable genes or gene 366 

combinations (Gemenet et al., 2016). In this study, significant genotypic variation was 367 

observed in plant growth and agronomic traits among the foxtail millet genotypes, with more 368 

than a two-fold difference under low P treatments. These findings are consistent with previous 369 

research indicating greater genotypic variation in P uptake compared to PUE traits in crops 370 

such as wheat, maize, rice, sorghum, and foxtail millet (Jones et al., 1989; Wissuwa et al., 371 

1998; Parentoni et al., 2010; Leiser et al., 2014; Ceasar et al., 2020). The considerable variation 372 

observed underscores the importance of breeding programs focusing on key traits like tiller 373 

development and PUE, which are crucial for improving crop performance under P-deficient 374 

conditions. Specifically, genotypes ISe 480 and ISe 710 exhibited enhanced tiller counts, PUE, 375 

and grain yield under low P stress, highlighting the value of selecting for these traits to boost 376 

crop resilience and productivity in phosphorus-limited soils. 377 



In the present study, a 24% reduction in grain P concentration under low P conditions indicates 378 

that this variable is relatively less impacted by phosphorus deficiency. This suggests that the 379 

observed increase in grain yield under low P conditions is likely due to the plant's enhanced 380 

ability to extract phosphorus from the soil. In contrast, more substantial changes were observed 381 

in P concentrations across other plant organs. Specifically, stem P concentration showed a 382 

significant decline, reflecting the limited role of stems in biomass accumulation under 383 

phosphorus-deficient conditions. Conversely, leaf P concentration experienced a relatively 384 

smaller reduction, likely due to the essential role of leaves in photosynthesis and biomass 385 

production. These results highlight a strategic redistribution of phosphorus within the plant, 386 

prioritizing critical organs like leaves to sustain growth and yield under low P availability. This 387 

observation aligns with findings by Veneklaas et al. (2012), which emphasize that phosphorus 388 

allocation among plant organs is closely linked to crop growth and suggest that optimizing this 389 

distribution can improve overall phosphorus-use efficiency. 390 

Plants adapt to low P conditions by allocating biomass to roots, increasing the root-to-shoot 391 

ratio, and adjusting root morphological and physiological traits to enhance P uptake efficiency 392 

(Iqbal et al., 2020 and Lambers et al.,2015). Insights into the physiological and molecular 393 

mechanisms of plant adaptation to P deficiency, including changes in root architecture and P 394 

acquisition strategies, have been provided by Vance et al. (2003). Additionally, genetic 395 

variability in common bean for phosphorus uptake and use efficiency, highlighting the 396 

importance of root traits and P allocation under low P conditions, was explored by Ramaekers 397 

et al. (2010). 398 

 399 

Tiller Number: A key trait for low P adaptation 400 

The current study observed substantial genotypic variation in tiller numbers among foxtail 401 

millet genotypes under low P conditions. Specifically, there was a 6-fold difference in tiller 402 

count among the tested genotypes. This variation underscores the importance of tiller number 403 

as a key trait for assessing growth potential under low P conditions. 404 

A strong correlation was observed between grain yield under low P and high P conditions (R² 405 

= 0.65; P < 0.01), indicating that genetic yield potential (vigor) in high P environments 406 

significantly influences grain yield and tiller numbers under low P conditions. This suggests 407 

that genotypes with higher tiller numbers tend to perform well in both high and low P 408 

conditions, making tiller number a reliable indicator of growth potential. These results are 409 



consistent with Bhatta et al. (2021), who highlighted tiller number as a critical trait for 410 

improving crop performance in phosphorus-deficient environments. Their study emphasizes 411 

the importance of evaluating genotypes based on tiller number, along with shoot and root 412 

biomass, to enhance yield stability and optimize productivity under phosphorus-limited 413 

conditions. 414 

Residual grain yield under low P conditions, not explained by high P conditions, had a strong 415 

positive association with tiller numbers (R² = 0.70; P < 0.01). This suggests that tiller number 416 

contributes significantly to yield under phosphorus-limited conditions, even after accounting 417 

for the overall vigor observed under high P conditions. These results align with previous studies 418 

that indicate alterations in growth, biomass, and yield as key indicators of adaptation to 419 

phosphorus deficiency, as reported in various cereals, including oat (Żebrowska et al., 2017), 420 

rice (He et al., 2005; Wissuwa et al., 2020), maize (Mollier et al., 1999), sorghum (Yoneyama 421 

et al 2007), and foxtail millet (Ceasar et al., 2020). 422 

The observed genotypic differences in tiller development highlights its role in enabling plants 423 

to cope with low P stress while maintaining yield. For example, genotypes ISe 480 and ISe 710 424 

exhibited higher tiller counts, improved PUE, and increased grain yield in the Lysi-Field under 425 

low P conditions compared to high P conditions. These findings highlight the value of selecting 426 

for traits like tiller number to enhance crop resilience in -limited environments. 427 

Supporting evidence from other studies further underscores the significance of tiller number in 428 

crop performance. A genome-wide association study (GWAS) by Ren et al. (2021) identified 429 

multiple quantitative trait loci (QTLs) associated with effective tiller number (ETN) in rice, 430 

revealing the genetic basis of this trait and its influence on grain yield. Similarly, Cui et al. 431 

(2004) mapped QTLs for tiller number in rice and demonstrated strong correlations between 432 

tiller number, plant height, and heading date, underscoring its critical role in determining final 433 

grain yield. Additionally, Chen et al. (2012) showed that overexpression of specific genes in 434 

rice resulted in increased tiller numbers, further highlighting the role of genetic regulation in 435 

this trait. 436 

P dilution and its impact on yield in low P environments 437 

The current study reveals a strategic reallocation of P in foxtail millet under low P conditions, 438 

highlighting significant differences in P uptake and utilization efficiency among genotypes. 439 

Grain P concentration exhibited the least reduction (24%) compared to high P conditions, while 440 

leaf and stem P concentrations decreased by 37% and 68%, respectively. These results are 441 



consistent with those of Ceasar et al. (2020), who observed a reduction in total shoot P 442 

concentration under P-deficient conditions. 443 

The relatively small reduction in grain P concentration suggests that foxtail millet maintains P 444 

allocation to reproductive structures, likely prioritizing reproductive success under nutrient 445 

stress. This trait is particularly important for ensuring yield stability in P-deficient soils. By 446 

contrast, the substantial reduction in stem P concentration suggests that stems, being less 447 

critical for immediate growth and productivity, serve as a lower priority reservoir for P under 448 

stress. Leaves, which are crucial for photosynthesis and biomass accumulation, experienced a 449 

lower reduction than observed in stems, reflecting their higher priority in P allocation under 450 

low P conditions. 451 

These findings highlight the physiological adaptations of foxtail millet to low P conditions. 452 

The observed changes in P allocation suggest that under P deficiency, plants employ 453 

mechanisms to optimize P use by prioritizing allocation to organs essential for photosynthesis 454 

and reproduction, while reducing allocation to non-essential biomass components. This 455 

strategic redistribution of P within the plant underscores the importance of P dilution in 456 

determining yield under low P conditions. 457 

The study also found that residual grain yield under low P conditions, not explained by high P 458 

conditions, had a significant negative association with total P concentration (R² = 0.54; P < 459 

0.05). This indicates that lower total P concentration, or P dilution, is associated with higher 460 

grain yield under low P conditions. Conversely, under high P conditions, grain yield (GY_LF) 461 

from Lysi-Field exhibited significant positive correlations with PUE (r = 0.94; P < 0.001) and 462 

total biomass (r = 0.84; P < 0.01). 463 

Additional studies support the role of P dilution in crop performance. For instance, Zamuner et 464 

al. (2016) established a critical P dilution curve for potato, demonstrating that P dilution is a 465 

robust diagnostic tool for assessing crop P status and improving P fertilizer management. 466 

Similarly, Kong et al. (2024) validated the use of the P nutrition index in potato, showing a 467 

significant relationship between PNI and relative tuber yield. Rose et al. (2013) highlighted the 468 

importance of P remobilization efficiency in maintaining grain P concentration under low P 469 

supply. 470 

 471 

Conclusion 472 



This study underscores the critical role of P availability in shaping plant growth and yield-473 

related traits in foxtail millet, particularly under low P conditions. Plant performance in these 474 

environments is primarily influenced by growth potential, with tiller number serving as a 475 

reliable marker of this potential. The significant genotypic variation observed highlights the 476 

importance of selecting growth-related traits to improve crop resilience and productivity in 477 

phosphorus-limited environments. The findings reveal substantial variation in plant growth and 478 

agronomic traits, such as tiller count, grain yield, leaf area, and root surface area, among foxtail 479 

millet genotypes under low P conditions. This variation emphasizes the necessity for breeding 480 

programs to prioritize traits that enhance growth potential, including tiller development and 481 

PUE, to optimize crop performance in nutrient-deficient soils. 482 

Moreover, the study highlights the strategic redistribution of P within the plant under low P 483 

conditions, where critical organs like leaves maintain higher P concentrations to support growth 484 

and yield. This strategic P allocation suggests that P dilution, rather than total P concentration, 485 

plays a key role in determining yield under low P conditions. The observed negative association 486 

between total P concentration and residual grain yield under low P conditions further supports 487 

this finding. 488 

In conclusion, optimizing P management strategies and breeding for improved growth potential 489 

are essential for enhancing crop performance in regions facing P limitation. By selecting for 490 

traits that enhance growth potential and understanding the mechanisms of P allocation and 491 

dilution, breeding programs can develop foxtail millet varieties that are better adapted to low 492 

P environments, ensuring yield stability and food security in vulnerable agri-systems. 493 

 494 

Author’s contribution 495 

The experiment was conceptualized by JK, AB, and MT. The phenotyping experiments were 496 

conducted by MT, KS, SC, KV, DSG, AA, and SK, with the experimental design overseen by 497 

RB. Nutrient analysis was carried out by SL and MAD. Data analysis and summarization were 498 

undertaken by MT, KS, and KSG. Support in data interpretation was provided by AB, SAC, 499 

SC, and JK. The manuscript was drafted by MT and KS, and it underwent review by JK, SC, 500 

MAD, SL, AB, and SAC. The manuscript was read and approved by all authors, and their 501 

consent was given for the final version. 502 

 503 



Acknowledgements 504 

The authors sincerely thank an anonymous reviewer for providing thorough and constructive 505 

feedback across multiple rounds of review, which greatly contributed to improving the clarity 506 

and overall quality of the manuscript. The authors also extend their gratitude to the ICRISAT-507 

Genebank for supplying the seed material of foxtail millet. Special acknowledgment is given 508 

to Ms. Karin Schmidt, the technical assistant at Göttingen University, for her valuable 509 

assistance in P nutrient analysis. Additionally, the authors appreciate the support received from 510 

the ICRISAT High Throughput Phenotyping platforms (HTP-LeasyScan and Lysi-Field) and 511 

the hydroponics facility. 512 

Funding 513 

MT was supported by the Department of Science and Technology, Science and Engineering 514 

Research Board (DST-SERB), specifically through the National Post-doctoral Fellowship 515 

(Grant No: 2018/001919). KS expresses gratitude for financial support from the Global 516 

Challenges Research Fund under the TIGR2ESS Project (BB/P027970/1), aimed at 517 

Transforming India's Green Revolution through Research and Empowerment for Sustainable 518 

Food Supplies, as well as the DST-SERB National Post-doctoral Fellowship 519 

(PDF/2021/003345). Additionally, JK's research benefits from partial funding through an 520 

internal grant from the Faculty of Economics and Management at the Czech University of Life 521 

Sciences Prague (Grant Life Sciences 4.0 Plus no. 2022B0006). AB acknowledges the 522 

Biotechnology and Biological Sciences Research Council UK, India Partnering Award 523 

(BB/R021171/1). 524 

 525 

Data availability 526 

The data supporting the conclusions of this study can be obtained from the corresponding 527 

author, upon request. 528 

 529 

Declarations 530 

Conflict of interest: The authors declare that they have no competing interests. 531 

 532 



References 533 

Andersson MX, Stridh MH,Larsson KE et al (2003) Phosphate-deficient oat replaces a 534 

major portion of the plasma membrane phospholipids with the galactolipid digalactosyl 535 

diacyl glycerol. FEBS Lett. 537,128–132. https://doi.org/10.1016/s0014-5793(03)00109-1 536 

Atlin G.N and K.J. Frey (1989) Predicting the relative effectiveness of direct versus indirect 537 

selection for oat yield in three types of stress environments. Euphytica 44,137–538 

142.https://doi.org/10.1007/BF00022608 539 

Baker A, Ceasar SA, Palmer AJ et al (2015) Replace, reuse, recycle: improving the 540 

sustainable use of phosphorus by plants. J Exp Bot 66,3523–3540. 541 

https://doi.org/10.1093/jxb/erv210 542 

Balloli U, Malagi U, Yenagi N et al (2014) Development and quality evaluation of foxtail 543 

millet [Setaria italica (L.)] incorporated breads. Karnataka J. Agric. Sci,27(1),52-55 544 

Bänzinger M and Cooper M (2001) Breeding for low input conditions and consequences 545 

for particpatory plant breeding: examples from tropical maize and wheat. Euphytica 122, 546 

503–519.https://doi.org/10.1023/A:1017510928038 547 

Batjes N (1997) A world dataset of derived soil properties by FAO–UNESCO soil unit for 548 

global modelling. Soil Use Manag, 13, 9–16.https://doi.org/10.1111/j.1475-549 

2743.1997.tb00550.x 550 

Beebe SE, IM Rao, C.Cajiao and M. Grajales (2007) Selection for drought resistance in 551 

common bean also improves yield in phosphorus limited and favorable environments. Crop 552 

Sci. 48,582–592. https://doi.org/10.2135/cropsci2007.07.0404 553 

Beggi F (2014) Effects of Phosphorus and Water Stress on Shoot and Root Growth and on 554 

Mycorrhization of Different Pearl Millet (Pennisetum glaucum (L.) R. Br.) Varieties from 555 

West Africa. Ph.D. dissertation, University of Kassel, Witzenhaussen 556 

Bielders C, Dahiratou I and Maïmouna G (2010) Contribution of arbuscular mycorrhizal 557 

fungi to pearl millet [Pennisetum glaucum (L.) R. Br.] nutrition on Sahelian acid sandy 558 

soils at various levels of soil degradation. Int. J. Biol. Chem. Sci. 4, 924–559 

938.https://doi.org/10.4314/ijbcs.v4i4.62974 560 

Bonser A.M, Lynch J & Snapp S (1996) Effect of phosphorus deficiency on growth angle 561 

of basal roots in Phaseolus vulgaris New Phytol, 132, 281–288 562 

https://doi.org/10.1016/s0014-5793(03)00109-1
https://doi.org/10.1007/BF00022608
https://doi.org/10.1093/jxb/erv210
https://doi.org/10.1023/A:1017510928038
https://doi.org/10.1111/j.1475-2743.1997.tb00550.x
https://doi.org/10.1111/j.1475-2743.1997.tb00550.x
https://doi.org/10.2135/cropsci2007.07.0404
https://doi.org/10.4314/ijbcs.v4i4.62974


Brink M. (2006) Setaria italica (L.) P. Beauv. record from Protabase. PROTA (Plant 563 

Resources of Tropical Africa/Ressourcesvégétales de l’Afrique tropicale), Wageningen, 564 

Netherlands 565 

Camacho R, Malavolta E, Guerrero Alves J & Camacho T (2002) Vegetative growth of 566 

grain sorghum in response to phosphorus nutrition. Sci. agric,59, 771–567 

776.https://doi.org/10.1590/S0103-90162002000400022 568 

Ceasar SA,Baker A,Ignacimuthu S (2017) Functional characterization of the PHT1 family 569 

transporters of foxtail millet with development of a novel Agrobacterium-mediated 570 

transformation procedure. Sci Rep 7,14064. https://doi.org/10.1038/s41598-017-14447-0 571 

Ceasar SA,Hodge A,Baker A,Baldwin SA (2014) Phosphate concentration and arbuscular 572 

mycorrhizal colonisation infuence the growth, yield and expression of twelve PHT1 family 573 

phosphate transporters in foxtail millet (Setaria italica). PLoS ONE 9,e108459. 574 

https://doi.org/10.1371/journal.pone.0108459 575 

Ceasar SA,Ramakrishnan M,Vinod KK et al (2020) Phenotypic responses of foxtail millet 576 

(Setaria italica) genotypes to phosphate supply under greenhouse and natural feld 577 

conditions. PLoS ONE 15,e0233896. https://doi.org/10.1371/journal.pone.0233896 578 

Childers D.L,Corman J, Edwards M, and Elser J. J (2011) Sustainability challenges of 579 

phosphorus and food: solutions from closing the human phosphorus cycle. Bioscience 61, 580 

117–124.https://doi.org/10.1525/bio.2011.61.2.6 581 

Cordell D,J-O.Drangert and S.White (2009) The story of phosphorus: Global food security 582 

and food for thought. Glob. Environ. Change 19,292–583 

305.https://doi.org/10.1016/j.gloenvcha.2008.10.009 584 

Gemenet D. C, Leiser W. L, Beggi F et al (2016) Overcoming phosphorus deficiency in 585 

west African pearl millet and sorghum production systems: promising options for crop 586 

improvement. Front. Plant Sci. 7,1389. https://doi.org/10.3389/fpls.2016.01389 587 

Hasan R (1996) Phosphorus status of Indian soils.Better Crops International 10(2), 4-5. 588 

Heuer S, Lu X, Chin JH, Tanaka JP, Kanamori H, Matsumoto T, ... & Wissuwa M. (2009). 589 

Comparative sequence analyses of the major quantitative trait locus phosphorus uptake 1 590 

(Pup1) reveal a complex genetic structure. Plant Biotechnology Journal, 7(5), 456-471. 591 

https://doi.org/10.1111/j.1467-7652.2009.00415.x 592 

Jaiswal V, Bandyopadhyay T, Gahlaut V, Gupta S, Dhaka A, Ramchiary N, & Prasad M 593 

(2019) Genome-wide association study (GWAS) delineates genomic loci for ten nutritional 594 

elements in foxtail millet (Setaria italica L.). Journal of Cereal Science, 85, 48-55. 595 

https://doi.org/10.1590/S0103-90162002000400022
https://doi.org/10.1038/s41598-017-14447-0
https://doi.org/10.1371/journal.pone.0108459
https://doi.org/10.1371/journal.pone.0233896
https://doi.org/10.1525/bio.2011.61.2.6
https://doi.org/10.1016/j.gloenvcha.2008.10.009
https://doi.org/10.3389/fpls.2016.01389
https://doi.org/10.1111/j.1467-7652.2009.00415.x


Jaiswal V, Gupta S, Gahlaut V et al (2019) Genome-wide association study of major 596 

agronomic traits in foxtail millet (Setaria italica L.) using ddRAD sequencing. Sci. 597 

Rep, 9(1), 5020.https://doi.org/10.1038/s41598-019-41602-6 598 

Jones GPD, Blair GJ, Jessop RS (1989) Phosphorus efficiency in wheat—a useful selection 599 

criterion? Field Crop Res 21,257– 264. https://doi.org/10.1016/0378-4290(89)90007-5 600 

Kadirimangalam SR, Jadhav Y, Nagamadhuri KV et al (2022) Genetic approaches for 601 

assessment of phosphorus use efficiency in groundnut (Arachis hypogaea L.). Sci. 602 

Rep,12(1), 21552.https://doi.org/10.1038/s41598-022-24016-9 603 

Kar S, Garin V, Kholová J, Vadez V, Durbha SS, Tanaka R, ... & Adinarayana J (2020) 604 

SpaTemHTP: A Data Analysis Pipeline for Efficient Processing and Utilization of 605 

Temporal High-Throughput Phenotyping Data. Front. Plant Sci. 606 

11,552509.https://doi.org/10.3389/fpls.2020.552509 607 

Krishnamurthy L, Upadhyaya HD, Kashiwagi J, Purushothaman R, Dwivedi SL, & Vadez 608 

V. (2016). Variation in drought-tolerance components and their interrelationships in the 609 

core collection of foxtail millet (Setaria italica) germplasm. Crop and Pasture Science, 610 

67(8), 834-846 611 

Lazaro L, Abbate P, Cogliatti D & Andrade F (2010) Relationship between yield, growth 612 

and spike weight in wheat under phosphorus deficiency and shading. J Agric Sci,148, 83–613 

93.https://doi.org/10.1017/S0021859609990402 614 

Leiser WL, Rattunde HF, Piepho H-P, Parzies HK (2012) Getting the most out of sorghum 615 

low-input field trials in West Africa using spatial adjustment. J Agron Crop Sci 198,349–616 

359. https://doi.org/10.1111/j.1439-037X.2012.00529.x 617 

Leiser WL, Rattunde HFW, Weltzien E, & Haussmann B I (2014) Phosphorus uptake and 618 

use efficiency of diverse West and Central African sorghum genotypes under field 619 

conditions in Mali. Plant and soil, 377, 383-394 620 

Lynch JP & Brown KM (2008) Root strategies for phosphorus acquisition In P. J 621 

White & J. P Hammond (Eds), The ecophysiology of plant-phosphorus interactions Plant 622 

Ecophysiology, Vol. 7. Dordrecht, the Netherlands: Springer, pp 83–623 

116.https://doi.org/10.1007/978-1-4020-8435-5_5 624 

Lynch JP and Brown KM (2001) Topsoil foraging—an architectural adaptation of plants 625 

to low phosphorus availability. Plant Soil 237, 225–237. 626 

https://doi.org/10.1023/A:1013324727040 627 

https://doi.org/10.1038/s41598-019-41602-6
https://doi.org/10.1016/0378-4290(89)90007-5
https://doi.org/10.1038/s41598-022-24016-9
https://doi.org/10.3389/fpls.2020.552509
https://doi.org/10.1017/S0021859609990402
https://doi.org/10.1111/j.1439-037X.2012.00529.x
https://doi.org/10.1007/978-1-4020-8435-5_5
https://doi.org/10.1023/A:1013324727040


Mahamood J, Abayomi Y & Aduloju M (2009) Comparative growth and grain yield 628 

responses of soybean genotypes to phosphorous fertilizer application.Afr. J. 629 

Biotechnol, 8, 1030–1036 630 

Maharajan T, Ceasar S. A, Ajeesh Krishna T. P et al (2018). Utilization of molecular 631 

markers for improving the phosphorus efficiency in crop plants. Plant Breed, 137(1), 10-632 

26.https://doi.org/10.1111/pbr.12537 633 

Maharajan T, Ceasar SA, Krishna TPA, Ignacimuthu S (2019) Phosphate supply influenced 634 

the growth, yield and expression of PHT1 family phosphate transporters in seven millets. 635 

Planta 250,1433–1448. https://doi.org/10.1007/s00425-019-03237-9. 636 

Mollier A, & Pellerin S (1999) Maize root system growth and development as influenced 637 

by phosphorus deficiency. Journal of Experimental Botany, 50(333), 487-497. 638 

https://doi.org/10.3389/fpls.2018.00205 639 

Parentoni, SN, de Souza Jr, C. L, de Carvalho Alves, VM, Gama, EEG, Coelho, AM, De 640 

Oliveira, AC, ... & Schaffert RE (2010) Inheritance and breeding strategies for phosphorous 641 

efficiency in tropical maize (Zea mays L). Maydica, 55(1), 1. 642 

https://doi.org/10.1023/A:1012221129762 643 

Pe´ret B, Desnos T, Jost R et al (2014) Root Architecture Responses: In Search of 644 

Phosphate.Plant Physiol. 166,1713–1723.https://doi.org/10.1104/pp.114.244541 645 

Plenet D, Etchebest S, Mollier A & Pellerin S (2000) Growth analysis of maize field crops 646 

under phosphorus deficiency. Plant and Soil, 223, 119–647 

132.https://doi.org/10.1023/A:1004877111238 648 

Ramakrishnan M, Ceasar SA et al (2017) Identification of putative QTLs for seedling stage 649 

phosphorus starvation response in finger millet (Eleusine coracana L. Gaertn.) by 650 

association mapping and cross species synteny analysis. PLoS ONE 12(8), 651 

e0183261.https://doi.org/10.1371/journal.pone.0183261 652 

Rebafka F.-P, Bationo A and Marschner H (1993) Seed coating increases phosphorus 653 

uptake, early growth and yield of pearl millet (Pennisetum glaucum (L.) R. Br.) grown on 654 

acid sandy soils of Niger, West Africa. Fertil. res.35,151–655 

160.https://doi.org/10.1007/BF00750633 656 

Roch G.V, Maharajan T, Krishna T.P.A et al (2020) Expression of PHT1 family transporter 657 

genes contributes for low phosphate stress tolerance in foxtail millet (Setaria italica) 658 

genotypes. Planta 252, 98. https://doi.org/10.1007/s00425-020-03503-1 659 

https://doi.org/10.1111/pbr.12537
https://doi.org/10.1007/s00425-019-03237-9
https://doi.org/10.3389/fpls.2018.00205
https://doi.org/10.1023/A:1012221129762
https://doi.org/10.1104/pp.114.244541
https://doi.org/10.1023/A:1004877111238
https://doi.org/10.1371/journal.pone.0183261
https://doi.org/10.1007/BF00750633
https://doi.org/10.1007/s00425-020-03503-1


Roch VG, Maharajan T, Ceasar SA, Ignacimuthu S (2019) The role of PHT1 family 660 

transporters in the acquisition and redistribution of phosphorus in plants. Crit Rev Plant Sci 661 

38,171–198. https://doi.org/10.1080/07352689.2019.1645402 662 

Roch, GV, Maharajan T, Krishna TA, Ignacimuthu, S, & Ceasar, SA (2020) Expression of 663 

PHT1 family transporter genes contributes for low phosphate stress tolerance in foxtail 664 

millet (Setaria italica) genotypes. Planta, 252(6), 98. https://doi.org/10.1007/s00425-020-665 

03503-1 666 

Sattari SZ, Bouwman AF, Giller KE, van Ittersum MK (2012) Residual soil phosphorus as 667 

the missing piece in the global phosphorus crisis puzzle. Proc Natl Acad Sci USA 668 

109,6348–6353. https://doi.org/10.1073/pnas.1113675109 669 

Sattari SZ, Bouwman AF, Giller KE, van Ittersum MK (2012) Residual soil phosphorus as 670 

the missing piece in the global phosphorus crisis puzzle. Proc Natl Acad Sci USA 671 

109,6348–6353. https://doi.org/10.1073/pnas.1113675109 672 

Sivasakthi K, Marques E, Kalungwana NA et al (2019) Functional dissection of the 673 

chickpea (Cicer arietinum L.) stay-green phenotype associated with molecular variation at 674 

an ortholog of Mendel’s I gene for cotyledon color: implications for crop production and 675 

carotenoid biofortification. Int. J. Mol. Sci. 20(22), 676 

5562.https://doi.org/10.3390/ijms20225562 677 

Sivasakthi K, Tharanya M, Zaman‐Allah (2020) Transpiration difference under high 678 

evaporative demand in chickpea (Cicer arietinum L.) may be explained by differences in 679 

the water transport pathway in the root cylinder. Plant Biol, 22(5), 769-680 

780.https://doi.org/10.1111/plb.13147 681 

Sivasakthi K, Thudi M, Tharanya M (2018) Plant vigour QTLs co-map with an earlier 682 

reported QTL hotspot for drought tolerance while water saving QTLs map in other regions 683 

of the chickpea genome. BMC Plant Biol., 18, 1-18.https://doi.org/10.1186/s12870-018-684 

1245-1 685 

Tharanya M, Kholova J, Sivasakthi K et al (2018) Quantitative trait loci (QTLs) for water 686 

use and crop production traits co-locate with major QTL for tolerance to water deficit in a 687 

fine-mapping population of pearl millet (Pennisetum glaucum LR Br.). Theor. Appl. 688 

Genet, 131, 1509-1529.https://doi.org/10.1007/s00122-018-3094-6 689 

Tharanya M, Sivasakthi K, Barzana G et al (2018) Pearl millet (Pennisetum glaucum) 690 

contrasting for the transpiration response to vapour pressure deficit also differ in their 691 

dependence on the symplastic and apoplastic water transport pathways. Funct. Plant 692 

Biol. 45(7), 719-736.https://doi.org/10.1071/FP17161 693 

https://doi.org/10.1080/07352689.2019.1645402
https://doi.org/10.1007/s00425-020-03503-1
https://doi.org/10.1007/s00425-020-03503-1
https://doi.org/10.1073/pnas.1113675109
https://doi.org/10.1073/pnas.1113675109
https://doi.org/10.3390/ijms20225562
https://doi.org/10.1111/plb.13147
https://doi.org/10.1186/s12870-018-1245-1
https://doi.org/10.1186/s12870-018-1245-1
https://doi.org/10.1007/s00122-018-3094-6
https://doi.org/10.1071/FP17161


Tiwari K.N (2001) Phosphorus needs of Indian soils and crops. Better Crops International 694 

15 (2), 6-10 695 

Vadez V & Ratnakumar P (2016) High transpiration efficiency increases pod yield under 696 

intermittent drought in dry and hot atmospheric conditions but less so under wetter and 697 

cooler conditions in groundnut (Arachis hypogaea (L.)). Field Crops Res, 193, 16-23. 698 

https://doi.org/10.1016/j.fcr.2016.03.001 699 

Vadez V, Choudhary S, Kholová J et al (2021) Transpiration efficiency: insights from 700 

comparisons of C4 cereal species. J. Exp. Bot, 72(14), 5221-701 

5234.https://doi.org/10.1093/jxb/erab251 702 

Vadez V, Deshpande S. P, Kholova J (2011b) Stay-green quantitative trait loci’s effects on 703 

water extraction, transpiration efficiency and seed yield depend on recipient parent 704 

background. Funct. Plant Biol, 38(7), 553-566. https://doi.org/10.1071/FP11073 705 

Vadez V, Kholová J, Hummel G et al (2015) LeasyScan: a novel concept combining 3D 706 

imaging and lysimetry for high-throughput phenotyping of traits controlling plant water 707 

budget.J. Exp. Bot, 66(18), 5581-5593.https://doi.org/10.1093/jxb/erv251 708 

Vadez V, Kholova J, Yadav RS, Hash CT (2013) Small temporal differences in water 709 

uptake among varieties of pearl millet (Pennisetum glaucum (L.) R. Br.) are critical for 710 

grain yield under terminal drought. Plant Soil 371, 447–711 

462.https://doi.org/10.1007/s11104-013-1706-0 712 

Vadez V, Rao S, Kholova J et al (2008) Roots research for legume tolerance to drought: 713 

quo vadis? Journal of Food Legumes 21 77–85 714 

Valluru R, V Vadez, C.T. Hash and P. Karanam 2010 A minute phosphorus application 715 

contributes to a better establishment of pearl millet (Pennisetum glaucum (L.) R. Br.) 716 

seedling in phoshorus deficient soils.Soil Use Manag,26,36–43. 717 

https://doi.org/10.1111/j.1475-2743.2009.00245.x 718 

Vinod KK (2015) Enhancing nutrient starvation tolerance in rice. Genetic manipulation in 719 

plants for mitigation of climate change, 117-142. https://doi.org/10.1007/978-81-322-720 

2662-8_6 721 

Wang K, Cui K, Liu, G, Xie, W, Yu, H, Pan J, ... & Peng S (2014). Identification of 722 

quantitative trait loci for phosphorus use efficiency traits in rice using a high density SNP 723 

map. BMC genetics, 15(1), 1-15 724 

https://doi.org/10.1016/j.fcr.2016.03.001
https://doi.org/10.1093/jxb/erab251
https://doi.org/10.1071/FP11073
https://doi.org/10.1093/jxb/erv251
https://doi.org/10.1007/s11104-013-1706-0
https://doi.org/10.1111/j.1475-2743.2009.00245.x
https://doi.org/10.1007/978-81-322-2662-8_6
https://doi.org/10.1007/978-81-322-2662-8_6


Wissuwa M, Ae N (2001) Genotypic variation for tolerance to phosphorus deficiency in 725 

rice and the potential for its exploitation in rice improvement. Plant Breed 120,43–48. 726 

https://doi.org/10.1046/j.1439-0523.2001.00561.x 727 

Wissuwa M, Gamat G, Ismail AM(2005) Is root growth under phosphorus deficiency 728 

affected by source or sink limitations? J Exp Bot ; 56,1943–1950. 729 

https://doi.org/10.1093/jxb/eri189 730 

Wissuwa M, Yano M, Ae N (1998) Mapping of QTLs for phosphorus-deficiency tolerance 731 

in rice (Oryza sativa L.). Theor Appl Genet 97,777–783. 732 

https://doi.org/10.1007/s001220050955 733 

Yang H, Chen R, Chen Y et al Agronomic and physiological traits associated with genetic 734 

improvement of phosphorus use efficiency of wheat grown in a purple lithomorphic 735 

soil. Crop J, 2022, 10(4), 1151-1164. https://doi.org/10.1016/j.cj.2021.11.010 736 

Cross, A. F., & Schlesinger, W. H. (1995). A literature review and evaluation of the. Hedley 737 

fractionation: Applications to the biogeochemical cycle of soil phosphorus in natural 738 

ecosystems. Geoderma, 64(3-4), 197-214 739 

Hayes, P. E., Adem, G. D., Pariasca-Tanaka, J., & Wissuwa, M. (2022). Leaf phosphorus 740 

fractionation in rice to understand internal phosphorus-use efficiency. Annals of 741 

Botany, 129(3), 287-302. 742 

Gourley, C. J. P., Allan, D. L., & Russelle, M. P. (1993). Defining phosphorus efficiency 743 

in plants. Plant and soil, 155, 289-292. 744 

Dixon, M., Simonne, E., Obreza, T., & Liu, G. (2020). Crop response to low phosphorus 745 

bioavailability with a focus on tomato. Agronomy, 10(5), 617. 746 

• Zhao, D. Y., Zhang, X. L., Zhao, S. P., Liu, G. L., Zhang, Z. W., Zhao, W. F., ... & 747 

Siddique, K. H. (2023). Biomass allocation and nutrients utilization in wheat as affected 748 

by phosphorus placement and salt stress. Agronomy, 13(6), 1570. 749 

• Leiser, W. L., Rattunde, H. F. W., Piepho, H. P., Weltzien, E., Diallo, A., Melchinger, 750 

A. E., ... & Haussmann, B. I. (2012). Selection strategy for sorghum targeting 751 

phosphorus‐limited environments in West Africa: Analysis of multi‐environment 752 

experiments. Crop Science, 52(6), 2517-2527. 753 

• Parentoni, S. N., de Souza Jr, C. L., de Carvalho Alves, V. M., Gama, E. E. G., Coelho, 754 

A. M., De Oliveira, A. C., ... & Schaffert, R. E. (2010). Inheritance and breeding 755 

strategies for phosphorous efficiency in tropical maize (Zea mays L). Maydica, 55(1), 756 

1. 757 

• Beebe, S. E., Rao, I. M., Cajiao, C., & Grajales, M. (2008). Selection for drought 758 

resistance in common bean also improves yield in phosphorus limited and favorable 759 

environments. Crop science, 48(2), 582-592. 760 

• Ceasar, S. A., Ramakrishnan, M., Vinod, K. K., Roch, G. V., Upadhyaya, H. D., Baker, 761 

A., & Ignacimuthu, S. (2020). Phenotypic responses of foxtail millet (Setaria italica) 762 

https://doi.org/10.1046/j.1439-0523.2001.00561.x
https://doi.org/10.1093/jxb/eri189
https://doi.org/10.1007/s001220050955
https://doi.org/10.1016/j.cj.2021.11.010


genotypes to phosphate supply under greenhouse and natural field conditions. PLoS 763 

One, 15(6), e0233896. 764 

• Rajamanickam, V., Vinod, K. K., Vengavasi, K., Kumar, T., Chinnusamy, V., & 765 

Pandey, R. (2024). Root architectural adaptations to phosphorus deficiency: Unraveling 766 

genotypic variability in wheat seedlings. Agriculture, 14(3), 447. 767 

• Gemenet, D. C., Beggi, F., Hash, C. T., Sy, O., Sanogo, M. D., Zangre, R. G., ... & 768 

Haussmann, B. I. (2016). Towards understanding the traits contributing to performance 769 

of pearl millet open-pollinated varieties in phosphorus-limited environments of West 770 

Africa. Plant and Soil, 407, 243-259. 771 

• Jones, G. P. D., Blair, G. J., & Jessop, R. S. (1989). Phosphorus efficiency in wheat—772 

a useful selection criterion?. Field Crops Research, 21(3-4), 257-264. 773 

• Wissuwa, M., Wegner, J., Ae, N., & Yano, M. (2002). Substitution mapping of Pup1: 774 

a major QTL increasing phosphorus uptake of rice from a phosphorus-deficient 775 

soil. Theoretical and Applied Genetics, 105, 890-897. 776 

• Parentoni, S. N., de Souza Jr, C. L., de Carvalho Alves, V. M., Gama, E. E. G., Coelho, 777 

A. M., De Oliveira, A. C., ... & Schaffert, R. E. (2010). Inheritance and breeding 778 

strategies for phosphorous efficiency in tropical maize (Zea mays L). Maydica, 55(1), 779 

1. 780 

• Leiser, W. L., Rattunde, H. F. W., Weltzien, E., & Haussmann, B. I. (2014). Phosphorus 781 

uptake and use efficiency of diverse West and Central African sorghum genotypes 782 

under field conditions in Mali. Plant and soil, 377, 383-394. 783 

• Veneklaas, E. J., Lambers, H., Bragg, J., Finnegan, P. M., Lovelock, C. E., Plaxton, W. 784 

C., ... & Shane, M. W. (2012). Opportunities for improving phosphorus‐use efficiency 785 

in crop plants. New Phytologist, 195(2), 306-320. https://doi.org/10.1111/j.1469-786 

8137.2012.04190.x  787 

• Iqbal, S., Akhtar, J., Naz, T., Riaz, U., Hussain, S., Mazhar, Z., & Iqbal, M. M. (2020). 788 

Root morphological adjustments of crops to improve nutrient use efficiency in limited 789 

environments. Communications in Soil Science and Plant Analysis, 51(19), 2452-2465. 790 

• Lambers, H., Martinoia, E., & Renton, M. (2015). Plant adaptations to severely 791 

phosphorus-impoverished soils. Current opinion in plant biology, 25, 23-31. 792 

• Vance, C. P., Uhde‐Stone, C., & Allan, D. L. (2003). Phosphorus acquisition and use: 793 

critical adaptations by plants for securing a nonrenewable resource. New 794 

phytologist, 157(3), 423-447. 795 

• Ramaekers, L., Remans, R., Rao, I. M., Blair, M. W., & Vanderleyden, J. (2010). 796 

Strategies for improving phosphorus acquisition efficiency of crop plants. Field Crops 797 

Research, 117(2-3), 169-176. 798 

• Żebrowska, E., Milewska, M., & Ciereszko, I. (2017). Mechanisms of oat (Avena sativa 799 

L.) acclimation to phosphate deficiency. PeerJ, 5, e3989. 800 

• He, Y., Shen, Q., Kong, H., Xiong, Y., & Wang, X. (2005). Effect of soil moisture 801 

content and phosphorus application on phosphorus nutrition of rice cultivated in 802 

different water regime systems. Journal of plant nutrition, 27(12), 2259-2272. 803 

• Wissuwa, M., Gonzalez, D., & Watts-Williams, S. J. (2020). The contribution of plant 804 

traits and soil microbes to phosphorus uptake from low-phosphorus soil in upland rice 805 

varieties. Plant and Soil, 448, 523-537. 806 



• Mollier, A., & Pellerin, S. (1999). Maize root system growth and development as 807 

influenced by phosphorus deficiency. Journal of Experimental Botany, 50(333), 487-808 

497. 809 

• Yoneyama, K., Xie, X., Kusumoto, D., Sekimoto, H., Sugimoto, Y., Takeuchi, Y., & 810 

Yoneyama, K. (2007). Nitrogen deficiency as well as phosphorus deficiency in 811 

sorghum promotes the production and exudation of 5-deoxystrigol, the host recognition 812 

signal for arbuscular mycorrhizal fungi and root parasites. Planta, 227, 125-132. 813 

• Ren, M., Huang, M., Qiu, H., Chun, Y., Li, L., Kumar, A., ... & Li, X. (2021). Genome-814 

wide association study of the genetic basis of effective tiller number in rice. Rice, 14(1), 815 

56. 816 

• Cui, K., Peng, S., Ying, Y., Yu, S., & Xu, C. (2004). Molecular dissection of the 817 

relationships among tiller number, plant height and heading date in rice. Plant 818 

production science, 7(3), 309-318. 819 

• Chen, Y., Fan, X., Song, W., Zhang, Y., & Xu, G. (2012). Over‐expression of OsPIN2 820 

leads to increased tiller numbers, angle and shorter plant height through suppression of 821 

OsLAZY1. Plant biotechnology journal, 10(2), 139-149. 822 

• Zamuner, E. C., Lloveras, J., & Echeverría, H. E. (2016). Use of a critical phosphorus 823 

dilution curve to improve potato crop nutritional management. American Journal of 824 

Potato Research, 93, 392-403. 825 

• Kong, S., Qin, Y., Shi, X., Yu, J., Jia, L., Chen, Y., & Fan, M. (2024). Establishing a 826 

critical phosphorus dilution curve for potato in semi-arid regions based on a Bayesian 827 

analysis. Frontiers in Plant Science, 15, 1458741. 828 

• Rose, T. J., Liu, L., & Wissuwa, M. (2013). Improving phosphorus efficiency in cereal 829 

crops: is breeding for reduced grain phosphorus concentration part of the 830 

solution?. Frontiers in Plant Science, 4, 444. 831 

 832 

 833 

TABLE CAPTIONS 834 

Table 1: Details of genotypes, treatments, and replications, along with a list of phenotyped 835 

traits obtained from various phenotyping platforms (Lysi-Field, HTP-LeasyScan, and 836 

hydroponics).  837 

Table 2: Two-way ANOVA results for Plant Growth, Water Use, Phenology, and Agronomical 838 

Traits Across Various Phenotyping Platforms. The table includes Mean Sum of Squares for 839 

treatment (T), genotypes (G), and T x G interactions, along with corresponding P values and 840 

significance levels. The use of different alphabets in the Tukey-Kramer test with trait mean 841 

values denote significant differences between low and high P treatments at least significant 842 

difference of 0.05. *, ** and *** signify significant differences at P < 0.05, P < 0.01, and P < 843 

0.001, respectively, while “ns” denote non-significant differences. 844 



Table 3: One-way ANOVA Results for Plant Growth, Water Use, Phenology, and 845 

Agronomical Traits Across Various Phenotyping Platforms. The table includes Mean Sum of 846 

Squares for genotypes (G) along with corresponding P values and significance levels. The use 847 

of different alphabets in the Tukey-Kramer test with trait mean values indicates differences 848 

between genotypes at least significant difference of 0.05. *, ** and *** signify significant 849 

differences at P < 0.05, P < 0.01, and P < 0.001, respectively, while “ns” denote non-significant 850 

differences. 851 

FIGURE CAPTIONS 852 

Fig. 1: a) Boxplot depicting the variation in grain yield under low and high phosphorus (P) 853 

treatments, measured using a Lysimeter. The blue boxplot represents the high P treatment, and 854 

the orange boxplot represents the low P treatment. Statistically significant differences between 855 

treatments at P < 0.05 are indicated by different letters on the boxplots. b) Bar graph showing 856 

genotypic variation in grain yield under low and high P treatments, assessed using a Lysimeter. 857 

Blue bars represent the high P treatment, and orange bars represent the low P treatment. 858 

Statistically significant differences among genotypes (P < 0.05) are indicated by distinct upper-859 

case letters for low P treatment and lower-case letters for high P treatment, while bars with the 860 

same letters denote no significant differences. 861 

Fig. 2: a) Boxplot illustrating the variation in percentage reduction relative to the high P 862 

treatment [((high P – low P)/high P) * 100]. The orange boxplot represents root surface area 863 

(cm²), measured using a hydroponics facility, while the green boxplot represents leaf area 864 

(mm²), measured using the HTP-LeasyScan facility. The cross symbol inside each boxplot 865 

indicates the mean percentage reduction values. 866 

Fig. 2: b) Boxplot showing the variation in percentage reduction relative to the high P treatment 867 

[((high P – low P)/high P) * 100]. The pink boxplot represents grain P content, the green 868 

boxplot represents leaf P content, and the orange boxplot represents stem P content. The cross 869 

symbol inside each boxplot indicates the mean percentage reduction values. 870 

Fig. 3: Regression analysis showing the relationship between grain yield under low P treatment 871 

and grain yield under high P treatment, measured at the Lysi-field facility. The figure includes 872 

the slopes, R², and r values of the regressions. R² and r values marked with an asterisk (**) 873 

indicate significant differences at P < 0.01. 874 



Fig. 4: Regression analysis showing the relationship between residual grain yield under low P 875 

conditions (unexplained by high P treatment) and tiller numbers from the Lysi-field, under both 876 

low and high phosphorus treatment conditions. In the scatterplots, blue dots and a red trend 877 

line represent the high P treatment, while orange dots and a red trend line represent the low P 878 

treatment. The figure includes the slopes and R² values of the regressions. R² values marked 879 

with an asterisk (**) indicate significant differences at P < 0.01. 880 

Fig. 5: Regression analysis showing the relationship between total biomass under low and high 881 

P treatment conditions and total P concentration from the Lysi-field facility. In the scatterplots, 882 

blue dots and a red trend line represent the high P treatment, while orange dots and a red trend 883 

line represent the low P treatment. The figure includes the slopes and R² values of the 884 

regressions. R² values marked with an asterisk (**) indicate significant differences at P < 0.01, 885 

while R² values labeled as "ns" indicate no significant difference. 886 

 887 

SUPPLEMENTARY INFORMATION 888 

Supplementary Fig. S1 a) Boxplot showing the variation in tiller numbers under low and high 889 

phosphorus treatments, measured using a Lysimeter. The blue boxplot represents the high 890 

phosphorus treatment, and the orange boxplot represents the low phosphorus treatment. 891 

Different letters on the boxplots indicate statistically significant differences between treatments 892 

at the 0.05 level of least significant difference. b) Bar graph illustrating genotypic variation in 893 

tiller numbers under low and high phosphorus (P) treatments, assessed using a Lysimeter. The 894 

high P treatment is represented by blue bars, and the low P treatment by orange bars. Bars 895 

marked with distinct lower-case letters (for high P treatment) and upper-case letters (for low P 896 

treatment) indicate statistically significant differences (p < 0.05), while bars with the same 897 

letters show no significant differences. 898 

Supplementary Fig. S2 Bar graph showing genotypic variation in 3D-leaf area under low and 899 

high phosphorus (P) treatments, assessed using a Lysimeter. The high P treatment is 900 

represented by blue bars, and the low P treatment by orange bars. Bars labeled with distinct 901 

lower-case letters (for high P treatment) and upper-case letters (for low P treatment) indicate 902 

statistically significant differences (p < 0.05), while bars with the same letters show no 903 

significant differences. 904 



Supplementary Fig. S3 Bar graph showing genotypic variation in root surface area under low 905 

and high phosphorus (P) treatments, assessed using a Lysimeter. The high P treatment is 906 

represented by blue bars, and the low P treatment by orange bars. Bars labeled with distinct 907 

lower-case letters (for high P treatment) and upper-case letters (for low P treatment) indicate 908 

statistically significant differences (p < 0.05), while bars with the same letters show no 909 

significant differences. 910 

Supplementary Fig. S4 The stacked bar graph illustrates the distribution of phosphorus 911 

concentration in different plant tissues (leaf, stem, and grain) under high phosphorus 912 

treatments. Phosphorus concentration in the leaf is represented by green bars, in the stem by 913 

blue bars, and in the grain by orange bars. Different lowercase letters on the bars indicate 914 

statistically significant differences in mean phosphorus content among genotypes within each 915 

tissue (leaf, stem, or grain) at P < 0.05. Bars with the same letter indicate no significant 916 

difference. 917 

Supplementary Fig. S5 The stacked bar graph illustrates the distribution of phosphorus 918 

concentration in different plant tissues (leaf, stem, and grain) under low phosphorus treatments. 919 

Phosphorus concentration in the leaf is represented by green bars, in the stem by blue bars, and 920 

in the grain by orange bars. Different uppercase letters on the bars indicate statistically 921 

significant differences in mean phosphorus content among genotypes within each tissue (leaf, 922 

stem, or grain) at P < 0.05. Bars with the same letter indicate no significant difference. 923 

Supplementary Fig. S6 a) Boxplot showing the variation in total phosphorus (P) concentration 924 

(mg per gram) under low and high P treatments. The blue boxplot represents the high P 925 

treatment, and the orange boxplot represents the low P treatment. Statistically significant 926 

differences between treatments at P < 0.05 are indicated by different letters on the boxplots. b) 927 

Bar graph illustrating genotypic variation in total P concentration under low and high P 928 

treatments. Blue bars represent the high P treatment, and orange bars represent the low P 929 

treatment. Statistically significant differences among genotypes (P < 0.05) are indicated by 930 

distinct upper-case letters for low P treatment and lower-case letters for high P treatment, while 931 

bars with the same letters show no significant differences. 932 

Supplementary Fig. S7 The bar graph shows genotypic variation in phosphorus use efficiency 933 

under both low and high phosphorus (P) treatments. High P treatment is represented by blue 934 

bars, while low P treatment is shown by orange bars. Distinct lowercase letters (for high P 935 



treatment) and uppercase letters (for low P treatment) on the bars indicate statistically 936 

significant differences (P < 0.05). Bars with the same letter signify no significant differences. 937 



G
ra

in
 y

ie
ld

 (
g

)

0

10

20

30

40

50

60

Grain Yield

High P Low P

0

5

10

15

20

25

30

35

40

45

IS
e
 7

1
0

IS
e
 4

8
0

IS
e
 1

1
3

4

IS
e
 1

6
0

IS
e
 1

5
9

3

IS
e
 9

0

IS
e
 1

7
3

6

IS
e
 1

8
8

8

IS
e
 1

8
5

9

IS
e
 7

5
8

G
ra

in
 y

ie
ld

 (
g

)

Genotypes

Grain Yield
Grain Yield_High P

Grain Yield_Low P

Fig. 1

b

ab

ab

b

ab

ab

ab

ab

b

a

abA

AB AB AB AB

AB

AB

B

AB

B

b)a)

a



P
er

ce
n

ta
g

e 
r
ed

u
c
ti

o
n

r
el

a
ti

v
e 

to
 h

ig
h

 P

0

10

20

30

40

50

60

70

RSA (cm²) Leaf area (mm²)

50%

34%

Fig. 2a



P
er

c
en

ta
g
e 

re
d

u
ct

io
n

 i
n

 P
 c

o
n

te
n

t 

re
la

ti
v
e 

to
 h

ig
h

 P

0

10

20

30

40

50

60

70

80

90

100

Grain P

Leaf P

Stem P

24%

37%

68%

Fig. 2b



y = 0.4927x + 1.6992
R² = 0.65**
r = 0.81**

5

10

15

20

25

15 20 25 30 35 40

G
ra

in
 y

ie
ld

 u
n

d
e

r 
lo

w
 P

Grain yield under high P

Fig. 3



y = 0.1445x - 2.7524
R² = 0.66**_High P

y = 0.5015x - 3.2205
R² = 0.70**_Low P

-4.0

-3.0

-2.0

-1.0

0.0

1.0

2.0

3.0

4.0

5.0

0 10 20 30 40 50

R
e

s
id

u
a

l 
g

ra
in

 y
ie

ld
 u

n
d

e
r 

lo
w

 P
 

n
o

t 
e

x
p

la
in

e
d

 b
y
 h

ig
h

 P

Tiller numbers

Fig. 4



Fig. 5

y = -0.0195x + 2.2405
R² = 0.71**_Low P

y = 0.007x + 2.1141
R² = 0.0957 ns_High P

0.0

0.3

0.6

0.9

1.2

1.5

1.8

2.1

2.4

2.7

3.0

0 10 20 30 40 50 60 70 80

T
o
ta

l 
B

io
m

a
ss

 (
g
)

Total P concentration (mg g-1)



T
il
le

r

0

5

10

15

20

25

30

35

40

45

Tillers

High P Low P

0

5

10

15

20

25

30

35

40

45

IS
e

 7
1

0

IS
e

 4
8

0

IS
e

 1
1

3
4

IS
e

 1
6

0

IS
e

 1
5

9
3

IS
e

 9
0

IS
e

 1
7

3
6

IS
e

 1
8

8
8

IS
e

 1
8

5
9

IS
e

 7
5

8

T
il

le
r 

n
u

m
b

e
rs

Genotypes

Tillers

Tiller_Low P

Tiller_High P

BA

a

b

a

A

ab

ab
abc

e

bcd

cde

bcde

cde

de

A
AB

ABC

C

ABC BC

C
BC

C

Suppl. Fig 1



0

5000

10000

15000

20000

25000

30000

35000

40000

45000

ISe 1134 CV maxima ISe 1593 ISe 1859 ISe 480 ISe 758 ISe 160 ISe 1736 ISe 1888 ISe 90

3
D

-L
e

a
f 

a
re

a
 (

m
m

2
)

Genotypes

3D-Leaf area

3DLA_High P 3DLA_Low P

a

AB

a

AB

B

a

a a

a

A

AB

A

a

A

a

AB

a

A

a

AB

Suppl. Fig 2



0

100

200

300

400

500

600

700

CV maxima ISe 758 ISe 90 ISe 1134 ISe 1736 ISe 1859 ISe 1888 ISe 480 ISe 160 ISe 1593

R
o

o
t 

s
u

rf
a
c

e
 a

re
a

 (
c
m

-2
)

Genotypes

Root surface area

Root Surface area_High P Root Surface area_Low P

d

C

cd
BC

bcd

BC

bc

BC

ab

A

ab

AB

ab

AB

ab

AB

ab

AB

a

A

Suppl. Fig 3



0

1

2

3

4

5

6

7

8

9

10

IS
e

 7
1

0

IS
e

 4
8

0

IS
e

 1
1

3
4

IS
e

 1
6

0

IS
e

 1
5

9
3

IS
e

 9
0

IS
e

 1
7

3
6

IS
e

 1
8

8
8

IS
e

 1
8

5
9

IS
e

 7
5

8P
 c

o
n

c
e

n
tr

a
ti

o
n

 i
n

 l
e

a
f,

 s
te

m
 a

n
d

 g
ra

in
 (

m
g

 g
-1

 D
M

])

Genotypes

P concentration in different plant tissue under high P 

Leaf Stem Grain

bcd abc

df d

ab
bcd

cd
abc

d

a
abc

d

abc

abc

abc

abc

bc

abc

abc

a

c

c

bc

ab

ab

abc

a

a

abc

a

abc

bc

Suppl. Fig 4



0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

10.0

IS
e

 7
1

0

IS
e

 4
8

0

IS
e

 1
1

3
4

IS
e

 1
6

0

IS
e

 1
5

9
3

IS
e

 9
0

IS
e

 1
7

3
6

IS
e

 1
8

8
8

IS
e

 1
8

5
9

IS
e

 7
5

8

P
 c

o
n

c
e

n
tr

a
ti

o
n

 i
n

 l
e

a
f,

 s
te

m
 a

n
d

 g
ra

in
 (

m
g

 g
-1

 D
M

])

Genotypes

P concentration in different plant tissue under low P 

Leaf Stem Grain

C

C

A AB

ABC

A A A
A

A A
A

A A

ABC

AB

ABC

BC

A

BC

BC

AB

ABC

AB

A

A

AB

ABC

ABC

AB

Suppl. Fig 5



0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

ISE 710 ISE 160 ISE 480 ISE 758 ISE 1859 ISE 1736 ISE 90 ISE 1593 ISE 1888 ISE 1134

T
o
ta

l 
P

 c
o
n

ce
n

tr
a

ti
o

n
 (

m
g

 g
-1

)

High P

Low P

abc

abc

bc bc

ab

abc
abc

c

a

bc

C

BC
ABC

ABC ABC
AB AB

A
A A

Genotypes

T
o

ta
l 

P
 c

o
n

c
en

ta
rt

io
n

 (
m

g
 g

-1
)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

Low P High P

a

b

Suppl. Fig 6

A B



0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

40.0

45.0

ISE 1134 ISE 1888 ISE 1593 ISE 758 ISE 1736 ISE 90 ISE 1859 ISE 160 ISE 480 ISE 710

P
 u

se
 e

ff
ic

ie
n

c
y

 (
g

 b
io

m
a

ss
 p

er
 m

g
 P

)

Genotypes

PUE

Low P

High P

a
a

a
a

a
a

a

a

a

a

E

E

A

B

BC
BCD

E

BCDE

CDE
DE

Suppl Fig. 7



Table 1: Details on genotypes, treatments, and replications, along with a list of phenotyped traits obtained from various phenotyping platforms (Lysi-Field, HTP-
LeasyScan, and Hydroponics). 

Sl.No 

Phenotyping 
Platform Trait description Unit Trait code Trait category 

 No. of 
genotypes 

No. of 
treatments 

Replication 
per 
treatment 

Method employed 
for trait 
measurement 

1 Lysi-Field (LF) Tiller Numbers  count TLR-LF Growth 10 

2 (Low and 
high P) 6 Manual counting 

2 Lysi-Field (LF) Leaf dry weight g LDW Biomass 10 

2 (Low and 
high P) 6 Weighing 

3 Lysi-Field (LF) Stem dry weight g StDW Biomass 10 

2 (Low and 
high P) 6 Weighing 

4 Lysi-Field (LF) Panicle dry weight g PnDW Biomass 10 

2 (Low and 
high P) 6 Weighing 

5 Lysi-Field (LF) Total biomass g TBM Biomass 10 

2 (Low and 
high P) 6 Weighing 

6 Lysi-Field (LF) Days to flowering count DFL  Phenology 10 

2 (Low and 
high P) 6 

Visual scoring based 
on days after sowing 

7 Lysi-Field (LF) Grain yield g GY Agronomy 10 

2 (Low and 
high P) 6 Weighing 

8 Lysi-Field (LF) Harvest Index % HI Agronomy 10 

2 (Low and 
high P) 6 Weighing 

9 Lysi-Field (LF) 1000-Grain weight  g ThGW Agronomy 10 

2 (Low and 
high P) 6 Mechanical counting 

10 Lysi-Field (LF) Total transpiration kg Tot-T  Water use  10 

2 (Low and 
high P) 6 Weighing 

11 Lysi-Field (LF) 
Transpiration 
efficiency  gkg-1 TE Water use  10 

2 (Low and 
high P) 6 Weighing 

12 Lysi-Field (LF) 
Phosphorus 
concentration in leaf mg g-1  Leaf P Nutrient  10 

2 (Low and 
high P) 6 Chemical 



13 Lysi-Field (LF) 
Phosphorus 
concentration in stem mg g-1  Stem P 

Plant nutrient 
uptake 10 

2 (Low and 
high P) 6 Chemical 

14 Lysi-Field (LF) 
Phosphorus 
concentration in grain mg g-1  Grain p 

Plant nutrient 
uptake 10 

2 (Low and 
high P) 6 Chemical 

15 Lysi-Field (LF) 
Total phosphorus 
concentration mg g-1 dry  Tot-P conc 

Plant nutrient 
uptake 10 

2 (Low and 
high P) 6 Chemical 

16 Lysi-Field (LF) 
Phosphorus use 
efficiency g2mg-1 PUE 

Plant nutrient 
use efficiency 10 

2 (Low and 
high P) 6 Chemical 

17 

LeasyScan 
(LS) Digital biomass mm-3 DBM Biomass 10 

2 (Low and 
high P) 8 3D imaging 

18 

LeasyScan 
(LS) Plant height mm PH Growth 10 

2 (Low and 
high P) 8 3D imaging 

19 

LeasyScan 
(LS) 3D-Leaf area mm-2 3DLA Biomass 10 

2 (Low and 
high P) 8 3D imaging 

20 

LeasyScan 
(LS) Pojected leaf area  mm-2 Proj.LA Biomass 10 

2 (Low and 
high P) 8 3D imaging 

21 

Hydroponics 
(Hydro) Root length cm RL Growth 10 

2 (Low and 
high P) 8 

Manual measurement 
with a ruler 

22 

Hydroponics 
(Hydro) Crown Root Numbers count 

Crown root 
No. Growth 10 

2 (Low and 
high P) 8 Manual counting 

23 

Hydroponics 
(Hydro) Shoot dry weight g ShDW Biomass 10 

2 (Low and 
high P) 8 Weighing 

24 

Hydroponics 
(Hydro) Root dry weight g RDW  Biomass 10 

2 (Low and 
high P) 8 Weighing 

25 

Hydroponics 
(Hydro) Root: Shoot ratio   RDW/ShDW Biomass 10 

2 (Low and 
high P) 8 Weighing 

26 

Hydroponics 
(Hydro) Root Surface area cm2 RSA Biomass 10 

2 (Low and 
high P) 8 Digital imaging 



27 

Hydroponics 
(Hydro) Leaf area  cm2 LA Biomass 10 

2 (Low and 
high P) 8 Area quantification 

28 

Hydroponics 
(Hydro) Tiller Numbers  count TLR-LS Growth 10 

2 (Low and 
high P) 8 Manual counting 

 

 

Table 2: Two-way ANOVA results for Plant Growth, Water Use, Phenology, and Agronomical Traits Across Various Phenotyping Platforms. The table includes Mean 
Sum of Squares for treatment (T), genotypes (G), and T x G interactions, along with corresponding P values and significance levels. The use of different alphabets in 
the Tukey-Kramer test with trait mean values denote significant differences between low and high P treatments at least significant difference of 0.05. *, ** and *** 
signify significant differences at p < 0.05, p < 0.01, and p < 0.001, respectively, while “ns” denote non-significant differences. 

Sl.No 

Phenotyping 

platform Trait code 

Treatment 

(T) P value 

Genotype 

(G) P value T x G Int. P value Error 

High P 

Mean 

Low P 

Mean LSD (0.05) 

1 

Lysi-Field (LF) 

TLR-LF 3646.52 *** 536.06 *** 145.37 *** 32.68 17.5a 6.37b 2.088 

2 LDW 387.735 *** 26.463 *** 4.51 ns 3.631 8.91a 5.32b 0.696 

3 StDW 852.929 *** 216.746 *** 33.86 * 13.504 15.0a 9.74b 1.342 

4 DFL 542.417 *** 125.715 *** 6.22 ns 5.784 47.0a 42.7b 0.878 

4 PnDW 4949.259 *** 304.701 *** 57.14 ns 60.117 29.0a 16.2b 2.832 

6 TBM 13749.789 *** 1201.165 *** 140.46 ns 144.963 52.6a 31.3b 4.398 

7 GY 3063.63 *** 203.64 *** 74.84 ns 53.45 24.2a 14.1b 2.671 

8 HI 14.416 ns 316.766 *** 138.79 ** 52.713 45.6a 44.7a 2.652 

9 ThGW 0.815 *** 0.508 *** 0.01 ns 0.0348 2.78a 2.63b 0.07 

10 Tot-T 6.312 ns 47.554 *** 5.51 ns 11.9 23.2a 22.7b 1.26 

11 TE 24.707 *** 1.311 *** 0.16 ns 0.181 2.01a 1.10b 0.155 

12 Leaf P 18.82 *** 0.73 *** 0.283 *** 0.089 2.27a 1.46b 0.114 

13 Stem P 24.41 *** 0.247 *** 0.209 *** 0.058 1.41a 0.47b 0.093 

14 Grain p 10.77 *** 0.503 *** 0.403 *** 0.089 3.17a 2.55b 0.114 

http://sl.no/


15 Tot-P 17.15 *** 0.322 *** 0.302 *** 0.063 2.45a 1.66b 0.096 

16 PUE 20.26 ns 359.54 *** 161.59 *** 32.91 19.38a 18.88a 2.19 

17 

HTP-LeasyScan 

DBM 9.815 *** 2.597 * 2.09 ns 1.09 7158113 a 2600247 b 1018793 

18 PH 175664 *** 11828 *** 3562 ns 2711 302 a 239 b 16.059 

19 3DLA 7.693 *** 2.635 ** 1.673 * 84406052 23356 a 10595 b 2834 

20 Proj.LA  2.159 *** 90734768 ** 56400038 ns 30118890 13233 a 6512 b 1693 

21 

Hydroponics 

RL 9402 *** 890 *** 155 * 63.961 38.502 a 23.51 b 2.58 

22 
Crown Root 
No 900 *** 96.9 *** 7.714 ns 5.662 - - 0.795 

23 ShDW 2.014 *** 0.336 *** 0.044 ** 0.014 0.563 a 0.333 b 0.039 

24 RDW 0.196 *** 0.024 *** 7.916 ns 9.97 0.403 a 0.337 b 0.009 

25 RDW/ShDW 6.235 *** 2.937 *** 0.092 ns 0.266 1.319a 0.873b 0.188 

26 RSA 617844 *** 114092 *** 9380 ns 6134 419 a 302 b 24.62 

27 LA 8453 *** 4970 *** 754 *** 128 50.464 a 35.582 b 4.404 
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Table 3: One-way ANOVA Results for Plant Growth, Water Use, Phenology, and Agronomical Traits Across Various Phenotyping Platforms. The table includes Mean 
Sum of Squares for genotypes (G) along with corresponding P values and significance levels. The use of different alphabets in the Tukey-Kramer test with trait mean 
values indicates differences between genotypes at least significant difference of 0.05. *, ** and *** signify significant differences at p < 0.05, p < 0.01, and p < 0.001, 
respectively, while “ns” denote non-significant differences.  

S.N

O 
Phenotypin
g Platform 

Trait code Trt G_MS 
P 
value 

Error 

ISE 710 
(LF) & 
CV 
Maxima 
(LS 
&Hydro) 

ISE 480 
ISE 
1134 

ISE 160 
ISE 
1593 

ISE 90 ISE 1736 
ISE 
1888 

ISE 1859 
ISE 
758 

LSD 
(0.05) 

1 

Lysi-Field 

(LF) 

Leaf P 

High P 0.79 *** 0.13 2.22 abc 2.38 abc 1.88 c 2.65 ab 
2.18 
abc 

1.88 cd 2.35 abc 2.85 a 2.66 a 1.73 c 0.47 

Low P 0.22 *** 0.05 1.12 c 1.55 ab 
1.42 
abc 

1.46 abc 1.71 a 1.28 bc 1.40 abc 1.75 a 1.57 ab 
1.38 
abc 

0.28 

2 Stem p 
High P 0.39 *** 0.09 1.43 abc 1.33 abc 1.24 bc 1.54 abc 0.96 c 1.09 bc 1.66 ab 1.90 a 1.44 abc 

1.44 
abc 

0.39 

Low P 0.04 ns 0.03 0.34 a 0.43 a 0.41 a 0.43 a 0.53 a 0.56 a 0.50 a 0.60 a 0.42 a 0.56 a 0.21 

3 Grain P 
High P 0.54 *** 0.12 3.22 abc 2.98 abc 

3.09 
abc 

3.47 a 2.61 c 3.35 ab 3.25 abc 3.52 a 3.50 a 2.75 bc 0.44 

Low P 0.34 *** 0.06 2.09 c 2.45 abc 2.71 ab 2.33 bc 2.40 bc 2.72 ab 2.65 ab 2.91 a 2.55 abc 2.74 ab 0.32 

4 Tot-P 

High P 3.41 *** 0.08 2.43 abc 2.18 bc 2.22 bc 2.56 abc 2.16 c 2.51 abc 2.58 abc 2.85 a 2.76 ab 2.21 bc 0.35 

Low P 0.28 *** 0.05 1.26 c 1.54 abc 1.94 a 1.43 bc 1.86 a 1.78 ab 1.72 ab 1.91 a 1.64 abc 
1.61 
abc 

0.28 

5 PUE 

High P 79.02 ns 40.18 19.95 a 26.10 a 16.08 a 17.81 a 17.27 a 21.55 a 19.49 a 14.23 a 25.45 a 17.70 a 8.08 

Low P 442.15 *** 26.38 37.67 a 24.50 b 9.05 e 23.92 bc 11.74 e 
18.17 
bcde 

14.22 cde 11.47 e 22.87 bcd 
13.54 
de 

6.52 

6 DFL 

High P 73.2 *** 5.96 44.0 abc 48.5 a 37.0 d 47.3 ab 39.8 cd 41.2 cd 42.7 bc 39.8 cd 44.0 abc 42.5 c 2.83 

Low P 59.72 *** 5.6 50.3 ab 50.7 ab 42.6 d 51.8 a 44.0 d 45.3 cd 44.3 cd 45.2 cd 48.8 abc 
46.5 
bcd 

3.01 

7 StDW 
High P 162.97 *** 23.58 16.0 abcd 24.9 a 11.2 cd 17.9 abc 7.49 d 13.3 bcd 15.5 bcd 

13.0 
bcd 

20.7 ab 10.0 cd 5.63 

Low P 87.21 *** 3.22 15.8 a 13.2 ab 4.58 d 13.1 ab 4.79 d 9.80 bc 7.74 cd 7.22 cd 12.7 ab 7.60 cd 2.28 

8 LDW 
High P 14.72 * 5.95 10.2 ab 11.6 a 7.65 ab 8.72 ab 6.40 b 9.69 ab 9.07 ab 8.10 ab 10.3 ab 7.45 ab 2.83 

Low P 15.89 *** 1.27 8.39 a 6.44 ab 2.32 d 5.42 bc 3.94 cd 5.79 bc 4.57 bcd 4.10 cd 6.54 ab 5.55 bc 1.43 

9 PnDW 

High P 268.35 * 100.88 29.9 ab 35.1 ab 20.1 b 29.5 ab 25.4 ab 33.9 ab 27.2 ab 23.9 ab 42.5 a 23.0 b 11.65 

Low P 97.66 *** 18.53 22.2 a 20.0 ab 12.4 bc 18.6 ab 
14.2 
abc 

18.4 abc 13.4 bc 12.4 bc 19.6 ab 10.3 c 5.47 

10 GY 
High P 195.53 * 82.86 22.4 ab 26.2 ab 17.5 b 23.2 ab 22.2 ab 28.94 ab 23.5 ab 19.8 b 37.8 a 21.2 ab 10.55 

Low P 85.73 ** 23.44 21.1 a 16.3 ab 13.4 ab 13.5 ab 12.6 ab 16.23 ab 11.8 ab 9.44 b 17.7 ab 8.88 b 6.15 



11 TBM 
High P 854.17 ** 248.17 56.2 abc 69.7 ab 38.9 c 56.2 abc 39.3 c 56.9 abc 51.7 abc 

45.0 
abc 

72.0 a 40.5 bc 18.27 

Low P 491.69 *** 39.65 46.4 a 39.7 ab 19.3 e 37.2 abc 22.8 de 34.0 bcd 25.7 cde 23.7 de 38.8 ab 23.4 de 8 

12 ThGW 

High P 0.27 *** 0.03 3.02 abc 2.70 bcd 2.48 d 2.70 bcd 
2.81 
abcd 

2.83 abcd 2.55 d 3.10 a 3.05 ab 2.68 cd 0.21 

Low P 0.26 *** 0.04 2.95 a 2.48 bc 2.29 c 2.54 abc 
2.66 
abc 

2.69 abc 2.44 c 2.83 ab 2.89 a 2.44 c 0.27 

13 TLR-LF 
High P 612.07 *** 56.72 32.7 a 30.8 ab 

23.2 
abc 

22.0 abc 3.17 e 18.2 bcd 13.5 cde 
17.3 
bcde 

10.2 cde 4.00 de 8.73 

Low P 70.92 *** 8.15 11.5 a 11.3 a 9.20 ab 6.84 abc 2.17 c 7.00 abc 5.84 bc 3.34 c 5.00 bc 2.00 c 3.62 

14 Tot-T  
High P 24.31 ns 17.93 24.9 a 24.9 a 21.4 a 22.8 a 21.5 a 22.8 a 22.0 a 21.3 a 27.4 a 22.2 a 4.91 

Low P 28.66 *** 5.75 27.2 a 23.7 abc 20.4 c 21.0 bc 22.3 bc 23.0 abc 21.3 bc 21.8 bc 25.5 ab 20.7 c 3.05 

15 TE 

High P 0.91 ** 0.3 2.01 ab 2.59 a 1.55 ab 2.20 ab 1.54 b 2.29 ab 2.05 ab 1.8 ab 2.53 ab 1.62 ab 0.64 

Low P 0.57 *** 0.06 1.48 a 1.42 a 0.72 d 1.49 a 0.78 d 1.25 abc 0.94 bcd 0.82 cd 1.29 ab 
0.85 
bcd 

0.31 

16 HI 
High P 239.86 *** 55 39.8 bc 36.7 c 

43.0 
abc 

39.3 bc 55.7 a 50.3 abc 45.5 abc 
42.7 
abc 

50.8 abc 52.0 ab 8.6 

Low P 210.59 *** 50.38 39.7 b 41.3 ab 55.2 a 39.3 b 54.0 a 47.7 ab 46.0 ab 43.3 ab 45.3 ab 37.0 b 9.02 

17 

LeasyScan 
(LS) 

DBM 

High P 3.893 ns 2.21 
6401059 
ab 

5875710 
ab 

440620
7 b 

8166179 
ab 

572701
2 ab 

12385575 
a 

8156354 
ab 

900138
2 ab 

5507217 
ab 

841465
7 ab 

541094
9 

Low P 4.636 ** 1.537 
1529939 
b 

2735205 
ab 

287079
8 ab 

2895631 
ab 

197929
1 ab 

2976411 
ab 

1661432 b 
370708
9 a 

3297371 
ab 

264590
4 ab 

123231
6 

18 PH 

High P 5676 ns 3559 340 a 269 a 292 a 301 a 301 a 352 a 283 a 302 a 275 a 322 a 68.662 

Low P 9635 *** 2000 272 ab 208 bcd 279 a 
242 
abcd 

206 cd 271 abc 191 d 268 abc 235 abcd 
226 
abcd 

44.453 

19 3DLA 

High P 3.433 * 1.631 17395 a 21539 a 14801 a 26347 a 19414 a 36228 a 29057 a 29921 a 19628 a 26052 a 14702 

Low P 
6869712

0 
*** 

1846611
3 

5180 b 12622 a 9964 ab 11712 a 9246 ab 11243 ab 8188 ab 13794 a 13836 a 
10930 
ab 

4271 

20 Proj.LA 

High P 1.147 * 
5648766

5 
9766 a 12276 a 8682 a 14855 a 10171 a 20152 a 16325 a 17660 a 10940 a 15455 a 8650 

Low P 
2674665

2 
** 8042707 3082 b 7843 a 6131 ab 7332 a 5625 ab 7171 ab 4961 ab 7581 a 8759 a 6978 ab 2819 

21 TLR-LS 
High P 16.858 ns 11.481 9.67 a 10.5 a 8.38 a 11.43 a 

11:00 
AM 

13.15 a 9.17 a 9.63 a 12.5 a 11.88 a 3.913 

Low P 1.631 ns 2.817 5.2 a 5.1 a 5.4 a 5.5 a 4.7 a 5.125 a 4.6 a 5.75 a 5.6 a 5.8 a 1.668 

22 

Hydroponic
s (Hydro) 

RL 

High P 667 *** 73.633 23.09 d 40.84 b 
39.32 
bc 

56.48 a 
46.94 
ab 

34.69 bcd 44.06 ab 
35.56 
bcd 

38.12 bcd 
27.03 
cd 

9.894 

Low P 334 *** 56.476 12.3 c 27.77 ab 
19.63 
bc 

26.42 ab 33.35 a 23.76 ab 28.18 ab 
21.72 
abc 

23.32 ab 
18.56 
bc 

7.47 

23 
Crown Root 

No 

High P 63.38 *** 5.169 8.43 e 17.84 a 
10.34 
de 

13 bcd 
15.84 
ab 

14.5 abc 14.43 abcd 17.72 a 13.72 abcd 
11.13 
cde 

2.625 

Low P 38.867 *** 6.023 5.8 c 10.23 ab 5.5 c 8.8 abc 11.63 a 9.75 ab 9.5 ab 11 ab 9.4 ab 7.4 bc 2.609 

24 ShDW High P 0.263 *** 0.013 0.35 cd 0.55 b 0.52 bc 0.84 a 0.83 a 0.61 b 0.59 b 0.59 b 0.61 b 0.17 d 0.144 



Low P 0.096 *** 0.016 0.2 bc 0.32 abc 0.38 ab 0.4 a 0.48 a 0.38 ab 0.33 abc 0.36 ab 0.39 a 0.12 c 0.134 

25 RDW  

High P 0.014 *** 0.001 0.36 cd 0.43 ab 0.4 bcd 0.44 ab 0.48 a 0.4 bc 0.42 bc 0.43 ab 0.39 bcd 0.34 d 0.039 

Low P 0.011 *** 8.448 0.29 e 0.36 bc 
0.32 
cde 

0.37 ab 0.41 a 0.34 bcde 0.34 bcd 0.36 b 0.33 bcde 0.31 de 0.027 

26 
RDW/ShD

W 

High P 1.142 *** 0.036 1.14b 0.8bc 0.81bc 0.57c 0.64c 0.66c 0.73c 0.74bc 0.66c 2.13a 0.315 

Low P 2.055 *** 0.415 1.63 ab 1.51 b 1.05 b 1.19 b 0.88 b 0.93 b 1.09 b 1.3 b 1.08 b 2.57 a 0.685 

27 RSA 
High P 87957 *** 6689 248 d 503 ab 380 bc 520 ab 559 a 378 bcd 449 ab 457 ab 450 ab 275 cd 94.2 

Low P 37374 *** 5667 182 c 328 ab 254 bc 348 ab 400 a 251 bc 368 a 321 ab 305 ab 246 bc 74.876 

28 LA 

High P 5860 *** 150 4.04 d 55.96 bc 18.06 d 101 a 70.08 b 65.23 bc 43.97 c 54.8 bc 61.16 bc 19.04 d 14.165 

Low P 1321 *** 98.223 2.52 e 38.38 bc 
11.13 
de 

44 ab 60.77 a 32.19 bcd 30.71 bcd 
36.72 
bc 

44.92 ab 
15.29 
cde 

16.33 

29 TLR-Hydro 
High P 2.468 ** 0.704 2.45 a 1.71 a 2.78 a 1.28 a - - 2.24 a 1a - 1a 2.41 

Low P 1.464 ** 0.324 1.62 ab 1.25 ab 2.56 a 1.34 ab 1.34 ab - 1.62 ab 1b - 1 ab 1.64 
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