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Abstract 22 

 23 

Drought stress reduces seed crop yields in part by causing reproductive sterility 24 

associated with increased endogenous ABA. Application of the film antitranspirant, 25 

di-1-p-menthene, during reproductive-stage drought has been shown to ameliorate 26 

yield loss in wheat but the physiological processes involved are not understood. 27 

Using rain shelters to simulate Mediterranean-type terminal drought, we studied the 28 

possibility that application of the antitranspirant reduces both endogenous ABA 29 

concentration and the subsequent yield loss. Di-1-p-menthene was sprayed on 30 

droughted spring wheat plants (cv, Chilham) at 1.0 L/ha in two separate field 31 

experiments, at three growth stages between stem elongation and spike emergence 32 

in 2018; and at four growth stages between stem elongation and anthesis in 2019, 33 

with droughted but unsprayed plants serving as the control. Drought stress increased 34 

endogenous ABA but decreased yield. Di-1-p-menthene application reduced 35 

endogenous ABA concentration by 33 % and 40 %; and improved grain yield by 16 36 

and 15 % averaged across all growth stages in 2018 and 2019, respectively. The 37 

consistent effects of di-1-p-menthene in both years suggests that the mechanism of 38 

drought stress amelioration by the film antitranspirant is related to reduced 39 

endogenous ABA concentration during key growth stages.   40 

Keywords: water deficit; drought mitigation; abscisic acid; Vapor Gard41 
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1. Introduction  42 

 43 

Wheat (Triticum aestivum L.) is one of the three most important sources of calories 44 

in human diets and accounts for approximately 44 % of cereals traded annually 45 

across the globe (FAO, 2013, 2019), despite being widely cultivated in drought-prone 46 

areas (Sio-Se Mardeh et al., 2006), which account for 30 % of the global hectarage 47 

(Sheoran et al., 2015). In Mediterranean-type climates, wheat is principally grown 48 

under rainfed conditions characterised by low productivity due to frequent terminal 49 

droughts – prolonged soil moisture deficit inclusive of a crop’s reproductive 50 

development stages (Tigkas and Tsakiris, 2015). Terminal drought stress is also a 51 

common feature of environments where crops are grown under stored soil moisture 52 

at the end of the rainy season, such as subtropical areas (Pang et al., 2017). 53 

Although the UK as a whole does not experience frequent droughts, almost a third of 54 

its wheat is produced in drought-prone regions where water deficit causes a 10 % 55 

loss in annual production (Dodd et al., 2011; Foulkes et al., 2007). Drought limits 56 

wheat productivity by hampering physiological and reproductive processes. 57 

Depending on severity, drought can accelerate senescence and progressively 58 

supress carbon fixation due to low stomatal conductance (Christopher et al., 2016), 59 

leading to reduced grain development and reproductive organ abortion (Pang et al., 60 

2017; Turc and Tardieu, 2018).  61 

Drought stress induces an increase in the biosynthesis and endogenous abscisic 62 

acid (ABA) concentration of (Lee and Luan, 2012). Loss of cell turgor due to low 63 

water potential is correlated with an increase in the ABA concentration (Pierce and 64 

Raschke, 1980). That the increase in ABA concentration is related to a decrease in 65 

cell turgor is a position that has recently been challenged by Sack et al. (2018), who 66 
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argue that it is instead associated with a decline in relative water content or cell 67 

volume due to water loss. This argument is corroborative with Zhang and Davies 68 

(1990) who found low root water potential as a trigger for increased endogenous 69 

ABA. Once produced, ABA is transported through the vascular system acting as a 70 

drought signal, e.g. from the roots or leaves to the floral organs. Westgate et al. 71 

(1996) found that in wheat, increasing soil moisture deficit induced a much larger 72 

increase in endogenous ABA concentration in leaves than in floral organs, and that 73 

the turgor pressure in the leaves declined while it remained steady in the floral 74 

organs due to their higher water status. This suggests that in studying plant 75 

response to changes in soil water status, it is important to consider specific organs 76 

as they do not respond uniformly. 77 

 78 

Stomatal closure, to reduce transpirational water loss, is modulated by ABA 79 

signalling as one of the immediate adaptive responses of plants to decreased soil 80 

water status (Buckley, 2019; Lee and Luan, 2012). Reduced transpiration can be 81 

simulated agronomically by applying antitranspirants as a drought amelioration 82 

technique. Antitranspirants are agronomic products that are applied on leaves to 83 

reduce transpiration and hence improve the plant water status (del Amor et al., 2010; 84 

Mphande et al., 2020).  85 

 86 

Based on the mode of action, antitranspirants are classified into three types. The 87 

metabolic or stomata-closing type such as exogenous abscisic acid (ABA) reduce 88 

transpiration by physiologically inducing stomatal closure (AbdAllah et al., 2018). The 89 

reflective class (e.g. kaolin) enhance the light reflectance properties of leaf surfaces 90 

to minimise leaf temperature and consequently the transpiration rate (Glenn, 2012). 91 

The third group, called the film-forming antitranspirants (e.g. di-1-p-menthene), as 92 
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used here, reduce transpiration by physically blocking stomatal pores when a spray 93 

application has dried on the leaf surface (Palliotti et al., 2010).  94 

A recent review by Mphande et al. (2020) shows that antitranspirants can improve 95 

yield under drought stress conditions in a number of crops. However, yield 96 

improvements were not observed in all cases, as at some growth stages the 97 

antitranspirants had negligible or no effect (e.g. Kettlewell et al., 2010). The 98 

mechanisms of drought amelioration by antitranspirants are not fully understood. 99 

Recent studies suggest that the timing of antitranspirant application in relation to 100 

reproductive development, especially of pollen development, could be important 101 

(Mphande et al., 2020). Pollen viability is an important aspect of reproductive 102 

development because it affects the grain number per spike, with drought stressed 103 

spikes having less grains than well-watered ones (Ji et al., 2011; Rajala et al. 2009). 104 

Ultimately, the number of grains per m2 is also affected as grain number per spike is 105 

one of its components (Petr et al., 1988). Weerasinghe et al. (2016) attributed wheat 106 

grain yield improvement under water deficit stress, using di-1-p-menthene, to 107 

increased pollen viability by increasing plant water conservation. They found that 108 

plants not sprayed with the antitranspirant had significantly lower pollen viability. 109 

Nevertheless, the relationship was correlative and not a conclusive cause-and-effect 110 

one. Thus, the underlying mechanisms by which di-1-p-menthene and other 111 

antitranspirants improve reproductive development are yet to be established.  112 

A possible explanation could be that the antitranspirant effect of reducing water loss 113 

also reduces ABA biosynthesis and thus its downstream effects on photosynthesis, 114 

reproductive development or other metabolic processes. It is known than abiotic 115 

stresses such as drought and high temperature are among factors that modulate 116 

spike development and growth and consequently affect yield (Frank et al., 1987; Gol 117 
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et al., 2017; Kondhare et al., 2015). Knowledge of reproductive development 118 

processes and their duration is necessary in understanding how they may be 119 

affected by abiotic stress. Pre-anthesis development of the apical meristem (Table 1) 120 

is divided into three major parts: vegetative, early reproductive and late reproductive 121 

phases (Gol et al., 2017). Although it is impossible to precisely assign secondary 122 

growth stage to every reproductive development event, due to variations in genotypic 123 

and environmental factors (Acevedo et al., 2002; Barber et al., 2015) and the fact 124 

that the shoot apex is concealed (Kirby and Appleyard, 1987), there is a general 125 

consensus on limits within which most are expected to occur (Table 1).  While 126 

vegetative and early reproductive phases control the number of spikelet primordia 127 

that are set, the late reproductive phase, (which is vulnerable to abiotic stress 128 

particularly between beginning of stem elongation and meiosis), limits how many of 129 

those primordia will form viable florets; and hence impacts on yield (Gol et al., 2017).  130 

 131 

 132 

 133 

 134 

 135 

 136 

 137 

 138 

 139 
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Table 1: Summary of pre-anthesis principal wheat development phases and selected 140 

secondary growth stages. 141 

Major development 
phase 

Morphological and 
physiological change 

Associated 
crop growth 
stage (GS) 

Source  

Late vegetative 
phase  

Leaf primordia 
transitions to spikelet 
primordia 

No precise 
growth stage  

Tottman, 1987 

Early reproductive 
phase 

Spikelet primordia (at 
double ridge) 

Just before 
*GS30 

Tottman, 1987 

 
 
 
Late reproductive 
phase – spike 
growth 

Stem elongation GS30 to 
GS39 

Tottman, 1987; 
Zadoks et al., 
1974 

Terminal spikelet – end 
of spikelet initiation 

GS31 to 
GS32 

Barber et al., 
2015; Kirby and 
Appleyard, 1987 

Floret primordia GS30 to 
GS37 

(Mcmaster, 2009) 

Meiosis - anthers ~1 
mm long and light 
yellow 

GS37 to 
GS41 

Kirby and 
Appleyard 1987; 
Tottman, 1987; 
Zadoks et al., 
1974 

Booting GS40 to 
GS49 

Tottman, 1987 

Flag leaf sheath swollen GS45 Zadoks et al., 
1974 

Ear emergence or 
heading - spike pushed 
out of flag leaf sheath 

GS50 to 
GS59 

Zadoks et al., 
1974 

50 % of ear half 
emerged  

GS55 Zadoks et al., 
1974 

Anthesis GS60 to 
GS69 

Zadoks et al., 
1974 

50 % of anthers shed  GS65 Zadoks et al., 
1974 

 142 

 143 
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Film forming antitranspirants can protect crops from drought by delaying and 144 

reducing the stress experienced by the plants. Therefore, our present hypothesis is 145 

that applying di-1-p-menthene on drought-stressed spring wheat plants reduces the 146 

endogenous ABA concentration and ameliorates the negative effects of drought on 147 

reproductive development and grain yield.  148 

The hypothesis was tested in two separate experiments conducted in consecutive 149 

years (2018 and 2019). Di-1-p-menthene was applied at three growth stages in each 150 

year, all of which fall between stem elongation and anthesis, and its effects on the 151 

endogenous ABA concentration and the yield components of spring wheat were 152 

determined under drought conditions.  153 

 154 

2. Materials and Methods  155 

2.1 Experimental site description 156 

Two field experiments were conducted in 2018 and 2019 in rain shelters at the Flatt 157 

Nook Field, Harper Adams University, UK (52°46′N, 2°25′W). The soil at the site is a 158 

loamy sand with good drainage (Beard, 1988). The field capacity (FC) was 159 

determined as 22 % (volumetric water content, VWC) and the permanent wilting 160 

point 8 % (Weerasinghe et al., 2016). 161 

2.2 Experimental design  162 

The experiment was arranged in a randomised complete block design with each of 163 

four erected rain shelters serving as a block – i.e. there were four replications in 164 

each year. Each block consisted of six progressively drying plots in 2018 and five in 165 

2019 – with plants grown on stored soil moisture throughout the growth cycle to 166 

simulate Mediterranean-type climatic conditions. All treatments were grown under 167 
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drought conditions and included control plots not sprayed with the antitranspirant 168 

(designated as unsprayed). The 2018 design was a 2x3 factorial with the factors 169 

being the film-forming antitranspirant di-1-p-menthene (VG) and growth stage (GS). 170 

There was an equal number (three) of unsprayed and sprayed plots at each GS in 171 

each block, while in 2019 it was a single factor design. The spray description and 172 

growth stages are given under the section on antitranspirant application below. Two 173 

additional plots were also included in every block as a benchmark for assessing the 174 

extent of drought damage by comparison with droughted plots. The benchmark plots 175 

were irrigated using the drip irrigation system, twice for 30 minutes each time, on 176 

Mondays, Wednesdays and Fridays. This kept the volumetric water content in the 177 

upper 60 cm of the soil profile at an average of 20.02 %, which was 91 % of FC. 178 

Benchmark plots were not part of plot randomisation. In order to make irrigation 179 

easier and reduce the chance of water moving to the droughted plots, they were 180 

located on one side of the rain shelters and thus were not included in statistical 181 

analyses.  182 

 183 

2.3  Planting and agronomic management 184 

Fertiliser application: Based on soil nutrient analysis and the Nutrient Management 185 

Guide - RB209 – (AHDB, 2019), nitrogen was applied pre-planting at 100 kg N/ha 186 

(as ammonium nitrate) by broadcasting. To incorporate the fertiliser, land was 187 

prepared by ploughing using a tractor-drawn plough immediately afterwards. As the 188 

soil nutrient analysis showed that the supply of P and Mg were adequate for arable 189 

crops, these were not added to the soil. However, as drought limits uptake of 190 

nutrients from the soil (Nawaz et al., 2012), nitrogen deficiency symptoms, manifest 191 

at GS32, were corrected by applying an inorganic multi-nutrient fertiliser solution (3X 192 
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Solution, Omex Agriculture Ltd, Norfolk, PE30 2HH, UK) as a foliar spray at a rate of 193 

5.0 L/ha.  194 

Planting: Spring wheat (cv, Chilham) was hand-planted on 24th April in 2018 and on 195 

31st March in 2019, at a rate of 370 seeds per m2 by drilling at a depth of 196 

approximately 2 cm. Seedling emergence was at five days after planting (DAP) in 197 

2018 but it took 11 days in 2019 due to cooler weather.  198 

Weed control: Weeding was done manually in 2018 but in 2019, the selective 199 

herbicide, Zypar (active substances: 6 g/L arylex + 5 g/L florasulam) was applied at 200 

GS23 at a rate of 0.75 L/ha.   201 

2.4  Antitranspirant application 202 

The film antitranspirant used in the present study was Vapor Gard (96 % di-1-p-203 

menthene, Miller Chemical and Fertilizer Corp., Hanover, PA). The aim was to select 204 

growth stages within early and late reproductive phases, particularly from those 205 

falling between stem elongation and early booting (Table 1), which are said to be 206 

most vulnerable to abiotic stress, such as drought (Gol et al., 2017). The 207 

antitranspirant was applied at three growth stages described by Tottman (1987) as 208 

GS33, GS45 and GS51 in 2018. The growth stages in 2019 were similar but not all 209 

identical with the antitranspirant being sprayed at GS31, GS37, GS51 and GS65. 210 

The dates on which the antitranspirant was applied are listed below (Table 2), 211 

alongside ABA sampling dates. The antitranspirant was sprayed onto plants using a 212 

hand-held boom sprayer (Lunch Box Sprayer, Trials Equipment (UK) Ltd, Essex 213 

CM7 4EH) at 1.0 L/ha, as used by Faralli et al. (2019) and control plants were not 214 

treated with the antitranspirant.  215 

 216 
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Table 2: Vapor Gard application and ABA sampling schedule. 217 

Year Timing 

of VG 

sprays 

Spraying at 

days after 

planting 

Leaf sampling* at days 

after planting and days 

after spraying 

Spike sampling at days 

after planting and days 

after spraying  

  Growth 

stage 

DAP Date DAP Date  DAS  DAP Date  DAS  

2018 GS33 43 6th June 52 

69        

15th 

June 

2nd July 

9 

26 

N/A 

 

  GS45 45 8th June 54 

71 

17th 

June 

4th July 

9 

26 

N/A 

  GS51 48 11th June 57 

74 

20th 

June 

7th July 

9 

26 

N/A 

2019 GS31 51 21st May 60 30th May 9 75 14th June 24 

  GS37 58 28th May 67 6th June 9 75 14th June 17 

  GS51 72 11th June 81 20th 

June  

9 75 14th June 3 

  GS65 81 20th June N/A N/A N/A 

* Droughted-unsprayed control and benchmark plots were sampled on the same 218 

dates as droughted-sprayed plots, with the exception of spikes for the benchmark 219 

plots whose sampling was 10 days later than the rest due to a lag in development to 220 

the required growth stage. DAP, DAS and VG stand for days after planting, days 221 

after spraying and Vapor Gard, respectively. 222 
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2.5  Measurements 223 

Meteorological factors: The temperature and relative humidity readings in the rain 224 

shelters were monitored using Tinytag View 2 (Gemini Data Loggers UK Ltd, 225 

Chichester, England) and Omega OM-24 (Omega Engineering, Inc, USA) data 226 

loggers. Solar radiation data were obtained from the meteorological station based at 227 

Harper Adams University located within a one-kilometre distance from the research 228 

site. The mean daily temperature observed inside the rain shelters during the 229 

growing seasons was significantly higher (p < 0.001) in 2018 than in 2019 (Figure 1, 230 

a). The seasonal averages were 21 and 19 ºC, for 2018 and 2019, respectively. 231 

Between June and August in 2018, there were heat waves in the United Kingdom 232 

with the maximum temperature being 33.0ºC (McCarthy et al., 2019). Inside the rain 233 

shelters, temperatures were even higher, with the highest values on some days 234 

ranging from 37.1 to 40.4 ºC. June 30th was notably hot and abrupt yellowing of 235 

uppermost parts of flag leaves in the benchmark plots indicated that the heat stress 236 

was severe. There was no visible evidence of heat-induced necrosis in droughted 237 

plants, as they were far ahead in development and already senescing. For relative 238 

humidity (RH, %), 2019 had significantly higher (p < 0.001) mean daily values 239 

(Figure 1, b). Seasonal RH averages were 67 and 76 % for 2018 and 2019, 240 

respectively.  The solar radiation received in 2018 was significantly higher (p < 241 

0.001, month x year interaction) than in 2019 during the same period (Figure 1, c). 242 

Average solar radiation received during the growing seasons were 20.15 and 14.61 243 

MJ m-2 day-1 in 2018 and 2019, respectively.  244 

 245 
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Figure 1: (a) Mean daily air temperature and (b) mean daily relative humidity inside 246 

the rain shelters; and daily solar radiation (c) recorded by the meteorological station 247 

based at Harper Adams University between 1st June and 31st August. Each of these 248 

variables was significantly different (p < 0.001) between 2018 and 2019. The curves 249 

were fitted with quadratic regression. 250 

Soil water content: Soil moisture measurements in the top 60 cm were taken 251 

approximately once per week using the using a time domain reflectometry (TDR) 252 

probe, (TRIME-TDR, IMKO Micromodultechnik GmbH, Ettlingen, Germany). 253 

Readings were recorded in volumetric water content terms (%) at three depths (0 - 254 

20 cm, 20 - 40 cm and 40 - 60 cm). 255 

Determination of endogenous ABA concentrations: For ABA assay, sampling of the 256 

uppermost, fully expanded leaves from seven plants per plot was done at nine and 257 

26 days after spraying (DAS) in 2018; and at nine DAS in 2019, while spikes were all 258 

sampled at GS55 (2019 only). Each sample was put in a 5.0 mL vial and 259 
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immediately flash frozen in liquid nitrogen and stored at -80˚C. The frozen leaf and 260 

spike samples were freeze dried for two days and further processed and assayed in 261 

accordance with the Cusabio ABA ELISA protocol, code CSB-E09159Pl (Cusabio 262 

Biotechnology Co., Ltd, Wuhan, Hubei Province 430206, China 263 

http://www.cusabio.com). The ABA standard used in the assay was a mixture of 264 

isomeric forms ((+/ -) cis-Abscisic acid). Absorbance readings were taken at 450 nm 265 

using a BioTek spectrophotometer (BioTek Instruments Ltd, Bedfordshire, SG19, 266 

2NR, UK). The endogenous concentrations of ABA in the sample extracts were 267 

calculated after fitting a standard curve.  268 

Yield and yield components: Determination of fertile spike density, i.e. the number of 269 

spikes with one or more grains per unit area (m2), was done at GS89 by counting 270 

grain-bearing spikes in three random samples per plot. This is distinguished from the 271 

total spike density which may include both grain and non-grain bearing spikes 272 

(Fernandez et al., 1997) and can be determined before grains develop in the spikes 273 

as well as at maturity (Moeller and Rebetzke, 2017) or at harvest (Fernandez et al., 274 

1997). Sampling was done using a 33 x 33 cm quadrat. At harvest, spikes from each 275 

plot were hand-harvested and collected in separate bags, threshed, weighed and 276 

oven dried at 105 ˚C for 40 h. Sub-samples of 50 main stem spikes per plot were 277 

kept separately for the determination of the number of grains per spike before being 278 

added back to the rest of the grain (for yield determination). All samples were 279 

threshed using the electrically powered threshing machine (F. Walter & H. 280 

Wintersteiger KG, Austria). Chaff that was not blown off by the thresher was 281 

removed by hand to obtain clean grain. TGW was determined by the method 282 

described by (Sylvester-Bradley et al., 1985) after weighing 40g of previously oven-283 

dried grain. Counting was done using the FarmTec CountAmatic grain counter 284 

http://www.cusabio.com/
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(Farm-Tec, Whitby, North Yorkshire, UK). The number of grains obtained from this 285 

weight was also used in the calculation of number of grains per m2 (Moeller and 286 

Rebetzke, 2017). Finally, grain yield per plot was obtained by bulking and weighing 287 

all the grain harvested from each plot and converting it to tonnes per hectare at 15 % 288 

moisture content. 289 

Statistical analysis: Analyses of variance (ANOVA) of meteorological factors, 290 

endogenous ABA concentration and yield-related parameters were performed using 291 

GenStat 19th Edition (Hemel Hempstead, UK) to estimate the significance of main 292 

effects. The analysis was based on main factors, namely di-1-p-menthene (at two 293 

levels, sprayed or unsprayed) and the growth stage at which the antitranspirant was 294 

applied; and their interactions in 2018 and di-1-p-menthene as the single factor in 295 

2019. Post hoc analyses were performed using the Tukey test (at 5 %). 296 

Relationships between variables were analysed using simple linear and polynomial 297 

regression. Curve fitting and modelling was performed using Excel, with constants in 298 

the fitted models derived from GenStat. The irrigated benchmark plots were not part 299 

of the randomisation and therefore could not be included in statistical analysis. 300 

 301 

3. Results 302 

 303 

3.1  Soil moisture dynamics 304 

The volumetric water content (VWC) in the top 60 cm significantly decreased with 305 

increasing DAP (Figure 2). In 2018, before and after spraying of di-1-p-menthene 306 

and taking of leaf samples, the VWC decreased from an average of 13.52 % at 30 307 

DAP to 8.42 % at 79 DAP. A similar trend was observed in 2019, with the VWC 308 

decreasing from an average of 14.65 % at 36 DAP to 8.27 % at 81 DAP. The 309 
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corresponding soil moisture deficit (SMD) increased from 50.88 mm to 81.48 mm in 310 

2018 and from 44.10 mm to 82.38 mm in 2019. Regression analysis of change in 311 

VWC with DAP showed that treatment groups sprayed with the antitranspirant did 312 

not significantly deviate from the unsprayed control set as a reference.  Soil moisture 313 

readings in the benchmark plots was maintained at an average of 20.02 %. 314 
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Figure 2: Soil moisture dynamics between 30 and 79 and from 36 to 81 days after 315 

planting (DAP) showing significant decrease in (a) 2018 p <0.001) and (b) 2019, (p 316 

<0.001). Deviations of slopes from the unsprayed reference were non-significant 317 

(GS33: p = 0.817, GS45: p = 0.522, GS51: p = 0.161; GS31: p =0.608, GS37: p = 318 

0.914, GS51: p = 0.822, GS65: p = 0.446) in either year. Each point represents a 319 

treatment average of three or four measurements. Arrows indicate DAP on which the 320 

antitranspirant was sprayed in the appropriate plots.  321 

 322 

 323 

 324 
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3.2  Effects of di-1-p-menthene on ABA concentration 325 

Relative to the irrigated benchmark plots, drought increased the endogenous foliar 326 

ABA concentrations (ng/g DW) by a maximum of 113 % and 153 % in 2018 and 327 

2019, respectively, while in the spikes it rose by 137 % (determined in 2019 only) 328 

(although benchmark plots could not be included in statistical comparisons). In 329 

droughted plants, the endogenous ABA concentrations in leaves were higher in 2018 330 

than in 2019. The analysis of variance showed that spraying di-1-p-menthene on 331 

droughted plants reduced the foliar ABA concentration at nine DAS, and both main 332 

effects (di-1-p-menthene and growth stage treatments) were significant (p-value of < 333 

0.001 in both years). The effects of di-1-p-menthene moving across the different 334 

growth stage treatments modified the levels of ABA accumulation, with GS33 and 335 

GS45 treatments (in 2018) and GS31 and GS37 treatments (in 2019) having 336 

significantly lower concentrations than their unsprayed counterparts (p = 0.033, and 337 

p = 0.048, respectively, Figure 4). Relative to the benchmark, the respective foliar 338 

concentrations in the di-1-p-menthene sprayed plants at stem elongation treatments 339 

were 32 % (GS33) and 40 % (GS31) higher in 2018 and 2019, respectively. This 340 

was much lower than in the unsprayed treatments stated above. In both years, the 341 

maximum concentrations in unsprayed plants were in samples collected nine days 342 

after the early stem elongation (GS31, GS33) and declined at later development 343 

phases.  344 
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 345 

Figure 4: Average ABA concentrations (ng/g DW) in flag leaves sampled at nine 346 

days after spraying di-1-p-menthene, at three growth stage treatments in droughted 347 

plots, showing consistent significant interactions from (a) 2018 (p = 0.033) and (b) 348 

2019 (p = 0.048). Asterisks represent sprayed treatments with significantly lower 349 

ABA concentrations than their unsprayed counterparts. The interaction means that 350 

moving from GS31 to GS51, the response of endogenous ABA concentration to di-1-351 

p-menthene decreased with delayed application, becoming marginal at later 352 

applications (at GS51) i.e. as the plants advanced in development. Irrigated 353 

benchmark plots are shown for visual comparison only, as benchmark plots were not 354 

part of randomisation and are not included in statistical analysis. 355 

 356 

Sampling at 26 days after spraying in 2018 showed no significant differences 357 

between sprayed and unsprayed plants, but growth stage treatments affected the 358 

ABA concentration with GS45 and GS51 having significantly higher concentrations 359 

than GS31 (p < 0.001, Figure 5).  360 
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 361 

  
 

 362 

Figure 5: Average ABA concentrations (ng/g DW) in flag leaves sampled at 26 days 363 

after spraying di-1-p-menthene (2018 only) at three growth stage treatments for (a) 364 

sprayed and unsprayed droughted plots compared and (b) sprayed and unsprayed 365 

droughted plots combined. Irrigated benchmark plots are shown for visual 366 

comparison only, as benchmark plots were not part of randomisation and could not 367 

be included in statistical analysis. Post hoc testing shows (a) borderline significant 368 

interactions (p = 0.056) and (b) significant differences between growth stages (*) for 369 

the combined data. The interaction effect shows that between growth stages the 370 

largest impact of di-1-p-menthene on endogenous ABA concentration 26 days after 371 

spraying was with application at GS45. 372 

 373 

For spike ABA accumulation, spraying di-1-p-menthene significantly (p < 0.001) 374 

reduced the concentration almost by half with application at GS31 (Figure 6). The 375 

effect diminished with increasing DAP, i.e. plants that were sprayed at an earlier 376 

growth stage had lower spike ABA concentration than those in the succeeding one. 377 
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This was similar to leaf ABA where early application also resulted in the largest 378 

reduction in the endogenous ABA concentration. 379 

 380 

 381 

Figure 6: Average ABA concentrations (ng/g DW) in spikes of droughted plants not 382 

sprayed (control) and sprayed with di-1-p-menthene at three growth stages (GS) in 383 

2019 showing a significant effect (p < 0.001, different letters indicate significant 384 

differences). All samples were taken at once at GS55, when it was 24, 17 and 3 days 385 

after spraying at GS31, GS37 and GS51, respectively. Irrigated benchmark plots are 386 

shown for visual comparison only, as benchmark plots were not part of 387 

randomisation and could not be included in statistical analysis. Benchmark spikes 388 

reached GS55 10 days later than the droughted plants. 389 

 390 

3.3  Yield and yield components 391 

The responses of yield and yield components to drought and the application of di-1-392 

p-menthene at three growth stages in each of the two years are summarised in 393 
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Table 3. Drought negatively affected most of the yield components in both years. 394 

Fertile spike density was reduced by 45 % and 53 % in 2018 and 2019, respectively, 395 

compared to the benchmark, although non-randomisation of benchmark plots 396 

prevented a statistical test of these effects. Spraying di-1-p-menthene improved the 397 

fertile spike density by 13 % and 12 % across all growth stage treatments in 2018 398 

and 2019, respectively. Drought induced a loss in the TGW in 2018 and number of 399 

grains per spike in both years. The decline in the number of grains per spike, was 400 

much more pronounced in 2019, with a 33 % reduction compared to 9 % in 2018. 401 

Although, di-1-p-menthene did not have a significant effect on number of grains per 402 

spike or TGW in either year, on average, the antitranspirant improved these traits.  403 

 404 

Drought stress reduced the number of grains per m2 by 49 % and 59 % in 2018 and 405 

2019, respectively. Application of di-1-p-menthene minimised the loss in grain 406 

number per m2 by an overall average of 13 % in each of the years. The extent to 407 

which di-1-p-menthene mitigated the reduction in grain number differed with the time 408 

of application. In 2019, application at GS37 was the most effective and resulted in a 409 

significantly higher number of grains per m2 than the unsprayed plots by 25 %. In 410 

2018, although there were no significant differences in the effectiveness of di-1-p-411 

menthene applied at different growth stages (Table 3), the highest effect, a 15 % 412 

increase above the unsprayed treatment, was obtained with application at GS45. 413 

The grain number per m2 in 2018 was much higher than for 2019. Similarly, the 2018 414 

grain yield averages per hectare were higher than for 2019, however, relative to the 415 

benchmark, drought caused similar losses of 54 and 52 %, respectively.  416 

 417 

 418 
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 419 

Table 3: Summary of yield and yield components as affected by the application of di-420 

1-p-menthene at different growth stages in 2018 and 2019 showing mean values and 421 

levels of significance. 422 

 423 

Year  Treatments Fertile 
spike 
density 
per m2 

Grains 
per 
spike 

Grains  
per m2 

TGW (at 
15 % 
moisture) 

Yield  
(tonnes 
per ha) at 
15 % 
moisture 

2018 Benchmark 538.4 39.9 21464 44.9 9.66 

GS33 sprayed 333.3a 36.8a 12303a 41.4a 5.08a 

GS33 unsprayed 284b 35.9a 10353b 39.5a 4.11b 

GS45 sprayed 353a 35.6a 12725a 40.6a 5.18a 

GS45 unsprayed 322.9b 37.6a 12080b 41.0a 4.91b 

GS51 sprayed 324.8a 40.8a 12558a 41.4a 5.24a 

GS51 unsprayed 288.3b 35.3a 10707b 41.4a 4.38b 

Significance   *      *     * 

2019 Benchmark 500.5 51.6 18684.3 42.0 7.72 

Unsprayed 235.7b 34.8a 7630.4c 49.2a 3.71b 

GS31 283.5a 36.6a 9432.7ab 51.0a 4.81a 

GS37 291.8a 35.3a 9542.0a 50.0a 4.78a 

GS51 243.7b 37.4a 8252.4bc 49.2a 3.94b 

GS65 234.8b 34.2a 7346.3c 49.8a 3.70b 

Significance   **     ***     ** 

Different letters indicate significant differences. *, **, *** represent significance at less 424 

than 0.05, 0.01 and 0.001, respectively. Note that benchmark plots are shown for the 425 

purpose of comparison only, as they were not part of randomisation and are not 426 

included in statistical analysis. 427 

 428 
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Timing of antitranspirant application (i.e. growth stage) was not significant in 2018, 429 

although di-1-p-menthene significantly improved the overall average yield by 16 % 430 

compared to the droughted-unsprayed plots. In contrast, timing of the application of 431 

the antitranspirant was significant in 2019, with application at GS31 and GS37, 432 

ameliorating drought by an average of 29 % (corresponding to 1.09 tonnes of extra 433 

grain per hectare). The overall yield improvement average attributed to the 434 

antitranspirant for 2019 was 15 %. Yield was strongly associated with grain number 435 

per m2 and fertile spike density in a positive way and the association with ABA was 436 

negative.  437 

 438 

Simple linear regression of yield against yield components was best described by 439 

grains per m2 and fertile spike density which explained 96 % and a maximum of     440 

98 % of variance, respectively (Figure 7). Furthermore, the relationship between 441 

yield and timing of di-1-p-menthene application was best described by the quadratic 442 

expression (R2 = 0.63, p < 0.001):   Y= 0.079X - 0.001X2 + 2.69, where ‘Y’ is yield in 443 

tonnes per hectare and X is the growth stage, in days after planting, at which the 444 

antitranspirant was applied. A simple linear regression did not fit the data (R2 = 445 

0.007, p = 0.304) as di-1-p-menthene was effective in increasing yield only at early 446 

growth stage treatments. 447 

 448 
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 449 

Figure 7: Simple linear regressions of mean values between yield (Y), in tonnes per 450 

hectare, and (a, b) number of fertile spikes per m2 (x) and (c, d) number of grains per 451 

m2 (x) for 2018 and 2019, respectively. Each point represents (a, b) three and (c, d) 452 

single measurements per plot in used in the regression analysis to construct the 453 

curves. 454 

3.4  Endogenous ABA relationships with yield and yield components 455 

Figure 8 shows regression analysis of the significantly altered yield components 456 

against endogenous ABA concentration in spikes at GS55. All three yield 457 

components, fertile spike density, grains per m2 and grain yield, showed a significant 458 

negative association with spike ABA. The reductions in spike ABA were driven by the 459 

antitranspirants and varied depending on the GS at which it was applied. As the 460 

effect of di-1-p-menthene on reducing the endogenous ABA concentration increased, 461 
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the yield components responded positively with spraying at earlier GS being most 462 

effective (Figure 8). 463 

 464 

  

 

Figure 8: Simple linear regressions of the 

endogenous ABA concentration in spikes against 

(a) fertile spike density, (b) grains per m2 and (c) 

yield for 2019, with treatment labels indicating the 

growth stages (GS) at which spraying of the 

antitranspirant was done. Sampling for ABA 

assay was done at GS55.  

 465 

 466 

 467 

 468 

 469 
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4. Discussion 470 

 471 

Previous studies have shown that antitranspirants can improve the yield of 472 

droughted wheat if applied at the correct growth stage (e.g. Kettlewell et al., 2010). 473 

This is supported by our results which also show, for the first time, that this 474 

improvement is associated with reduced endogenous ABA concentration during 475 

reproductive development. The percentage yield increase in each of the experiments 476 

in our study are similar to findings in previous work. Furthermore, we have shown 477 

that to enhance yield, di-1-p-menthene significantly improves two yield components - 478 

the fertile spike density and the number of grains per m2.  479 

Compared to the benchmark and other studies, the SMD and yield data in this study 480 

show that the level of water stress was adequate to represent terminal drought. 481 

Readings just before the end of grain filling were at 46 % and 38 % of FC in 2018 482 

and 2019, respectively. This was more severe than in a previous study on the same 483 

species by Valluru et al. (2016) who maintained soil moisture at 70 % of FC. In a 484 

study of barley, mild drought at 50 % of FC during grain filling caused yield loss of 56 485 

% on average (Samarah et al., 2009). The yield losses obtained in this study were 486 

similar, being 54 % and 52 % in 2018 and 2019, respectively, and higher than 11 out 487 

of the 15 studies reviewed by Farooq et al. (2014).  488 

The water deficit increased foliar and spike ABA concentration by between two and 489 

threefold compared to the benchmark, with consistently higher concentrations in 490 

leaves at earlier development stages. Work on an ABA-deficient mutant of barley 491 

(Az34) demonstrated that ABA homeostasis is necessary for maintaining shoot 492 

development (Mulholland et al., 1996; Walker-Simmons et al., 1989), hence the 493 

higher accumulation in younger tissues. According to Yoshida et al. (2019), there is a 494 
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basal ABA concentration that cells maintain even under well-watered conditions, 495 

which is necessary for promoting plant growth instead of reducing it. This implies that 496 

beyond the basal concentration, ABA begins to negatively affect normal growth and 497 

development processes. Our results are comparable to findings by Valluru et al. 498 

(2016) in a study involving six spring wheat genotypes contrasting in drought 499 

tolerance profiles. Maintaining soil moisture at 70 % of FC, Valluru et al. (2016) 500 

found the foliar ABA concentration in three tolerant lines increased by 95 % against 501 

129 % in sensitive ones, with maintenance and loss of shoot dry weight, 502 

respectively. Although this is the first known study on the effects of di-1-p-menthene 503 

on endogenous ABA concentration in a cereal, the findings are consistent with 504 

observations in oil seed rape.  In oil seed rape, Faralli et al. (2016) observed that di-505 

1-p-menthene reduced endogenous ABA concentration in leaves of droughted oil 506 

seed rape plants and improved seed dry weight compared to unsprayed plants.  507 

  508 

Elevated ABA during the early reproductive phase seems to impose a sink 509 

restriction, by reducing the potential grain number per m2 and so the final yield. 510 

Regression analysis showed that endogenous ABA was negatively associated with 511 

fertile spike density, and grains per m2 as well as grain yield (Figure 8). Spike ABA 512 

was better associated with these variables (Figure 8) than leaf ABA (results not 513 

shown).  514 

The reductions in spike ABA were driven by the antitranspirant, with earlier 515 

application being most effective in controlling spike ABA and limiting the yield loss 516 

under drought.  517 

 518 
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 Drought stress is known to induce an increase in endogenous ABA, which inhibits 519 

growth as an adaptive strategy (Ng et al., 2014), although a basal concentration of 520 

ABA is necessary for leaf expansion, as work on the Az34 (ABA-deficient) barley 521 

mutant genotypes has shown (Mulholland et al., 1996; Walker-Simmons et al., 522 

1989). ABA can reduce fertile spike density through a signalling effect, whereby a 523 

high endogenous concentration induces sterility. That water stress induction of 524 

sterility in wheat spikes might be mediated through ABA signalling was early 525 

advanced by Morgan (1980) through both water deprivation and exogenous ABA 526 

treatments at late stem elongation (early booting).  A strong association has also 527 

been found between rising endogenous ABA levels and reproductive organ failure in 528 

other species (e.g. soya beans, Liu et al., 2004; chickpeas, Pang et al., 2017; and 529 

maize, Wang et al., 2019), suggesting a role of ABA in regulating yield-impacting 530 

physiological processes. The coincidence of accelerated stem elongation and spike 531 

growth increases the competition for resources, particularly carbohydrates (Ghiglione 532 

et al., 2008; Sreenivasulu and Schnurbusch 2012). Occurrence of drought during 533 

these processes, with its concomitant upregulation of ABA (La et al., 2019), 534 

enhances the abortion of florets (Ghiglione et al., 2008; Pang et al., 2017). Few 535 

studies have characterised ABA effects on early reproductive development, although 536 

there are studies on drought and other abiotic stresses. Quarrie and Jones (1977) 537 

mimicked the effects of drought by injecting ABA into spring wheat plants during the 538 

vegetative phase while concurrently imposing water deficit in another treatment. 539 

Compared to the control, both treatments induced significant reductions in the 540 

number of spikelets per spike, with drought inducing more severe effects. In our 541 

study, applying di-1-p-menthene reduced the endogenous ABA concentration and 542 

mitigated some of the drought effects on yield. Saini and Aspinall (1982) showed that 543 
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the effects of exogenous ABA on well-watered plants (inhibition of stem elongation, 544 

spike abortion or reduced grain set) correlated with water stress-induced ABA 545 

increase. Similarly, Boussora et al. (2019) studied the role of salinity-induced ABA 546 

increase on spikelet primordia development in five barley genotypes. They found that 547 

an elevated ABA concentration was associated with a decrease in the duration of 548 

spikelet development and an increase in spikelet and floret abortion in the 549 

developing spikes (number of tillers per plant was also reduced in all genotypes). In 550 

the present study, the effects of drought on fertile spike density and grain number 551 

per m2, indicate that the droughted plants were impacted by a sink limitation, and in 552 

agreement with past studies, that this was due in part to an increase in endogenous 553 

ABA concentration during spike growth. Treatments in which the endogenous ABA 554 

concentration in both leaves and spikes was reduced due to di-1-p-menthene 555 

application (Figures 4 and 6) also showed improvement in not only fertile spike 556 

density but also grain number per m2 and yield per hectare yield (Table 3) compared 557 

to the unsprayed plants.  In our study, the lower fertile spike density values for the 558 

unsprayed compared to the sprayed plants can be explained by their higher 559 

endogenous ABA concentration accumulated due to water stress. Elevated 560 

endogenous ABA concentration induces sterility of florets or entire reproductive 561 

organs or flowering heads (Pang et al., 2017; Wang et al., 2019) such as spikes in 562 

wheat (Morgan, 1980). ABA will therefore reduce the number of grain-bearing spikes 563 

per hectare, and in turn the grain number per hectare. Number of grains per m2 is 564 

controlled by fertile floret and spike density per m2 (Prieto et al., 2018). There is a 565 

linear relationship between not only spike fertility but also grain number per m2 and 566 

yield (Bulman and Hunt, 1988; Griffiths et al., 2015). Our findings agree with past 567 
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studies as both the fertile spike density and grains per m2 were strongly associated 568 

with grain yield per hectare (Figure 7).  569 

 570 

The timing of drought stress and of ABA accumulation is important in determining the 571 

impact on grain yield. In the present study, drought stress reduced fertile spike 572 

density by 45 % (2018) and 53 % (2019) relative to the benchmark. Application of di-573 

1-p-menthene at GS37, corresponding to late stem elongation, curtailed the 574 

reduction by 13 % (2018) and 12 % (2019). This key growth stage falls within the 575 

early portion of the late reproductive phase (Table 1), including growth of the spike 576 

and formation of the floret primordia and the anthers. In shoot apical meristem 577 

morphogenesis, the early reproductive phase includes the initiation of the spikelet 578 

primordia, which signals the end of vegetative development. The late reproductive 579 

stage, between stem elongation and anthesis, includes spike growth and 580 

differentiation of floret primordia into florets (Gol et al., 2017; Sreenivasulu and 581 

Schnurbusch, 2012). Longstanding evidence indicates that water deficit stress at 582 

stem elongation reduces wheat yield by depressing the number of spikes per m2 583 

(Day and Intalap, 1970). In fact, water stress anytime between late vegetative phase 584 

and late stem elongation reduces grain yield by negatively affecting spikelet 585 

primordia initiation, floret formation and spike growth (Gol et al., 2017; Oosterhuis 586 

and Cartwright, 1983). This is also true in other cereals, e.g. drought stress at 587 

panicle initiation reduced number of panicles and grains per hill in rice (Wopereis et 588 

al., 1996). In pearl millet, water deficit during vegetative development and at 589 

flowering inhibited or delayed flowering in tillers, reducing number of productive 590 

panicles (Winkel et al., 1997). Similar results were observed in sorghum (Craufurd 591 

and Peacock, 1993) and barley (Husain and Aspinall, 1970). In our study, these 592 

reproductive phases were protected against drought by early application of the 593 
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antitranspirant. While the protection was marginal when the antitranspirant was 594 

applied at GS51 (beginning of inflorescence emergence) and plants sprayed at 595 

GS65 (anthesis) were not protected.  596 

 597 

If drought occurs during the meiotic-stage (Late reproductive phase - meiosis; Table 598 

1), grain set and grain number decrease with increasing endogenous ABA in the 599 

spike (Ji et al., 2011; Westgate et al., 1996). However, in the present study, grain 600 

number per spike was not significantly improved with di-1-p-menthene application, 601 

despite a significant reduction in both foliar and spike ABA. This suggests that di-1-p-602 

menthene did not substantively alleviate drought damage during meiosis. Instead the 603 

large impact on yield was seen when antitranspirants were applied during stem 604 

elongation (Table 1; Late reproductive phase - stem elongation) and drought 605 

amelioration was significantly linked to morphogenesis of spikes (i.e. fertile spike 606 

density). The lower fertile spike density and grain number m2 in the unsprayed plants 607 

can be explained by the damaging effects of increased endogenous ABA. Protecting 608 

early spike development from drought was therefore crucial to optimising yield 609 

improvement, which was associated with di-1-p-menthene application only during 610 

stem elongation, during which the effect of the antitranspirant in reducing 611 

endogenous ABA concentration was also the highest. Application at anthesis was 612 

counterproductive, in agreement with Kettlewell et al. (2010).  613 

 614 

The slopes of soil moisture depletion of di-1-p-menthene-sprayed treatments did not 615 

significantly deviate from the unsprayed reference in both years. This does not 616 

suggest that sprayed and unsprayed plants used the same amount of soil moisture. 617 

The antitranspirant effect on soil moisture conservation was expected to be small 618 
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and localised, such that the placement of one soil moisture probe per plot could not 619 

detect it. Detecting small changes in soil moisture at the plot level required placing 620 

several probes near the roots or using appropriate tools such as electrical resistance 621 

tomography (Whalley et al., 2017) that can detect spatial changes in soil moisture.  622 

We did not measure the leaf water status in the present study, which could have 623 

helped assess the effect of the antitranspirant on plant water conservation. The fact 624 

that the antitranspirant was sprayed only onto leaves at GS31 and GS37 and yet the 625 

spikes had the lowest endogenous ABA but the highest grain yield suggests that di-626 

1-p-menthene improved tissue water status. In a past study, improved grain yield in 627 

droughted winter wheat was found to be associated with increased plant water 628 

conservation following di-1-p-menthene application (Weerasinghe et al., 2016). 629 

Improving the plant water potential under water deficit conditions reduces elevated 630 

endogenous ABA concentration (Liang and Zhang, 1999) and maintains cell turgor, 631 

allowing maintenance of biological activities such photosynthetic activity, assimilate 632 

partitioning and growth (Farooq et al., 2009).  633 

 634 
Our results agree with Kettlewell et al. (2010) who studied similar growth stages and 635 

obtained optimum yield benefit in a winter wheat genotype from applying di-1-p-636 

menthene at stem elongation (GS37 and GS39). They showed that applications at 637 

GS45 gave a negligible effect while those after ear emergence (GS55 and GS69) 638 

were counterproductive. Our 2018 and 2019 yield benefit due to di-1-p-menthene 639 

averaged across all growth stages was 16 and 15 %. The optimum response was 640 

achieved with applications at GS31 and GS37 which gave a yield benefit of 29 %, 641 

making our results comparable to Faralli et al. (2019) and Abdullah et al. (2015) who 642 

recorded 15 and 30 % yield benefits, respectively.  643 
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We have demonstrated yield benefits of di-1-p-menthene application under 644 

simulated Mediterranean-type drought. Regions with Mediterranean-type climate 645 

include the Mediterranean Basin, Western Cape in South Africa, South West and 646 

Southern Australia, Central Chile and California-and-Northern Baja California. In 647 

these areas, rains principally fall in winter with little or no summer rain (Rana and 648 

Katerji, 2000), exposing rainfed crops like winter wheat to terminal drought stress 649 

(Tigkas and Tsakiris, 2015). The antitranspirant used in the current study would be a 650 

suitable tool for managing water deficit stress under rainfed wheat production in 651 

these regions, the semi-arid subtropical climates and elsewhere with predictable 652 

drought events.  653 

Based on the January 2020 bread wheat price of approximately £178/t in the UK 654 

(https://ahdb.org.uk/cereals-oilseeds/uk-delivered-prices), the gross income from the 655 

1.09 tonnes/ha yield benefit would be £194.02/ha. The cost of di-1-p-menthene is 656 

$69.9 per US gallon (3.79 litres ~ $18.44/L = £14.03/L, SeedRanch, 2019). The 657 

current national average pesticide spraying cost for the UK is £12.63/ha (National 658 

Association of Agricultural Contractors, (NAAC, 2018). This means that the 659 

estimated total cost of using di-1-p-menthene would be £26.66/ha. At the 2019 660 

optimum application growth stage giving 4.81 tonnes/ha, a yield increase of 661 

approximately 3.1 % would be needed to cover this cost at the stated market price. 662 

The yield improvement of 1.09 tonnes/ha obtained in 2019 would result in an 663 

economic benefit of spraying di-1-p-menthene on droughted spring wheat plants of 664 

approximately £167.36/ha. Thus di-1-p-menthene can make a significant contribution 665 

to ameliorating effects of water deficit in the drought-prone regions of the UK, where 666 

wheat yield losses range between 1 and 2 tonnes/ha (Dodd et al., 2011; Foulkes et 667 

al., 2007). 668 

https://ahdb.org.uk/cereals-oilseeds/uk-delivered-prices
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5. Conclusion 669 

In the present study, the mechanism of di-1-p-menthene amelioration of drought 670 

stress was studied in spring wheat. Drought increased endogenous ABA 671 

concentration and had negative effects on yield and yield components. However, 672 

application of di-1-p-menthene reduced the endogenous ABA concentration 673 

consistently in the two years of study. The reduction in endogenous ABA 674 

concentration was associated with improved fertile spike density and number of 675 

grains per m2 in both years. Most importantly, di-1-p-menthene significantly 676 

increased grain yield of droughted spring wheat plants by 0.70 and 1.09 tonnes/ha in 677 

2018 and 2019, respectively. The mechanism of drought stress amelioration with di-678 

1-p-menthene may be related to reduced endogenous ABA, in accordance with our 679 

hypothesis. Further work is needed to understand the full consequences of ABA on 680 

spike development and yield components.  681 

 682 

6. Acknowledgements 683 

This project was funded by Commonwealth Scholarship, UK, awarded to Wiza 684 

Mphande. We would like to thank Dominic Scicchitano of the Miller Chemical and 685 

Fertilizer Corp. and David Booty of OMEX Agriculture Ltd for free supplies of Vapor 686 

Gard and foliar fertilizer (3X Solution), respectively. We also thank the Crop and 687 

Environment Research Centre for assistance with field operations.  688 

 689 



37 
 

7.  Author contribution statement 690 

PK conceived this research. WM, PK, IG, AF and LV designed the research. WM 691 

conducted experiments. WM and PK analysed data. WM wrote the manuscript. PK, 692 

AF and LV assisted in reading and correcting the manuscript. 693 

 694 

8. Conflicts of Interest 695 

The authors declare no conflict of interest. 696 

 697 

9. References 698 

 699 

AbdAllah, A.M., Burkey, K.O., Mashaheet, A.M., 2018. Reduction of plant water 700 

consumption through anti-transpirants foliar application in tomato plants 701 

(Solanum lycopersicum L). Sci. Hortic. (Amsterdam). 235, 373–381. 702 

https://doi.org/10.1016/j.scienta.2018.03.005 703 

Abdullah, A.S., Aziz, M.M., Siddique, K.H.M., Flower, K.C., 2015. Film 704 

antitranspirants increase yield in drought stressed wheat plants by maintaining 705 

high grain number. Agric. Water Manag. 159, 11–18. 706 

https://doi.org/10.1016/j.agwat.2015.05.018 707 

AHDB, 2019. Nutrient Management Guide (RB209) [WWW Document]. URL 708 

https://ahdb.org.uk/projects/RB209.aspx (accessed 11.21.19) 709 

Acevedo, E., Silva, P., Silva, H., 2002. Wheat growth and physiology, in: Curtis, 710 

B.C., Rajaram, S., Macpherson, H.G. (Eds.), Bread Wheat: Improvement and 711 

Production. FAO, Rome, pp. 1–30. 712 

https://doi.org/10.1016/j.agwat.2015.05.018


38 
 

Barber, H.M., Carney, J., Alghabari, F., Gooding, M.J., 2015. Decimal growth stages 713 

for precision wheat production in changing environments? Ann. Appl. Biol. 166, 714 

355–371. https://doi.org/10.1111/aab.12207 715 

Beard, G.R., 1988. The soils of Harper Adams Agricultural College, Newport, 716 

Shropshire. Soil Surv. L. Res. Centre, Contract 50. 717 

Boussora, F., Allam, M., Guasmi, F., Ferchichi, A., Rutten, T., Hansson, M., Youssef, 718 

H.M., Börner, A., 2019. Spike developmental stages and ABA role in spikelet 719 

primordia abortion contribute to the final yield in barley (Hordeum vulgare L.). 720 

Bot. Stud. 60. https://doi.org/10.1186/s40529-019-0261-2 721 

Buckley, T.N., 2019. How do stomata respond to water status? New Phytol. 224, 21–722 

36. https://doi.org/10.1111/nph.15899 723 

Bulman, P., Hunt, L.A., 1988. Relationships among tillering, spike number and grain 724 

yield in winter wheat (Triticum aestivum L.) in Ontario. Can. J. Plant Sci. 68, 725 

583–596. https://doi.org/10.4141/cjps88-071 726 

Christopher, J.T., Christopher, M.J., Borrell, A.K., Fletcher, S., Chenu, K., 2016. 727 

Stay-green traits to improve wheat adaptation in well-watered and water-limited 728 

environments. J. Exp. Bot. 67, 5159–5172. https://doi.org/10.1093/jxb/erw276  729 

Craufurd, P.Q., Peacock, J.M., 1993. Effect of heat and drought stress on sorghum 730 

(Sorghum bicolor). II. Grain yield. Exp. Agric. 29, 77–86. 731 

https://doi.org/10.1017/S0014479700020421 732 

Day, A.D., Intalap, S., 1970. Some effects of soil moisture stress on the growth of 733 

wheat (Triticum aestivum L. em Thell.). Agron. J. 62, 27–29. 734 

https://doi.org/10.2134/agronj1970.00021962006200010009x 735 

https://doi.org/10.1093/jxb/erw276


39 
 

del Amor, F.M., Cuadra-Crespo, P., Walker, D.J., Cámara, J.M., Madrid, R., 2010. 736 

Effect of foliar application of antitranspirant on photosynthesis and water 737 

relations of pepper plants under different levels of CO2 and water stress. J. Plant 738 

Physiol. 167, 1232–1238. https://doi.org/10.1016/j.jplph.2010.04.010 739 

Dodd, I.C., Whalley, W.R., Ober, E.S., Parry, M.A.J., 2011. Genetic and 740 

management approaches to boost UK wheat yields by ameliorating water 741 

deficits. J. Exp. Bot. 62, 5241–5248. https://doi.org/10.1093/jxb/err242 742 

FAO, 2019. World food situation: FAO cereal supply and demand brief [www 743 

document]. Url http://www.fao.org/worldfoodsituation/csdb/en/ (accessed 744 

7.8.19). 745 

FAO, 2013. Statistical Yearbook [www document]. World Food and Agriculture: 746 

Feeding the world. Url https://issuu.com/faooftheun/docs/syb2013issuu 747 

(accessed 7.10.19). 748 

Faralli, M., Grove, I.G., Hare, M.C., Boyle, R.D., Williams, K.S., Corke, F.M.K., 749 

Kettlewell, P.S., 2016. Canopy application of film antitranspirants over the 750 

reproductive phase enhances yield and yield-related physiological traits of 751 

water-stressed oilseed rape (Brassica napus). Crop Pasture Sci. 67, 751–765. 752 

https://doi.org/10.1071/CP15421 753 

Faralli, M., Williams, K.S., Han, J., Corke, F.M.K., Doonan, J.H., Kettlewell, P.S., 754 

2019. Water-saving traits can protect wheat grain number under progressive soil 755 

drying at the meiotic stage: A phenotyping approach. J. Plant Growth Regul. 0, 756 

0. https://doi.org/10.1007/s00344-019-09956-3 757 

Farooq, M., Hussain, M., Siddique, K.H.M., 2014. Drought Stress in Wheat during 758 

Flowering and Grain-filling Periods. CRC. Crit. Rev. Plant Sci. 33, 331–349. 759 



40 
 

https://doi.org/10.1080/07352689.2014.875291 760 

Farooq, M., Wahid, A., Kobayashi, N., Fujita, D., Basra, S.M.A., 2009. Plant drought 761 

stress : effects, mechanisms and management. Agron. Sustain. Dev. 29, 185–762 

212. 763 

Fernandez, M.R., Clarke, J.M., DePauw, R.M., Lefkovitch, L.P., 1997. Emergence 764 

and growth of durum wheat derived from red smudge-infected seed. Crop Sci. 765 

37, 510–514. https://doi.org/10.2135/cropsci1997.0011183X003700020033x 766 

Foulkes, M.J., Sylvester-Bradley, R., Weightman, R., Snape, J.W., 2007. Identifying 767 

physiological traits associated with improved drought resistance in winter wheat. 768 

F. Crop. Res. 103, 11–24. https://doi.org/10.1016/j.fcr.2007.04.007 769 

Frank, A.B., Bauer, A., Black, A.L., 1987. Effects of Air Temperature and Water 770 

Stress on Apex Development in Spring Wheat. Crop Sci. 27, 113-116. 771 

https://doi.org/https://doi.org/10.2135/cropsci1987.0011183X002700010028x 772 

Ghiglione, H.O., Gonzalez, F.G., Serrago, R., Maldonado, S.B., Chilcott, C., Curá, 773 

J.A., Miralles, D.J., Zhu, T., Casal, J.J., 2008. Autophagy regulated by day 774 

length determines the number of fertile florets in wheat. Plant J. 55, 1010–1024. 775 

https://doi.org/10.1111/j.1365-313X.2008.03570.x 776 

Glenn, M.D., 2012. The mechanisms of plant stress mitigation by kaolin-based 777 

particle films and applications in horticultural and agricultural crops. HortScience 778 

47, 710–711. 779 

Gol, L., Tomé, F., Von Korff, M., 2017. Floral transitions in wheat and barley: 780 

Interactions between photoperiod, abiotic stresses, and nutrient status. J. Exp. 781 

Bot. 68, 1399–1410. https://doi.org/10.1093/jxb/erx055 782 

https://doi.org/10.1093/jxb/erx055


41 
 

Griffiths, S., Wingen, L., Pietragalla, J., Garcia, G., Hasan, A., Miralles, D., Calderini, 783 

D.F., Ankleshwaria, J.B., Waite, M.L., Simmonds, J., Snape, J., Reynolds, M., 784 

2015. Genetic dissection of grain size and grain number trade-offs in CIMMYT 785 

wheat germplasm. PLoS One 10, 1–18. 786 

https://doi.org/10.1371/journal.pone.0118847 787 

Husain, I., Aspinall, D., 1970. Water stress and apical morphogenesis in barley. Ann. 788 

Bot. 34, 393–407. https://doi.org/10.1093/oxfordjournals.aob.a084377 789 

Ji, X., Dong, B., Shiran, B., Talbot, M.J., Edlington, J.E., Hughes, T., White, R.G., 790 

Gubler, F., Dolferus, R., 2011. Control of abscisic acid catabolism and abscisic 791 

acid homeostasis is important for reproductive stage stress tolerance in cereals. 792 

Plant Physiol. 156, 647–662. https://doi.org/10.1104/pp.111.176164 793 

Kettlewell, P.S., Heath, W.L., Haigh, I.M., 2010. Yield enhancement of droughted 794 

wheat by film antitranspirant application: rationale and evidence. Agric. Sci. 01, 795 

143–147. https://doi.org/10.4236/as.2010.13017 796 

Kirby, E.J.., Appleyard, M., 1987. Development and structure of the wheat plant, in: 797 

Lupton, F.G.H. (Ed.), Wheat Breeding : Its Scientific Basis. Chapman & Hall., 798 

London, UK, pp. 287–311. 799 

Kondhare, K.R., Farrell, A.D., Kettlewell, P.S., Hedden, P., Monaghan, J.M., 2015. 800 

Pre-maturity α-amylase in wheat: The role of abscisic acid and gibberellins. J. 801 

Cereal Sci. 63, 95–108. https://doi.org/10.1016/j.jcs.2015.03.004 802 

La, V.H., Lee, B.R., Islam, M.T., Park, S.H., Lee, H., Bae, D.W., Kim, T.H., 2019. 803 

Antagonistic shifting from abscisic acid- to salicylic acid-mediated sucrose 804 

accumulation contributes to drought tolerance in Brassica napus. Environ. Exp. 805 

Bot. 162, 38–47. https://doi.org/10.1016/j.envexpbot.2019.02.001 806 



42 
 

Lee, S.C., Luan, S., 2012. ABA signal transduction at the crossroad of biotic and 807 

abiotic stress responses. Plant, Cell Environ. 35, 53–60. 808 

https://doi.org/10.1111/j.1365-3040.2011.02426.x 809 

Liang, J.S., Zhang, J.H., 1999. Effects of periodical soil drying and leaf water 810 

potential on the sensitivity of stomatal response to xylem ABA. Acta Bot. Sin. 41, 811 

855–861. 812 

Liu, F., Jensen, C.R., Andersen, M.N., 2004. Pod Set Related to Photosynthetic Rate 813 

and Endogenous ABA in Soybeans Subjected to Different Water Regimes and 814 

Exogenous ABA and BA at Early Reproductive Stages. Ann. Bot. 94, 405–411. 815 

https://doi.org/10.1093/aob/mch157 816 

McCarthy, M., Christidis, N., Dunstone, N., Fereday, D., Kay, G., Klein‐Tank, A., 817 

Lowe, J., Petch, J., Scaife, A., Stott, P., 2019. Drivers of the UK summer 818 

heatwave of 2018. Weather 74, 390–396. 819 

https://doi.org/https://doi.org/10.1002/wea.3628 820 

Mcmaster, G.S., 2009. Development of the Wheat Plant, in: Carver, B.F. (Ed.), 821 

Wheat Science and Trade. Wiley-Blackwell., pp. 31–55. 822 

https://doi.org/10.1002/9780813818832.ch2 823 

Moeller, C., Rebetzke, G., 2017. Performance of spring wheat lines near-isogenic for 824 

the reduced-tillering ‘tin’ trait across a wide range of water-stress environment-825 

types. F. Crop. Res. 200, 98–113. https://doi.org/10.1016/j.fcr.2016.10.010 826 

Morgan, J.M., 1980. Possible role of abscisic acid in reducing seed set in water-827 

stressed wheat plants. Nature. https://doi.org/10.1038/285655a0  828 

Mphande, W., Kettlewell, P.S., Grove, I.G., Farrell, A.D., 2020. The potential of 829 

https://doi.org/10.1038/285655a0


43 
 

antitranspirants in drought management of arable crops: A review. Agric. Water 830 

Manag. 236, 106143. https://doi.org/10.1016/j.agwat.2020.106143 831 

Mulholland, B.J., Taylor, I.B., Black, C.R., Roberts, J.A., 1996. Effect of soil 832 

compaction on barley (Hordeum vulgare L.) growth: II. Are increased xylem sap 833 

ABA concentrations involved in maintaining leaf expansion in compacted soils? 834 

J. Exp. Bot. 47, 551–556. https://doi.org/10.1093/jxb/47.4.551 835 

NAAC, 2018. NAAC Contracting Charges Guide 2018 [www document]. url 836 

http://www.naac.co.uk/wp-content/uploads/2018/09/NAAC-contracting-charges-837 

guide-2018.pdf (accessed 12.31.19). 838 

Nawaz, F., Ahmad, R., Waraich, E.A., Naeem, M.S., Shabbir, R.N., 2012. Nutrient 839 

uptake, physiological responses, and yield attributes of wheat (triticum aestivum 840 

l.) exposed to early and late drought stress. J. Plant Nutr. 35, 961–974. 841 

https://doi.org/10.1080/01904167.2012.663637 842 

Ng, L.M. o., Melcher, K., Teh, B.T. ea., Xu, H.E., 2014. Abscisic acid perception and 843 

signaling: structural mechanisms and applications. Acta Pharmacol. Sin. 35, 844 

567–584. https://doi.org/10.1038/aps.2014.5 845 

Oosterhuis, D.M., Cartwright, P.M., 1983. Spike differentiation and floret survival in 846 

semidwarf spring wheat as affected by water stress and photoperiod1. Crop Sci. 847 

23, 711. https://doi.org/10.2135/cropsci1983.0011183x002300040026x 848 

Palliotti, A., Poni, S., Berrios, J.G., Bernizzoni, F., 2010. Vine performance and grape 849 

composition as affected by early-season source limitation induced with anti-850 

transpirants in two red Vitis vinifera L. cultivars. Aust. J. Grape Wine Res. 16, 851 

426–433. https://doi.org/10.1111/j.1755-0238.2010.00103.x 852 



44 
 

Pang, J., Turner, N.C., Khan, T., Du, Y., Xiong, J., Colmer, T.D., Devilla, R., 853 

Stefanova, K., Siddique, K.H.M., 2017. Response of chickpea (Cicer arietinum 854 

L.) to terminal drought : leaf stomatal conductance , pod abscisic acid 855 

concentration , and seed set. J. Exp. Bot. 68, 1973–1985. 856 

https://doi.org/10.1093/jxb/erw153 857 

Petr, J., Cerny, V., Hruska, L., 1988. Yield formation in the main field crops., 1st ed. 858 

Academic Press, Elsevier.  859 

Pierce, M., Raschke, K., 1980. Correlation between loss of turgor and accumulation 860 

of abscisic acid in detached leaves. Planta 148, 174–182. 861 

https://doi.org/10.1007/BF00386419 862 

 Prieto, P., Ochagavía, H., Savin, R., Griffiths, S., Slafer, G.A., 2018. Dynamics of 863 

floret initiation/death determining spike fertility in wheat as affected by Ppd 864 

genes under field conditions. J. Exp. Bot. 69, 2633–2645. 865 

https://doi.org/10.1093/jxb/ery105 866 

Quarrie, S.A., Jones, H.G., 1977. Effects of abscisic acid and water stress on 867 

development and morphology of wheat. J. Exp. Bot. 28, 192–203. 868 

https://doi.org/10.1093/jxb/28.1.192 869 

Rajala, A., Hakala, K., Makela, P., Muurinen, S., Peltonen-Sainio, P., 2009. Spring 870 

wheat response to timing of water deficit through sink and grain filling capacity. 871 

F. Crop. Res. 114, 263–271. https://doi.org/10.1016/j.fcr.2009.08.007 872 

Rana, G., Katerji, N., 2000. Measurement and estimation of actual 873 

evapotranspiration in the field under Mediterranean climate: A review. Eur. J. 874 

Agron. 13, 125–153. https://doi.org/10.1016/S1161-0301(00)00070-8 875 



45 
 

Sack, L., John, G.P., Buckley, T.N., 2018. ABA accumulation in dehydrating leaves 876 

is associated with decline in cell volume, not turgor pressure. Plant Physiol. 176, 877 

489–493. https://doi.org/10.1104/pp.17.01097 878 

Saini, H., Aspinall, D., 1982. Sterility in wheat (Triticum aestivum L.) induced by 879 

water deficit or high temperature: possible mediation by abscisic acid. Funct. 880 

Plant Biol. 9, 529. https://doi.org/10.1071/pp9820529 881 

Samarah, N.H., Alqudah, A.M., Amayreh, J.A., McAndrews, G.M., 2009. The effect 882 

of late-terminal drought stress on yield components of four barley cultivars. J. 883 

Agron. Crop Sci. 195, 427–441. https://doi.org/10.1111/j.1439-884 

037X.2009.00387.x 885 

SeedRanch, 2019. Millers Vapor Gard Anti-Transpirant Concentrate [WWW 886 

Document]. URL https://www.seedranch.com/Millers-Vapor-Gard-Concentrate-887 

1-Gallon-p/vapor-gard-gallon.htm (accessed 12.31.19). 888 

Sheoran, S., Malik, R., Narwal, S., Tyagi, B.S., Mittal, V., Kharub, A.S., Tiwari, V., 889 

Sharma, I., 2015. Genetic and molecular dissection of drought tolerance in 890 

wheat and barley. J. Wheat Res. 7, 1–13. 891 

Sio-Se Mardeh, A., Ahmadi, A., Poustini, K., Mohammadi, V., 2006. Evaluation of 892 

drought resistance indices under various environmental conditions. F. Crop. 893 

Res. 98, 222–229. https://doi.org/10.1016/j.fcr.2006.02.001 894 

Sreenivasulu, N., Schnurbusch, T., 2012. A genetic playground for enhancing grain 895 

number in cereals. Trends Plant Sci. 17, 91–101. 896 

https://doi.org/10.1016/j.tplants.2011.11.003 897 

Sylvester-Bradley, R., Grills, J.P., Roebuck, J.F., 1985. Methods for measuring 898 



46 
 

cereal crops, in: Aspects of Applied Biology 10. Field Trials Methods and Data 899 

Handling. Association of Applied Biologists, Warwick, pp. 213–239. 900 

Tigkas, D., Tsakiris, G., 2015. Early estimation of drought impacts on rainfed wheat 901 

yield in Mediterranean climate. Environ. Process. 21, 97–114. 902 

Tottman, D.R., 1987. An explanation of the decimal code for the growth stages of 903 

cereals, with illustrations. Ann. Appl. Biol. 110, 441–454. 904 

https://doi.org/https://doi.org/10.1111/j.1744-7348.1987.tb03275.x 905 

Turc, O., Tardieu, F., 2018. Drought affects abortion of reproductive organs by 906 

exacerbating developmentally driven processes via expansive growth and 907 

hydraulics. J. Exp. Bot. 69, 3245–3254. https://doi.org/10.1093/jxb/ery078 908 

Valluru, R., Davies, W.J., Reynolds, M.P., Dodd, I.C., 2016. Foliar abscisic acid-to-909 

ethylene accumulation and response regulate shoot growth sensitivity to mild 910 

drought in wheat. Front. Plant Sci. https://doi.org/10.3389/fpls.2016.00461 911 

Wang, B., Liu, C., Zhang, D., He, C., Zhang, J., Li, Z., 2019. Effects of maize organ-912 

specific drought stress response on yields from transcriptome analysis. BMC 913 

Plant Biol. 19,335. https://doi.org/10.1186/s12870-019-1941-5 914 

Walker-Simmons, M., Kudrna, D.A., Warner, R.L., 1989. Reduced Accumulation of 915 

ABA during Water Stress in a Molybdenum Cofactor Mutant of Barley. Plant 916 

Physiol. 90, 728–733. https://doi.org/10.1104/pp.90.2.728 917 

Weerasinghe, M.M., Kettlewell, P.S., Grove, I.G., Hare, M.C., 2016. Evidence for 918 

improved pollen viability as the mechanism for filmantitranspirant mitigation of 919 

drought damage to wheat yield. Crop Pasture Sci. 67, 137–146. 920 

https://doi.org/10.1071/CP15356 921 



47 
 

Westgate, M.E., Passioura, J.B., Munns, R., 1996. Water status and ABA content of 922 

floral organs in drought-stressed wheat. Aust. J. Plant Physiol. 23, 763–772. 923 

https://doi.org/10.1071/PP9960763 924 

Whalley, W.R., Binley, A., Watts, C.W., Shanahan, P., Dodd, I.C., Ober, E.S., 925 

Ashton, R.W., Webster, C.P., White, R.P., Hawkesford, M.J., 2017. Methods to 926 

estimate changes in soil water for phenotyping root activity in the field. Plant Soil 927 

415, 407–422. https://doi.org/10.1007/s11104-016-3161-1 928 

Winkel, T., Renno, J.-F., Payne, W.A., 1997.  Effect of the timing of water deficit on 929 

growth, phenology and yield of pearl millet ( Pennisetum glaucum (L.) R. Br.) 930 

grown in Sahelian conditions . J. Exp. Bot. 48, 1001–1009. 931 

https://doi.org/10.1093/jxb/48.5.1001 932 

Wopereis, M.C.S., Kropff, M.J., Maligaya, A.R., Tuong, T.P., 1996. Drought-stress 933 

responses of two lowland rice cultivars to soil water status. F. Crop. Res. 46, 934 

21–39. https://doi.org/10.1016/0378-4290(95)00084-4 935 

Yoshida, T., Christmann, A., Yamaguchi-Shinozaki, K., Grill, E., Fernie, A.R., 2019. 936 

Revisiting the Basal Role of ABA – Roles Outside of Stress. Trends Plant Sci. 937 

24, 625–635. https://doi.org/10.1016/j.tplants.2019.04.008 938 

Zadoks, J., Chang, T., Konzak, C., 1974. A decimal growth code for the growth 939 

stages of cereals. Weed Res. 14, 415–421. 940 

Zhang, J., Davies, W. J., 1990. Changes in the concentration of ABA in xylem sap as 941 

a function of changing soil water status can account for changes in leaf 942 

conductance and growth. Plant. Cell Environ. 13, 277–285. 943 

https://doi.org/10.1111/j.1365-3040.1990.tb01312.x 944 


	Peter Kettlewell Yield improvement front sheet
	Peter Kettlewell yield improvement

