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Abstract format for submission 16 
 17 
Aim: Mechanisms of drought tolerance based on root architecture and lipid composition in wheat 18 

are poorly understood. We quantified the differences in root morphological traits and phospholipid 19 

and glycolipid levels between winter and spring wheat genotypes differing in drought tolerance 20 

were grown at variable water supply.  21 

 22 

Methods: Experiments were conducted using seven winter and four spring wheat (Triticum 23 

aestivum) genotypes. In the first experiment, solid agar medium was used to quantify seminal root 24 

angles. In the second experiment, the plants were grown in 150-cm columns in a greenhouse under 25 

full and deficit moisture supply for 65 days to record root architecture. The root tips (2-cm-long) 26 

were used for quantifying polar lipids.  27 

 28 

Results: Winter wheat genotypes had 1.5 times higher maximum root length than spring wheat 29 

ones. Significant differences in the content of root polar lipids, and molecular types and double 30 

bond index of galactolipids were observed among spring but not winter wheat genotypes. Drought 31 

tolerance of winter wheat genotypes was linked with increased maximum root length. In spring 32 

wheat, the attributes such as shallow and well-branched root system and increased unsaturated 33 

fatty acid content are linked with drought tolerance.  34 

 35 

Conclusion: Winter wheat genotypes had greater maximum root length and total root length 36 

compared with spring wheat genotypes; introgression of this trait into spring wheat background 37 

can increase the grain yield under drought stress.  38 
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Abstract 39 

Information about mechanisms of drought tolerance based on root architecture and lipid in wheat 40 

is scarce. We quantified the differences in root morphological traits and phospholipid and 41 

glycolipid levels between winter and spring wheat genotypes and their responses under drought 42 

stress conditions. Experiments were conducted using seven winter and four spring wheat (Triticum 43 

aestivum) genotypes. In the first experiment, solid agar medium was used to quantify root angle. 44 

In the second experiment, the plants were grown in 150-cm columns in a greenhouse under full 45 

and deficit moisture content for 65 days for recording root architecture. The bottommost roots 46 

were used for quantifying polar lipids. Winter wheat had 1.5 times higher maximum root length 47 

than spring wheat. Significant differences in contents of root polar lipids, molecular species and 48 

double bond index of galactolipids were observed in spring wheat; and no variation was observed 49 

in winter wheat. Drought tolerance of winter wheat genotypes was linked with maximum root 50 

length. In spring wheat, the attributes like shallow and well branched root system and increased 51 

unsaturated fatty acid content are linked with drought tolerance. Winter wheat genotypes had 52 

greater maximum root length and total root length compared with spring wheat genotypes and 53 

introgression of this trait into spring wheat background can increase the grain yield under drought 54 

stress.  55 
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Introduction 56 

Wheat (Triticum aestivum L.) is an important food crop for more than one third of the world 57 

population, and it is sensitive to drought stress, particularly during booting, flowering and grain 58 

filling stages (Ihsan et al. 2016). Under rainfed conditions, wheat crop may suffer from drought 59 

stress due to unpredictable and infrequent rains, resulting in significant yield losses (Hossain et al. 60 

2012). It is anticipated that the occurrence of drought stress in the major wheat-producing regions 61 

will increase in response to changing and variable climate (Reynolds and Ortiz 2010, Semenov 62 

and Shewry 2011). In general, breeding efforts to improve crop yields under drought stress are 63 

focused on aboveground plant parts (Wachsman et al. 2015), and the knowledge about genotypic 64 

differences between winter and spring wheat in root architecture influencing drought tolerance is 65 

limited.  66 

Among the various plant organs, roots are severely affected by drought due to their direct 67 

contact with drying soil (Yoshimura et al. 2008). The plant capacity to alter the root system 68 

architecture (root number, length, positioning and angle) under drought stress has been reported in 69 

many crops. Wasson et al. (2012) proposed deep roots, greater root length density, decreased 70 

resistance to water movement from soil to root and denser root hairs as the important traits 71 

associated with increased uptake of stored soil moisture from the deeper soil horizons. Indeed, 72 

well-branched and deeper root systems are often viewed as desirable traits for drought adaptation 73 

(Vadez 2014). Modelling studies have indicated that wheat genotypes with deep roots and greater 74 

root-length density could significantly improve water absorption under drought stress (Manschadi 75 

et al. 2006). In maize, the Steep, Cheap, and Deep (SCD) ideotype was found to be drought tolerant 76 

(Zhan et al. 2015), and many features of this ideotype may be relevant to wheat root systems.  77 

Root structure and distribution (root biomass) determine the water extraction pattern from 78 

soil (Liu et al. 2004). Research on rice (Oryza sativa L.), chickpea (Cicer arietinum L.), and peanut 79 

(Arachis hypogaea L.) indicated that drought tolerance was not associated with deep and profuse 80 

rooting systems (Price et al. 2002a, Zaman-Allah et al. 2011a, Ratnakumar and Vadez 2011). 81 

However, genotypes with greater root length density and extensive fibrous root system in deeper 82 

layers of soil had improved water uptake in sorghum [Sorghum bicolor (L.) Moench; Masi and 83 

Maranville 1998], soybean (Glycine max L.; Pantalone et al. 1999) and rice (Price et al. 2002b). 84 

In contrast, in wheat the role of greater root length density to grain yield under drought is variable 85 
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(Siddique et al. 1990). Some studies found a close relationship between rooting depth, root length 86 

density and water extraction pattern in maize and peanut (Hund et al. 2009, Vadez et al. 2013), 87 

whereas others showed no such relationship in chickpea and peanut (Zaman-Allah et al. 2011b, 88 

Ratnakumar and Vadez 2011). In the field, winter wheat had twice the rooting depth of spring 89 

wheat, but only a single genotype of each was tested (Thorup-Kristensen et al. 2009). However, 90 

large genetic variability for grain yield was detected in the spring and winter wheat association 91 

mapping panel grown under irrigated and dryland conditions; genotypes Gallagher and Jerry83 92 

were found to be drought-tolerant and -susceptible, respectively (Shroyer 2016). The spring wheat 93 

genotype Treasure had increased rooting depth and total root length and ranked high for most of 94 

the other root traits (Narayanan and Prasad 2014). Hence, the relevance to drought resistance of 95 

different root traits in different winter and spring wheat genotypes remains unknown. 96 

Tolerance to drought stress at the cellular level can be important. Membranes are main 97 

targets of degradative processes induced by drought stress (Gigon et al. 2004). Under drought, the 98 

membrane lipid content was decreased, correlating with inhibition of lipid synthesis or stimulation 99 

of lipolytic activities (Pham Thi et al. 1985, 1987, Matos et al. 2001). However, most studies dealt 100 

with the changes in phospho- and glycolipid contents in leaves (Gigon et al. 2004, Pham Thi et al. 101 

1985, 1987), whereas comparable information on root phospho- and glycolipid levels and lipid 102 

saturation is scarce.  103 

In this study, we characterized root architecture of selected winter and spring wheat 104 

genotypes as well as quantified root phospho- and glycolipid contents under well-watered and 105 

drought stress conditions. We hypothesized that drought stress would influence the root 106 

architecture and root polar lipid contents in winter and spring wheat genotypes, with variation in 107 

these traits potentially associated with drought tolerance.  108 

 109 

Materials and Methods 110 

 111 

Materials 112 

Four spring wheat genotypes (Treasure, MT1016, MN081066 and IDO686) and seven winter 113 

wheat genotypes (TAM112, TAM111, Yumar, Jerry83, BYRD, CO07W245, and Gallagher) were 114 

used for this research. The spring wheat genotypes Treasure and IDO686 were ranked high, and 115 

MN08106-6 and MT1016 were ranked low, for most of the root traits (rooting depth, total root 116 
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length, total surface area in 0- to 30-cm and 30- to 60-cm soil depths, fine root length, and fine 117 

root surface area) in the association panel comprising 250 genotypes (Narayanan and Prasad 2014). 118 

In field studies, the winter genotypes Gallagher and TAM111 were found to be drought-tolerant, 119 

and BYRD and Jerry83 drought-susceptible (Reddy et al. 2014, Shroyer 2016). 120 

 121 

Experimental details 122 

 123 

Experiment 1. Genetic variability in coleoptile length, number of seminal roots, seedling root 124 

length and root angle 125 

 Experiment were conducted in complete randomized design with five replications. The seeds of 126 

four spring and seven winter wheat genotypes were surface-sterilized using 10% v/v sodium 127 

hypochlorite for 5 min and then washed with deionized water three times. The seeds were 128 

germinated in Petri plates using filter paper (Whatman no 42) moistened with 5 mL of deionized 129 

water for 2 d.  130 

Sterilized agar (Sigma Type A; 2% w/v) was poured into the square Petri plates (12 x 12 x 131 

1.7 cm, L x W x H) up to the rim and allowed to solidify. All the sides of Petri plates were sealed 132 

using cellophane tape (Staples Invisible Tape, 2 x 3200 cm, Staples, Manhattan, Kansas). On the 133 

3rd day, uniformly sized seedling (radicle emerged) were selected and placed one per vertically-134 

positioned plate with the radicle facing downwards through the cuts in the side of the Petri plates 135 

containing agar. The Petri plates were incubated at 25 ± 1 ºC for 5 d (Manschadi et al. 2008). After 136 

the stipulated time, the root angle of individual root axes of the first and second pair of seminal 137 

roots, counting upwards from the primary seminal root (or radicle), was measured at 3 cm distance 138 

from the seed relative to a vertical line passing through the stem base (Manschadi et al. 2006). The 139 

angles of the first and second root pairs were averaged. After measuring the root angle, the 140 

seedlings were removed from agar, and the coleoptile length, seedling root length and number of 141 

seminal roots were measured for each seedling. 142 

 143 

Experiment 2. Genetic variability for plant height, total dry matter production, root length, root 144 

diameter, chlorophyll content, leaf temperature and phospho-glycolipid levels under drought  145 

Experiment in factorial design with three replications were conducted To understand the 146 

differences in the root system characteristics and phospho- and glycolipid contents among winter 147 
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and spring wheat genotypes, the experiment was conducted in the greenhouse facilities at the 148 

Department of Agronomy, Kansas State University, Manhattan, Kansas. Before starting 149 

experiments, the greenhouse was fumigated for 1 h by using an automated sulfur vaporizer 150 

(Rosemania, Franklin, TN) to avoid the powdery mildew attack. Plants were grown in polyvinyl 151 

chloride (PVC) columns with inside diameter of 7.5 cm and height of 150 cm. The bottom of the 152 

PVC columns had plastic caps with a central hole of 0.5 cm diameter for drainage. Turface MVP® 153 

(PROFILE Products LLC, Buffalo Grove, IL) with bulk density of 577±32 kg m-3 was used as 154 

rooting medium. Turface is non-swelling illite and silica clay that allows easy separation of roots. 155 

Before sowing, each PVC column was filled with X.Y kg of Turface and fertilized with 4 g of 156 

Osmocote, a slow-release fertilizer with 19:6:12 gravimetric percentages of N:P2O5:K2O (Scotts, 157 

Marysville, OH) and 1 g of Marathon 1% G (granular; a.i.: Imidacloprid:1-[(6-chloro-3-158 

pyridinyl)methyl]-N-nitro-2-imidazolidinimine; OHP, Inc., Mainland, PA) and evenly mixed with 159 

Turface in the top 2 cm.  160 

Two seeds of a single genotype were sown at 4 cm depth in each PVC column. After 161 

emergence, columns were thinned to one plant per column. Plants were irrigated with water 162 

(electrical conductivity 0.77 dS m-1 and pH 8) daily at 06:00 (300 mL), 12:00 (300 mL) and 18:00 163 

h (300 mL) through an automated drip irrigation system. The drainage from the drip tubes was 164 

examined on alternate days to adjust water delivery. Plants were maintained at 24/14 C (daytime 165 

maximum/night time minimum temperature) from sowing to harvest (65 d after sowing) at a 166 

photoperiod of 16 h (natural light and supplemental fluorescent lights). The fungicide, Bumper 167 

41.8 EC (emulsifiable concentrate; a.i.: Propiconazole: 1-[[2-(2,4 dichlorophenyl)-4-propyl-1,3-168 

dioxolan-2-yl]methyl]-1H-1,2,4–triazole; 1.2 mL L-1; Makhteshim Agan of North America, Inc., 169 

Raleigh, NC) was applied 20 d after sowing to prevent powdery mildew attack.  170 

 171 

Drought stress imposition 172 

The control plants were maintained at 100% field capacity by irrigation from sowing to final 173 

harvest. For the drought treatment, plants were stressed by withholding water from day 5 to final 174 

harvest (65 days after sowing). The spring wheat at harvest was in booting stage (Feeks 10) and 175 

the winter wheat was at two node visible stage (Feeks 7.0). During the drought stress period, all 176 

genotypes showed leaf rolling symptom from 45 days after sowing onwards.  177 

 178 



8 
 

Measurements 179 

 180 

Plant height, maximum root length, total root length and root diameter 181 

Plant height was measured one day before the harvest, as the distance from Turface level to the 182 

ligule of the youngest leaf. At harvest, the PVC columns were gently inverted at about 140 to let 183 

the content (Turface and plants with entire root system) of columns slip out. The roots were 184 

carefully separated from Turface without any breakage in the root system. The shoots were cut at 185 

the base; the roots were laid on a flat surface and straightened to measure the maximum root length 186 

(from base of the stem to the tip of the root system). The root system was carefully washed in 187 

water to remove any adhering Turface, placed between the moist paper towels, sealed in Ziploc 188 

bags (S.C. Johnson & Sons, Inc. Racine, WI), transported to the laboratory, and stored at 4 C.  189 

The root system of each plant was sliced into 30-cm-long portions; each portion was 190 

submerged in water in a tray (20 x 15 x 2 cm; L x W x H) and carefully spread to minimize root 191 

overlaps, and was scanned using an Epson photo scanner (Epson Perfection V700 with 6400 dpi 192 

resolution, Epson, Long Beach, CA). Images of scanned roots were analyzed using WinRHIZO 193 

Pro image system (Regent Instruments, Inc., Quebec City, QC, Canada) to estimate root length 194 

and root diameter as explained by McPhee (2005), Singh et al. (2011) and Narayanan and Prasad 195 

(2014). The shoots were dried in an oven at 60 C for 7 d for determining dry weight. Root 196 

length:shoot length  ratio for each genotype was calculated as the ratio of maximum root length to 197 

plant height (Tomar et al. 2016).  198 

 199 

Chlorophyll index and leaf temperature 200 

Leaf chlorophyll index and leaf temperature were measured at 5, 10 and 15 days after the 201 

appearance of the leaf rolling symptom on the fully expanded topmost leaf. Chlorophyll index was 202 

measured using a self-calibrating soil plant analysis development (SPAD) chlorophyll meter 203 

(Spectrum Technologies, Plainfield, IL). Leaf temperature was measured using FLIR BCAM SD 204 

thermal imaging camera (FLIR Systems Inc., Wilsonville, OR). Chlorophyll index data and leaf 205 

temperature were taken three times from the middle portion of the fully expanded topmost leaf, 206 

and the readings were averaged. 207 

 208 

Electrospray ionization with tandem mass spectrometry (ESI-MS/MS) lipid profiling in root tips 209 
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At harvest, bottom roots (2-cm-long  and 0.5 g in weight) were collected, chopped into pieces 210 

and transferred to a 50-mL glass tube with a Teflon-lined screw cap (Thermo Fisher Scientific, 211 

Inc., Waltham, MA, USA) containing 6 mL of hot isopropanol containing 0.01 % v/v butylated 212 

hydroxytoluene (BHT) maintained in dry bath (75 °C; Dry bath incubator, Thermo Fisher 213 

Scientific Inc., Waltham, MA, USA) for 15 min to deactivate lipid-hydrolyzing enzymes. After 214 

cooling the samples to room temperature, 3 mL of chloroform and 1.2 mL of deionized water were 215 

added, and samples were stored at -80 °C until analysis.  216 

The lipid extraction procedure described by Vu et al. (2012) was followed. Briefly, lipids 217 

were extracted in isopropanol, BHT, chloroform, and water by shaking on an orbital shaker at 218 

room temperature for 1 h and transferred to a new glass tube using a Pasteur pipette, leaving the 219 

root pieces in the original tube. An aliquot of 4 mL of chloroform:methanol (2:1) was added to the 220 

root pieces, the samples were shaken on an orbital shaker at room temperature overnight, and the 221 

solvent was combined with the first extract. The addition of extractant, shaking, and transfer steps 222 

were performed 4 times. Then, the solvent was evaporated from the extract in an N-EVAP 112 223 

nitrogen evaporator (Organomation Associates, Inc., Berlin, MA, USA). Finally, the lipid extract 224 

was dissolved in 1 mL of chloroform and stored at -80 °C. The extracted root pieces were dried in 225 

an oven at 105 °C overnight, cooled, and weighed to express the lipid content on a dry weight 226 

basis. Dry weights were determined using a balance (Mettler Toledo AX, Mettler Toledo 227 

International, Inc., Columbus, OH, USA), which had a detection limit of 2 μg. An automated 228 

electrospray ionization-tandem mass spectrometry approach was used to quantify the phospho- 229 

and glycolipid contents. Data acquisition and lipid profiling were carried out as described 230 

previously (Xiao et al. 2010, Narayanan et al. 2016). 231 

 232 

Data analyses 233 

Statistical analyses were performed using SAS programs (SAS Institute 2003). The first 234 

experiment (genetic variability in coleoptile length, number of seminal roots, seedling root length 235 

and root angle) was set in complete randomized design with five replications and the second 236 

experiment (genetic variability for plant height, total dry matter production, root length, root 237 

diameter, chlorophyll content, leaf temperature and phospho-glycolipid levels under drought) in 238 

split-plot design with three replications wherein the main plots were water regimes, and sub-plots 239 

were genotypes. Both experiments were repeated twice. Because there was no significant 240 
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difference between the two experiments, data were averaged before statistical analyses (Moore 241 

and Dixon, 2015). The data for root phospho- and glycolipids were measured in a single 242 

experiment. 243 

To assess the overall effect of wheat type (winter and spring), the data from control and 244 

drought-stressed winter and spring wheat genotypes were subjected to an analysis of variance with 245 

the GLM procedure, and Fisher’s least significant difference (LSD) at 5% significance level was 246 

used to test differences between mean values of winter and spring wheat genotypes. The 247 

classification of wheat genotypes for drought tolerance was performed using principal component 248 

analysis (PCA) as described by Kakani et al. (2005) by considering the percent change over 249 

control. Eigenvectors generated by PCA were used to identify parameters that differentiated wheat 250 

genotypes for drought tolerance. The factor loading values of variables and genotypes in PC1 and 251 

PC2 were used to classify the variables and genotypes.  252 

 253 
Results 254 

 255 
1. Genetic variability in coleoptile length, number of seminal roots, seedling root length and root 256 

angle (experiment I) 257 

Genotypes varied significantly (P≤0.05) for coleoptile length, number of seminal roots, seedling 258 

root length and root angle (Fig. 1a, b, c, d). Among the winter wheat genotypes, Yumar (4.0 cm) 259 

and CO07W245 (7.1 cm) had the shortest and longest coleoptile length, respectively (Fig. 1a). 260 

Spring wheat genotypes had more seminal roots (4.3) compared to winter wheat genotypes (3.9) 261 

(Fig. 1b). The genotypes Gallagher and Jerry83 had the lowest seedling root length compared with 262 

other genotypes (Fig. 1c). Across the genotypes, winter wheat genotypes had wider a root angle 263 

(59) compared with spring wheat genotypes (57; Fig. 1d). Spring wheat genotype MN08106-6 264 

(46) and winter wheat genotype CO07W245 (66) had the narrowest and widest root angles, 265 

respectively (Fig. 1d). 266 

 267 

2. Genetic variability in plant height, total dry matter production, root length, root diameter, 268 

chlorophyll content, leaf temperature and phospho- and glycolipid levels under drought 269 

(experiment II) 270 

 271 

Plant height and total dry matter production 272 
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There were significant (P≤0.05) effects of genotype, drought and interaction between genotype 273 

and drought on plant height and total dry matter production (Fig. 2a, b). Significant (P≤0.05) 274 

differences between winter and spring wheat genotypes for plant height and total dry matter 275 

production were observed. Overall, the spring wheat genotypes were taller (51 cm) than winter 276 

wheat genotypes (37 cm), and drought stress decreased the plant height of all genotypes except the 277 

genotypes BYRD, TAM111and IDO686 (Fig. 2a). Overall, the spring wheat genotypes 278 

accumulated less dry matter (0.9 g plant-1) than winter wheat genotypes (1.7 g plant-1) (Fig. 2b). 279 

Drought stress decreased dry matter accumulation in all the genotypes and maximum decrease was 280 

observed in the genotypes BYRD (85%) followed by TAM112 (77%). 281 

Maximum root length and root length:shoot length ratio 282 

There were significant (P≤0.05) effects of genotype, drought and interaction between genotype 283 

and drought on maximum root length and root length:shoot length ratio (Fig. 3a, b). Maximum 284 

root length (cm) was about ~1.5 times higher, and root length:shoot length ratio 2 times higher, in 285 

winter wheat than spring wheat genotypes (Fig. 2b, d). Drought stress significantly (P≤0.05) 286 

decreased maximum root length of all winter wheat genotypes except Gallagher and TAM111. 287 

Similarly, all the spring wheat genotypes showed a decreased maximum root length except the 288 

genotypes IDO686 and MN08106-6 (Fig. 2b). Drought stress increased root length:shoot length 289 

ratio in the genotypes Gallagher, TAM111 and Yumar, with no change in the genotypes IDO686 290 

and MN08106-6, whereas the other genotypes showed a decreased root length:shoot length ratio 291 

due to drought stress (Fig. 3b). 292 

 293 
Total root length and average root diameter 294 

Significant (P≤0.05) effects of genotype, drought and interaction between genotype and drought 295 

on total root length and average root diameter were observed (Fig. 3a, b). Spring wheat genotypes 296 

had lower total root length (by 60%) and average root diameter (by 9%) under drought stress 297 

compared to winter genotypes (Fig. 4a, b).  Drought stress increased the average root diameter of 298 

the genotypes BYRD, Jerry83, TAM111 and MT1016 (Fig. 4b). However, the genotype Treasure 299 

had decreased root diameter under drought stress (Fig. 4b). 300 

  301 

Chlorophyll index and leaf temperature 302 
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Significant (P≤0.05) differences among the genotypes were observed for leaf temperature and 303 

chlorophyll index (Supplementary Fig. 1a, b). The spring wheat genotype IDO686 (40 SPAD 304 

units) and winter wheat genotype Jerry83 (34 SPAD units) had the highest and lowest chlorophyll 305 

index, respectively (Supplementary Fig. 1a). The winter wheat genotypes had higher leaf 306 

temperature (by 0.5 C) than the spring wheat genotype (Supplementary figure 1b).  307 

 308 
The phospho- and glycolipid profiles  309 

There were significant (P≤0.05) effects of genotype, drought and interaction between genotype 310 

and drought on the molar percentages of MGDG (monogalactosyldiacylglycerol), DGDG 311 

(digalactosyldiacylglycerol), PG (phosphatidylglycerol), PC (phosphatidylcholine), PE 312 

(phosphatidylethanolamine), and PA (phosphatidic acid) (Fig. 5a, b, c, d, e, f). Spring wheat 313 

genotypes had higher glycolipid (total MGDG and DGDG) contents compared to winter wheat 314 

genotypes. However, the phospholipids (total PG, PC and PA) were higher in winter wheat than 315 

spring wheat genotypes (Fig. 5a, b, c, d, e, f). On average, under drought stress, proportions of 316 

MGDG and DGDG in spring wheat genotypes were increased by, respectively, 60 and 96% 317 

relative to control. In contrast, no significant change was observed in winter wheat genotypes (Fig. 318 

5a, b). Compared with control, the decreases in the proportions of PG, PC and PE due to drought 319 

were larger in spring wheat genotypes (38, 30 and 23%, respectively) than winter wheat genotypes 320 

(5, 1 and 8%, respectively) (Fig. 5c, d, e).  321 

 322 

Double bond index (DBI) 323 

The double bond index (DBI) of DGDG, MGDG, and PG was significantly (P≤0.05) decreased by 324 

drought stress compared with the control (Fig. 5a, b, c). On average, in spring wheat genotypes 325 

drought stress significantly (P≤0.05) increased the DBI of PG, PC and PE, and decreased that of 326 

DGDG and MGDG in comparison with the control. In contrast, in winter wheat genotypes no 327 

change in DBI of MGDG, DGDG, PC, PG, PE and PA was caused by drought stress (Fig. 5a, b, 328 

c, d, e).   329 

 330 

Lipid molecular species 331 

There were significant (P≤0.05) effects of genotype, drought and interaction between genotype 332 

and drought on the molar percentages of 34:2, 34:3 and 36:4 molecular species of MGDG and 333 
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DGDG (Fig. 5g, h, i, j, k, l). All the spring wheat genotypes had increased molar percentages of 334 

34:2, 34:3 and 36:4 MGDG and DGDG under drought stress, whereas varied response was 335 

observed in winter wheat. In general there is no much difference between control and drought 336 

stress in the levels of above lipid molecular species (Fig. 5g, h, i, j, k, l).  337 

Significant (P≤0.05) differences were observed in the molar percentages of 34:2, 34:3, 36:4 338 

and 36:5 molecular species of phospholipids for genotype, drought and interaction between 339 

genotype and drought (Fig. 6a, b, c, d, e, f, g, h, i , j, k, l). In general, the molar percentages of 340 

34:2, 34:3, 36:4 and 36:5 phospholipids were lower in spring wheat compared with winter wheat 341 

genotypes.  342 

 343 
Principal component analysis (PCA) 344 

The PCA showed that the first two principal components represented 65% of the variability, with 345 

PC1 explaining 45% of the variance (45%).  Along the PC1, the major contributor to the variance 346 

was root length (10%) followed by very fine root surface area (9%). In PC2, the major contributors 347 

were molar percentages of PG (15%), MGDG (15%), and DGDG (15%) (Fig. 7a). Among the 348 

genotypes, the highest variation along PC1 was caused by TAM112 (21%) followed by Gallagher 349 

(14%), and in PC2 the highest variation was caused by Gallagher (24%) followed by IDO686 350 

(21%) (Fig. 7b). Genotypes that had +PC1 and +PC2 scores were classified as tolerant, those with 351 

+PC1 and −PC2 as moderately tolerant, those with −PC1 and +PC2 as moderately susceptible, and 352 

those with −PC1 and −PC2 scores as susceptible. 353 

 354 

Discussion 355 

The root architecture can influence the efficiency of water extraction from soil. Irrespective of the 356 

water regimes tested, winter wheat genotypes had ~1.5 times longer maximum root length and 2 357 

times higher root length:shoot length ratio compared to spring wheat genotypes. The deep rooting 358 

system of winter wheat compared to spring wheat genotype may be due to its greater root 359 

penetration rate ability (Barraclough and Leigh 1984, Kirkegaard and Lilley 2007) and longer 360 

duration of the crop (Kirkegaard and Lilley 2007). Deep rooting has been shown to be an important 361 

trait under drought stress because it underpins the potential to absorb soil moisture from deeper 362 

soil layers (Gowda et al. 2011, Uga et al. 2011, Comas et al. 2013, Vadez 2014). Under drought 363 

stress, the tolerant plants tend to develop a deeper root system (high root length:shoot length ratio), 364 
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resulting in roots that can reach into still-moist deeper soil layers (Rich and Watt 2013), to avoid 365 

the negative effects of drought stress (Manschadi et al. 2006, Kirkegaard et al. 2007). Compared 366 

to other genotypes, the winter wheat genotypes, Gallagher and TAM111 had deep rooting system 367 

with high total root length under drought (Fig. 3b, 4a). PCA analysis indicated these two genotypes 368 

are drought tolerant (Fig. 7b). 369 

The spring wheat genotype Treasure had shallow rooting system but with high total root 370 

length compared to other spring wheat genotypes (Fig. 3b, 4a). As proposed by Lynch (2013), 371 

reduced lateral root branching in deep soil layers may be an adaptation to drought because it 372 

reduces the metabolic cost of soil exploration at depth. Shallow rooting systems, with strong 373 

branching, can occupy a greater topsoil volume than deep rooting systems, resulting in enhanced 374 

foraging within the topsoil (Valliyodan et al. 2016). Spring wheat is mostly grown in areas where 375 

drought is episodic, which makes plant response to rewetting very important for maintaining yield. 376 

In this situation, shallow but highly branched root systems would take advantage of rewetting, 377 

essentially offering drought tolerance by avoidance (Price et al. 2002a, Sanguineti et al. 2007, 378 

Zaman-Allah et al. 2011a, Vadez 2014).  379 

The cell membranes undergo a series of modifications due to drought stress (Repellin et al. 380 

1997). In the present study, drought stress increased the molar percentage of total galactolipids 381 

(MGDG and DGDG) in spring wheat genotypes, but no significant changes were observed in 382 

winter wheat genotypes (Fig. 5a, b). The total PG and PC levels were decreased by drought stress 383 

in spring wheat genotypes, and no variation was observed in winter wheat genotypes (Fig. 5c, d). 384 

The increased molar percentages of galactolipids under drought stress in spring wheat genotypes 385 

may be due to direct or indirect trafficking of PC or PC-derived lipids to the chloroplast for 386 

galactolipid biosynthesis; alternatively, PA may be dephosphorylated to DAG to form 387 

galactolipids (Awai et al. 2001, Benning 2009, Kim et al. 2010, Moellering et al. 2010).  388 

Under drought, the MGDG:DGDG ratio of spring wheat genotypes was decreased by 18%, 389 

but there was no change in winter wheat genotypes. The MGDG:DGDG ratio is important for 390 

maintenance of lamellar bilayer structures (Hincha et al. 1998) because DGDG is a bilayer-391 

forming lipid, whereas MGDG has a propensity to form non-lamellar hexagonal structures (Webb 392 

and Green 1991). Hence, a decrease in the MGDG:DGDG ratio under drought stress would have 393 

decreased the stability of the root-cell plasma membrane in spring wheat genotypes. 394 
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There was no variation in lipid molecular species in winter wheat genotypes (Fig. 5 and 6), 395 

but the spring wheat genotypes showed a significant increase in the molar percentages of 34:2, 396 

34:3 and 36:4 species of MGDG and DGDG under drought stress (Fig. 5). This could be due to 397 

increased concentration of saturated 18:2 fatty acid and deactivation of desaturase under drought 398 

stress. The decrease in double bond index value under drought stress in spring wheat genotypes 399 

confirms the deactivation of desaturase. The spring wheat genotypes had decreased total PC and 400 

increased total MGDG molar percentages under drought stress, indicating altered structure and 401 

fluidity of root-cell plasma membrane. Earlier studies showed that the double bond index of 402 

phospho- and glycolipids decreased in the drought-sensitive cultivar, whereas it remained 403 

unchanged in the drought-tolerant cultivars under drought stress (Repellin et al. 1997).  404 

Root is an important organ involved in drought tolerance. However, in many cases, the 405 

degree of root growth did not explain the differences in yield (Pantuwan et al. 2002; Subashri et 406 

al. 2009); in that situation the drought tolerance was is mainly dependent on shoot traits. For 407 

example, deep or profuse rooting would have no effect in shallow soil and deeper rooting might 408 

lead to faster soil water depletion and drought susceptibility. Many studies have indicated the shoot 409 

traits such as reduced canopy temperature, stomatal conductance, transpiration and osmotic 410 

adjustments play a major role in drought tolerance.  411 

Even though PVC columns filled with Turface cannot replicate the real field situation, 412 

Turface® clay may be useful for studying root architecture of major cereals such as wheat, maize 413 

and finger millet (Eleusine coracana L. Gaertn) (Goron et al. 2015). Nevertheless, further studies 414 

in field to validate drought tolerance of this genotypes will provide more understanding of 415 

differential drought tolerance of spring and winter wheat. 416 

 417 

Conclusions 418 

Irrespective of water regimes, maximum root length was 1.5 times higher in winter wheat 419 

compared to spring wheat genotypes. The double bond index of galactolipids was lower in spring 420 

wheat compared to winter wheat genotypes. Drought stress decreased maximum root length, total 421 

dry matter accumulation, maximum root length:shoot length ratio, total root length, molar 422 

percentage of PC, PE, and PG, and  double bond index of DGDG and MGDG. The principal 423 
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component analysis separated various wheat genotypes into drought tolerant (winter: TAM111 424 

and Gallagher; spring: Treasure) and drought susceptible (winter: BYRD and CO07W245, spring: 425 

MT1016) based on all traits. The maximum root length and total root length were higher in winter 426 

wheat drought-tolerant genotypes compared to susceptible genotypes. In spring wheat genotype 427 

the drought tolerance attributes are shallow root system with profuse branching, increased 428 

unsaturated fatty acid contents, MGDG:DGDG ratio, and PG molar percentages. Introgression of 429 

drought tolerance traits, particularly maximum root length, from winter wheat to spring wheat 430 

background can increase the spring wheat grain yield under drought stress.  431 
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Figure legends 598 

Fig. 1. Genetic variability in (a) coleoptile length, (b) number of seminal roots, (c) root length, and 599 

(d) root angle among winter and spring wheat genotypes (experiment I). Vertical bars denote ± 600 

S.E. Means with different letters were significantly different at P≤0.05 level. 601 

Fig. 2. Interaction effect of drought and genotype on (a) plant height (cm) and (b) total dry matter 602 

production (g plant-1) among winter and spring wheat genotypes (experiment II). Vertical bars 603 

denote ± S.E. The control and drought treatments of each genotype were compared for significance 604 

at P≤0.05 level, and the means with different letters were significantly different. 605 

Fig. 3. Interaction effect of drought and genotype on (a) maximum root length (cm) (b) maximum 606 

root length:shoot length ratio among winter and spring wheat genotypes  (experiment II). Vertical 607 

bars denote ± S.E. The control and drought treatments of each genotype were compared for 608 

significance at P≤0.05 level, and the means with different letters were significantly different. 609 

Fig. 4. Interaction effect of drought and genotype on (a) total root length (cm) and (b) average root 610 

diameter (mm) among winter and spring wheat genotypes (experiment II). Vertical bars denote ± 611 

S.E. The control and drought treatments of each genotype were compared for significance at 612 

P≤0.05 level, and the means with different letters were significantly different. 613 

Fig. 5. Interaction effect of drought and genotype on (a) total monogalactosyldiacylglycerol 614 

(MGDG), (b) total digalactosyldiacylglycerol (DGDG), (c) total phosphatidylglycerol (PG), (d) 615 

total phosphatidylcholine (PC), (e) total phosphatidylethanolamine (PE), (f) total phosphatidic acid 616 

(PA),  (g), (h), (i), (j), (k) and (l) 34:2, 34:3 and 36:4 MGDG and DGDG molecular species (mol%) 617 

(experiment II). Values shown are ± S.E. The control and drought treatments of each genotype 618 

were compared for significance at P≤0.05 level, and the means with different letters were 619 

significantly different.  620 

Fig. 6. Interaction effect of drought and genotype on lipid molecular species (a) 34:2 PC, (b) 34:2 621 

PG, (c) 34:2 PE, (d) 34:3 PC, (e) 34:3 PE, (f) 34:3 PA, (g) 36:4 PE, (h) 36:4 PG, (i) 36:4 PI, (j) 622 

36:5 PC, (k) 36:5 PE, and (l) 36:5 PA (mol%) (experiment II). Values shown are ± S.E. The control 623 

and drought treatments of each genotype were compared for significance at P≤0.05 level, and the 624 

means with different letters were significantly different.  625 
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Fig. 7. First and second principal component scores (PC1 and PC2) for identifying traits conferring 626 

drought tolerance: (a) the factor loading values for variables were indicated by thick lines radiating 627 

from the center showing the direction (angle) and magnitude (length), and (b) classification of 628 

eleven wheat genotypes based on the factor scores of first and second principal components 629 

(experiment II). Legend for (a): 1, total dry matter production (g plant-1); 2, maximum root length 630 

(cm); 3, root:shoot ratio; 4, total root length (cm); 5, surface area (cm2); 6, root diameter (mm); 7, 631 

root volume (cm3); 8, length of very fine roots (cm); 9, surface area of very fine root (cm2); 10, 632 

volume of very fine root (cm3); 11, monogalactosyldiacylglycerol (mol%); 12, 633 

digalactosyldiacylglycerol (mol%); 13, phosphatidylglycerol (mol%); 14, phosphatidic acid 634 

(mol%); 15, phosphatidylethanolamine (mol%); 16, phosphatidylcholine (mol%); 17, surface area 635 

of fine root (cm2); 18, volume of fine root (cm3); 19, root length of fine root (cm); 20, plant height 636 

(cm).  637 

Supplementary Fig. 1. Main effect of genotype (winter and spring wheat) on (a) chlorophyll index 638 

(SPAD units) and (b) leaf temperature (C) (experiment II). Vertical bars denote ± S.E. Means 639 

with different letters were significantly different.  640 
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