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ABSTRACT. The objective of this study was to evaluate the the ability of foliar application of potassium 

nitrate (KNO3) to induce water deficit tolerance in sorghum plants (Sorghum bicolor cv. P898012) subjected 

to water deficit at pre-flowering. The experiment was conducted under greenhouse conditions with 4 

treatments: field capacity (FC), water deficit (WD), field capacity + KNO3 (FC + KNO3), and water deficit + 

KNO3 (WD + KNO3). Two foliar applications of 3% (m/v) KNO3 were made, the first on day zero of stress and 

the second on the fifth day. All analyses were performed after 12 days of stress (end of stress). Foliar 

application of KNO3 to irrigated plants led to increases in relative chlorophyll content, photosynthetic rate, 

stomatal conductance, transpiration, and carboxylation efficiency. It also induced increases in leaf 

concentrations of P, Mg, S, Cu, and Fe, in addition to height growth. Under water deficit conditions, plants 

treated with KNO3 presented higher relative chlorophyll content, leaf area, photosynthetic rate, stomatal 

conductance, transpiration, carboxylation efficiency, and higher levels of P, K, Mg, S, Cu, and Fe than those 

not treated with KNO3. The morphometry of the root system was not altered by the treatments. In addition, 

plants treated with KNO3 under water deficit conditions showed higher growth and a grain yield 32.2% 

higher than those that did not receive KNO3. These results demonstrated that KNO3 applied to the leaves 

induced water deficit tolerance in sorghum plants subjected to severe water stress at pre-flowering.  
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Introduction 

Research has shown that climate change in recent years has altered rainfall patterns worldwide and has 

threatened food production in environments where water is increasingly scarce. Therefore, the major 

challenge for this half of the century is to produce more food with reduced water resources (Foley et al., 2011); 

this will generate selection pressure, requiring crops that are highly adapted to water deficit. Among these 

food crops, sorghum (Sorghum bicolor Moench L.), which originated in tropical Africa and is a food source for 

more than 500 million people in 98 countries, is a cereal with great adaptation to drought, when compared to 

other crops (Pennisi, 2009).  

It is now known that some sorghum genotypes are tolerant to water deficit at the pre-flowering stage and others 

at the post-flowering stage (Emendack, Burke, Sanchez, Laza, & Hayes, 2018). However, due to the poor rainfall 

distribution, studies and techniques that search for tolerant genotypes are necessary because although sorghum 

shows good tolerance to water deficit, losses due to water stress recur (Elhag & Zhang, 2018).  

In sorghum, drought at pre-flowering leads to an increase in the production of reactive oxygen species 

(ROS) and a reduction in the function of plant photosystems, thus causing a decrease in energy in 

photosynthetic processes (Guo, Tian, Liu, Wang, & Sui, 2018). In addition, water deficit leads to a delay in 

flowering, leaf curling, flower abortion, and reduction in panicle and plant size and weight (Borrell et al., 

2014). This occurs because of a reduction in stomatal conductance. This reduction is one of the mechanisms 

by which plants reduce water loss when the water absorption capacity in the soil is lower than the losses to 

the atmosphere. However, by decreasing water loss by transpiration, the reduction in stomatal conductance 

inevitably restricts CO2 input into the mesophyll (Lawlor & Cornic, 2002; Souza et al., 2013; Lavinsky, 
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Magalhães, Ávila, Diniz, & Souza, 2015).  

In addition, it is emphasized that a reduction in gas exchange strongly inhibits the absorption and 

transport of nutrients. This is partly due to the reduction of up to 70% in transpiration during drought 

(Lavinsky et al., 2015), since the transport of minerals is governed by the transpiration chain via the xylem 

(White, 2001). Associated with this is a reduction in the photosynthetic rate and, therefore, the energy load 

of the plant. In maize plants, for example, severe water stress may lead to an average reduction of 80% in the 

photosynthetic rate (Avila et al., 2016) and consequently a severe energy deficit. Therefore, this low energy 

load induces an entropy in the system, compromising the absorption of nutrients, among other processes, 

since many of the nutrient carriers are energy-dependent channels (Grossman & Takahashi, 2001). 

In addition to the tools of traditional and modern plant breeding, the foliar application of mineral and 

organic substances has contributed to mitigating the effect of water deficit on plants (Gimeno et al., 2014; Liu 

et al., 2015; Reis et al., 2018; Avila et al., 2019). However, few studies have explored the mechanisms and 

effects of foliar application of potassium nitrate (KNO3) on morphophysiological and agronomic 

characteristics, and whether these substances actually lead to an increase in production.  

Therefore, recent studies have drawn attention to mineral nutrition against stress factors (Saud et al., 2017; 

Wang et al., 2019). In this context, it has been observed that well-nourished plants show better physiological 

performance under stress conditions (Zhong et al., 2017). Therefore, it has been observed that soil mineral 

supplementation with nitrogen compounds such as KNO3 has led to improvements in osmotic adjustment, the 

enzymatic antioxidant system (Khammari, Galavi, Ghanbari, Solouki, & Poorchaman, 2012), photosynthesis, 

stomatal conductance, transpiration, and nutrition in plants under water stress (Gimeno et al., 2014). 

In addition, it has been verified that KNO3 supplementation can positively influence the ‘stay green’ 

function, which is characterized by the maintenance of photosynthetic pigments as well as the photosynthetic 

process (Borrell et al., 2014). However, many of the nitrogen compounds applied, including KNO3, are in the 

form of salts and, therefore, in dry soils, they may contribute even more to soil water deficit (Gimeno et al., 

2014). Thus, an alternative would be to explore the use of nitrogen compounds through foliar application, in 

an attempt to maintain the nitrogen status in the leaf under optimum conditions; this could mitigate the 

effects of water deficit, inducing physiological improvements in the plants (Bahrami-Rad & Hajiboland, 2017; 

Ul-Allah et al., 2020). Few papers report this alternative with KNO3, showing the novelty of this approach. The 

objective of this study was to evaluate the ability of KNO3 via foliar application to induce tolerance to water 

deficit in sorghum plants subjected to stress at pre-flowering.  

Material and methods 

Growing conditions, experimental design, and application of KNO3 

The experiment was conducted in a greenhouse at Embrapa Milho e Sorgo (19º28’ S, 44º15’08’’ W, 732 m 

altitude) and the plant material used was the pre-flowering drought-sensitive sorghum cultivar, P898012, 

which presents the ‘stay green’ characteristic in its phenotype. The design was completely randomized, with 

four treatments and six replicates. The treatments were field capacity (FC), water deficit (WD), field capacity 

+ potassium nitrate (FC + KNO3), and water deficit + potassium nitrate (WD + KNO3). The treatments FC and 

FC + KNO3 had the soil water tension maintained close to -18 KPa throughout the cycle, whereas treatments 

WD and WD + KNO3 were imposed when the plants reached pre-flowering. In the treatment with water deficit, 

the soil had its water pressure reduced to -138 KPa, corresponding to the application of 50% of the available 

water, maintained at that level for a period of twelve days (Souza et al., 2014).  

The plants were grown in plastic pots containing 20 kg of oxisol. The water content in the soil was 

monitored daily between 9 a.m. and 3 p.m. with the aid of GB Reader N1535 (Measurement Engineering, 

Australia) moisture sensors installed in the center of each pot with a screw thread at a depth of 20 cm. These 

sensors detect soil water tension, based on electrical resistance, and are coupled to digital meters. Water 

replenishment through irrigation was based on the readings obtained with the sensor, and the water returned 

to field capacity during the period before the treatments. Water replenishment was calculated with the aid of 

a spreadsheet, according to the water retention curve of the soil. Correction and basal and cover fertilization 

were based on soil chemical analyses and the sorghum crop demand.  

KNO3 (Vetec Química, Sigma-Aldrich®) was applied to the leaves at a concentration of 3% (m v-1) with the aid 
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of a pressurized CO2 applicator, calibrated for a flow of 200 L ha-1 at day zero of stress and on the fifth day of stress. 

Physiological and morphological analyses 

All analyses were performed after twelve days of stress (end of stress) on the first leaf below the flag leaf. 

The leaf water potential was determined using a Scholander pressure pump (3005 Soil Moisture Equipment 

Corp., Santa Barbara CA, USA) at noon (midday, Ψmd). The relative chlorophyll content and/or SPAD index 

was determined using a chlorophyll meter (SPAD 502, Minolta, Japan). The variable quantum efficiency of 

photosystem II (Fv/Fm) was obtained using a pulse-modulated fluorometer (PEA-Pocket chlorophyll 

Fluorimeter, Hansatech Instruments, Norfolk, England). 

Leaf gas exchange was evaluated with an LI 6400 infrared gas analyzer (IRGA – LI-COR, Lincoln, NE, USA) 

equipped with a camera (LI-6400-40, LI-COR Inc.). The variables evaluated were photosynthetic rate (A), 

stomatal conductance (gs), transpiration rate (E), concentration of intercellular CO2 (Ci), intrinsic water use 

efficiency (A/gs), and carboxylation efficiency (A/Ci). The measurements were taken between 9 a.m. and 11 

a.m. under a photosynthetically active artificial radiation of 1,500 μmol photons m-2 s-1 at leaf level, with 

21% O2 and 400 μmol CO2 mol-1 air.  

The concentrations of macro- (N, P, K, Mg, Ca, and S) and micronutrients (Zn, Fe, Mn, and Cu) in the leaf 

were determined according to the methodology described by Silva (2009). 

The WinRhizo computer system (WinRhizo Pro, Regent Inc. Instr., Canada) was used to perform 

morphometric evaluations of the root system at the end of stress, in which the volume and surface area of the 

roots were measured by diameter classes, as described below: very fine roots (Ø < 0.5 mm), fine roots (> 0.5 Ø 

< 2.0 mm), and thick roots (Ø > 2.0 mm) (Magalhães, Souza, & Cantão, 2011). After 12 days of stress, total leaf 

area measurements were taken using a leaf area meter (Li-Cor Inc.).  

Agronomic analysis 

At the end of the crop cycle, plant height (PH) was measured with a graduated ruler and plant diameter (PD) 

was measured with a caliper. The plants then had their panicles collected and subjected to forced air drying at 70°C 

for 72 hours. Subsequently, with the aid of a digital analytical balance, grain dry biomass was obtained.  

Statistical analysis 

After obtaining the data, preliminary statistical tests were applied to match the results to the analysis of 

variance (ANOVA), using the statistical software Sisvar. The Scott-Knott test at 95% (p < 0.05**) significance 

was used to test any and all differences between treatments. The functional relationship between 

photosynthesis and stomatal conductance, carboxylation efficiency, and Fv/Fm ratio was determined by simple 

linear regression analysis, using the BioEstat 5.0 statistical software, at a significance level of 99% (p < 0.01*). 

Results and discussion 

After 12 days of treatment, all plants that were under water deficit (WD) presented a reduction in leaf water 

potential in relation to those that remained with irrigation at the field capacity level (FC), regardless of the 

treatment (Figure 1A). 

The 12-day WD treatment significantly reduced the relative chlorophyll content (Figure 1B). However, 

KNO3 induced an increase in the chlorophyll biosynthesis of the plants at FC and guaranteed the maintenance 

of the plants under WD since, under FC, plants treated with KNO3 had higher chlorophyll indices than those not 

treated. In addition, among the plants that were under stress conditions, those treated with KNO3, presented a 

higher relative chlorophyll content and had values of this variable similar to those that were under FC. 

The concentration of intercellular CO2 (Ci) was higher in plants under FC, regardless of the treatment (Figure 

2D). However, under this water condition, the plants that did not receive KNO3 had higher internal carbon levels 

than those treated with KNO3. In contrast, under WD, the plants that received the treatment with KNO3 had higher 

internal carbon values than those not treated. Under drought conditions, plants increased their intrinsic water use 

efficiency (A/gs), when compared to the controls under normal irrigation (Figure 2E). However, plants not treated 

with KNO3 showed higher intrinsic water use efficiency at the two water levels in the soil.  

The photosynthetic rate was positively correlated (r = 0.87) with stomatal conductance, so that as stomatal 

conductance increased, significant increases occurred in photosynthesis (Figure 3A). In this context, it is noted that the 

reduction in stomatal conductance induced by drought contributed significantly to lower photosynthesis rates in plants 
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under stress. A similar behavior was observed for the relationship between carboxylation efficiency and photosystem II 

efficiency (Figure 3B), since the higher the Fv/Fm ratio, the greater the carboxylation efficiency (r = 0.88). 

 

Figure 1. Leaf water potential (midday, Ψmd) (A), SPAD index (B), and Fv/Fm ratio (C) in sorghum plants subjected to water stress and 

treated with KNO3 at pre-flowering. FC = field capacity; WD = water deficit; FC + KNO3 = field capacity + KNO3; WD + KNO3 = water 

deficit + KNO3. Means followed by the same letter do not differ statistically by the Scott-Knott test at 5% probability. The bars 

represent the standard error of the mean of six replicates. 

 

Figure 2. Photosynthetic rate (A), A, stomatal conductance (gs), B; transpiration rate (E), C; concentration of intercellular CO2 (Ci), D; 
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intrinsic water use efficiency (A/gs), E; and carboxylation efficiency (A/Ci), F in sorghum plants subjected to water stress and treated 

with KNO3 at pre-flowering. FC = field capacity; WD = water deficit; FC + KNO3 = field capacity + KNO3; WD + KNO3 = water deficit + 

KNO3. Means followed by the same letter do not differ statistically by the Scott-Knott test at 5% probability. The bars represent the 

standard error of the mean of six replicates. 

 

Figure 3. Relationship between stomatal conductance (gs) and photosynthesis (A) – A, and between carboxylation efficiency (A/Ci) and 

efficiency of photosystem II (Fv/Fm) – B, in sorghum plants subjected to water stress and treated with KNO3 at pre-flowering. Linear 

correlation, significant at 1% probability. 

The Fv/Fm ratio, which represents the quantum efficiency of photosystem II (Figure 1C), exhibited a behavior 

similar to that of the chlorophyll index, showing the close interconnection between these two variables. It was 

therefore observed that WD led to an increase in chlorophyll fluorescence, regardless of the treatment. However, 

the plants treated with KNO3 had lower fluorescence levels than their controls under both water conditions. 

Plants grown under FC presented higher photosynthetic rate (A; Figure 2A), stomatal conductance (gs; 

Figure 2B), transpiration (E; Figure 2C), and carboxylation efficiency (A/Ci; Figure 2F) than those grown under 

WD conditions. However, it is important to note that KNO3-treated plants showed higher values for these 

parameters than those that did not receive KNO3 under both water conditions. 

Regarding mineral nutrition, in general, water deficit reduced leaf macro- and micronutrients; however, 

foliar application of KNO3 attenuated the effects of drought (Table 1). Nitrogen was higher in plants at FC than in 

those under WD. There was no effect of KNO3 on the levels of nitrogen in FC plants, but plants under WD and 

treated with KNO3 exhibited higher values of nitrogen in their leaves than those that did not receive KNO3. 

Under FC, phosphorus content was higher, regardless of KNO3, and the plants treated with KNO3 had higher 

levels of phosphorus than those not treated. A similar behavior was observed under water stress, since plants 

treated with KNO3 presented higher values than those that did not receive the treatment. Potassium was 

higher only in the plants under WD + KNO3, while there were no differences in potassium for the other 

treatments (Table 1). 

Table 1. Concentration of macro- and micronutrients in the leaves of sorghum plants subjected to water deficit and treated with KNO3 

at pre-flowering. 

 FC WD FC + KNO3 WD + KNO3 

N (%) 4.59a 3.83 c 4.60 a 3.97 b 

P (g kg-1) 3.47 b 2.25 d 4.27 a 2.96 c 

K (g kg-1) 24.18 b 24.81 b 24.29 b 27.26 a 

Ca (g kg-1) 10.15 a 7.66 b 9.58 a 8.38 b 

Mg (g kg-1) 3.07 b 2.78 c 3.43 a 2.96 b 

S (g kg-1) 2.29 b 1.98 c 2.56 a 2.04 c 

Zn (mg kg-1) 150.45 a 107.64 b 149.09 a 113.64 b 

Cu (mg kg-1) 11.43 b 9.32 c 12.02 a 8.76 c 

Fe (mg kg-1) 186.40 b 158.40 c 238.97 a 179.70 b 

Mn (mg kg-1) 187.53 c 256.63 a  197.50 c 241.25 b 

FC = field capacity; WD = water deficit; FC + KNO3 = field capacity + KNO3; WD + KNO3 = water deficit + KNO3. Means followed by the same letter in the line 

do not differ statistically by the Scott-Knott test at 5% probability. 

The levels of calcium in the leaves were affected only by the water levels, since plants under FC presented 

higher levels of this macronutrient. Treatment with KNO3 induced an increase in magnesium content in plants 

under FC and the maintenance of their contents in plants under stress, with plants under WD + KNO3 showing 
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values similar to those of plants under FC + KNO3. Plants of the WD + KNO3 treatment showed the lowest 

magnesium content in their leaves. Sulfur content was reduced in plants under drought, regardless of the 

treatment. During normal irrigation conditions, KNO3 led to increases in its contents. Among the plants under 

stress, there were no changes in sulfur content (Table 1).  

The concentrations of copper and iron presented similar behavior. Plants under stress reduced their levels 

regardless of the presence of KNO3. However, plants at FC treated with KNO3 had higher values of both 

nutrients. Iron differed from copper, which had similar levels during drought in plants under stress, as values 

of iron were higher in plants under WD + KNO3 than those under WD, and similar to those in FC + KNO3. Zinc 

was reduced with drought, independently of KNO3, but within the same soil water level, its content did not 

vary after KNO3 treatment. Regarding manganese, it was verified that WD increased its levels independently 

of the treatment; under drought conditions, plants of the WD treatment showed higher levels of this element, 

while under irrigation, there were no differences among treatments (Table 1). 

Unlike the variables analyzed in the shoot, where both drought and treatment with KNO3 had a strong 

influence, the morphometry of the root system was not altered by these two factors. However, it is important 

to observe that the surface area of the root system (Figure 4A) consists of an average of 15% of very fine roots 

(SAVFR), 65% of fine roots (SAFR), and 30% of thick roots (SATR). The volume of the root system (Fig. 4B) 

had results similar to those of surface area, differing only in the volume of fine (VFR) and very fine roots 

(VVFR), which occupy, on average, 90% of the entire volume of the root system. 

KNO3 positively influenced plant height (PH; Table 2), since plants under FC + KNO3 exhibited the highest 

plant height among all treatments, and plants under WD + KNO3 showed similar heights to those in FC, 

demonstrating that KNO3 attenuated the effects of stress on plant growth. Among all the treatments studied, 

only plants that were under WD showed lower height. Plant diameter (PD) was lower in all WD plants. Within 

the same water level in the soil, there were no differences in this variable among treatments. 

Leaf area (LA) was higher in plants under FC, followed by FC + KNO3 and WD + KNO3, which did not differ 

from each other. Among all the treatments, the plants under WD not treated with KNO3 presented the lowest 

LA. Thus, it is possible to note that KNO3 guaranteed the maintenance of plant LA during stress. Drought 

significantly affected grain dry biomass (GDB), since all the plants that were under this water condition 

reduced their biomass in relation to the plants under FC, independently of KNO3. At FC, there were no 

differences among treatments. However, during WD, plants treated with KNO3 produced a 32.2% higher final 

grain yield than plants that did not receive KNO3 (Table 2). 

Foliar application of KNO3 led to drought tolerance in sorghum plants subjected to water stress at pre-

flowering, and also yielded physiological improvements in plants under irrigation, since the plants of the 

treatments FC + KNO3 and WD + KNO3 presented higher growth in height in relation to their respective FC 

and WD controls. In addition, plants under WD + KNO3 showed an increase of 32.2% in the final grain yield, 

when compared to those not treated with KNO3. 

 

Figure 4. Root morphometry of sorghum plants subjected to water stress and treated with KNO3 at pre-flowering. SAVFR: surface area 

of very fine roots; SAFR: surface area of fine roots; SATR: surface area of thick roots – A. VVFR: Volume of very fine roots; VFR: 

Volume of fine roots; VTR: Volume of thick roots – B. FC = field capacity; WD = water deficit; FC + KNO3 = field capacity + KNO3; WD + 

KNO3 = water deficit + KNO3. 

Table 2. Plant height (PH), plant diameter (PD), leaf area (LA), and grain dry biomass (GDB) of sorghum plants subjected to water 

deficit and treated with KNO3 at pre-flowering. 

 FC WD FC + KNO3 WD + KNO3 

PH (cm) 1.14 b 1.06 c 1.28 a 1.14 b 
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PD (mm) 12.47 a 10.54 b 12.27 a 11.45 b 

LA (m2) 13.60 a 9.36 c 12.41 b 11.57 b 

GDB (g) 30.11 a 12.65 c 29.97 a 18.39 b 

FC = field capacity; WD = water deficit; FC + KNO3 = field capacity + KNO3; WD + KNO3 = water deficit + KNO3. Means followed by the same letter in the line 

do not differ statistically by the Scott-Knott test at 5% probability. 

It is important to emphasize that the sorghum cultivar P898012 has a “stay-green” phenotype, and that 

materials with this phenotype are sensitive to water deficit at pre-flowering (Burke et al., 2013). One of the 

effects of water deficiency in these strains is accelerated leaf senescence, which directly impacts the 

photosynthetically active leaf area, grain growth, and yield (Farooq, Wahid, Kobayashi, Fujita, & Basra, 2009). 

Therefore, KNO3 contributed to the maintenance of the functional ‘stay-green’ phenotype, since it delayed 

senescence, maintaining the plants with a greater photosynthetically active area after stress, compared to 

plants under WD. Thus, the increase of 32.2% in the dry biomass of grains in plants under WD + KNO3 in 

relation to the plants under WD is directly related to the increase in leaf area, since it increases the productive 

area of photoassimilates, which are highly essential to sustain grain filling (Avila et al., 2016). 

The increase in growth of plants under FC + KNO3 and in the growth and yield of grains in plants under 

WD + KNO3 can be attributed to the improvement in the photosynthetic process promoted by KNO3. 

Therefore, in the photochemical apparatus, it increased the levels of chlorophyll in plants under irrigation 

and maintained those in the plants under stress. This positive feedback on the levels of photosynthetic 

pigments, especially during drought, may have contributed to a higher photochemical efficiency, since these 

pigments are constituents of the antenna complexes of photosystems I and II; therefore, they are responsible 

for the absorption and transfer of solar energy for the photosystems (Mirkovic et al., 2017). In addition, it is 

known that the continuous transfer of energy from the antenna complexes to the photochemistry is of 

paramount importance to reduce the loss of energy by non-photochemical pathways such as fluorescence, and also 

to avoid the oxidation and degradation of photosynthetic pigments (Kalaji et al., 2016; Mirkovic et al., 2017). 

Chlorophyll ‘a’ fluorescence is an indication of the integrity and efficiency of photosystem II. Thus, lower 

fluorescence indicates a lower stress level and a higher photochemical efficiency, which results in higher 

formation of photochemical products, which are substrates for carbon fixation in the Calvin cycle (Kalaji et 

al., 2016). In this context, it was observed that KNO3 increased the plants’ photochemical efficiency in the FC 

+ KNO3 and WD + KNO3 treatments, compared with FC and WD, respectively. 

It is important to note that the stomatal pathway contributed significantly to the reduction in the 

photosynthetic rate of plants under stress, since the reduction in photosynthetic rate was correlated with the 

reduction in stomatal conductance, which led to a reduction in internal carbon levels in the mesophyll and 

transpiration. However, in addition to improving the photochemical process, KNO3 contributed to leaf 

biophysical processes (gas exchange), which are directly related to photosynthesis, as they increase the 

transpiration and stomatal conductance of irrigated plants and mitigate the effects on plants under stress. In 

tobacco under foliar potassium application, the same responses were observed for gas exchange for both 

irrigated plants and those under drought (Bahrami-Rad & Hajiboland, 2017). 

Transpiration is a process of great importance for plants, as it is responsible for events such as leaf cooling, 

allowing leaves to maintain stomatal opening throughout the day (Maurel, Verdoucq, & Rodrigues, 2016). At 

the same time, greater stomatal conductance may favor the entry of atmospheric CO2 into the leaf mesophyll, 

leading to a higher formation of organic compounds, which will later be transported, decarboxylated, and 

assimilated in the sheath cells during the photosynthetic process (Lavinsky et al., 2015).  

This can be observed in this study, as plants at FC exhibited higher values of stomatal conductance, 

internal carbon, and photosynthesis than those under stress. In addition, plants under WD + KNO3, which 

presented higher photosynthesis rates, also exhibited greater stomatal conductance and internal carbon 

levels when compared to WD treatments. Plants treated with KNO3 under both water conditions also had 

higher carbolixation efficiency, indicating a higher activity of the Rubisco enzyme (Farooq et al., 2009) in 

relation to their controls under the same water conditions. This higher carboxylation efficiency explains the 

lower internal carbon levels in plants under FC + KNO3, compared to the FC treatment because the greater 

activity of Rubisco intensifies CO2 consumption. 

In relation to the concentration of intercellular CO2, it was higher in plants treated with KNO3 under WD, 

when compared to those not treated. This may have occurred because these plants had 25% greater stomatal 

conductance than those not treated. Thus, plants treated with KNO3 absorbed more carbon, but CO2 

accumulated because of the reduction in carboxylation efficiency that was caused by the reduction in the 
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efficiency of photosystem II Therefore, it is suggested that the improvements in these coupled processes may 

have favored the Calvin cycle activity and led to improvements in the photosynthesis of plants treated with 

KNO3 in relation to their controls within each soil water level. 

The higher photosynthesis and stomatal conductance in treatments FC + KNO3 and WD + KNO3, in relation 

to their respective FC and WD controls, explains the lower intrinsic water use efficiency, when this parameter 

is based on the ratio of photosynthetic rate/conductance. Therefore, the greater the stomatal conductance, 

the lower is the intrinsic water use efficiency. These data corroborate the findings of Gimeno et al. (2014), 

who observed that citrus plants subjected to water stress and treated with KNO3 had higher photosynthetic 

rate, stomatal conductance, and transpiration than those not treated with KNO3. However, these authors did 

not observe an increase in the root system or water-use efficiency. Therefore, they attributed the higher 

transpiration rate and stomatal conductance to osmotic adjustment, since plants treated with KNO3 

significantly increased proline and potassium levels in the leaves. In fact, in the present study, plants under 

WD + KNO3 had the highest levels of potassium in the leaves among all treatments. Thus, it is suggested that 

this osmotic adjustment may have favored plant water recovery during the night and, therefore, contributed 

to gas exchange the next day. 

Foliar application of KNO3 also contributed to plant mineral nutrition since, under normal irrigation 

conditions, plants at FC + KNO3 showed higher concentrations of P, Mg, S, Cu, and Fe than the plants at FC 

that were not supplemented with KNO3. Furthermore, under water deficit conditions, plants treated with 

KNO3 exhibited higher concentrations of N, P, K, Mg, S, Cu, and Fe than those not treated with KNO3. 

Therefore, it is important to observe that the absorption and transport of minerals occurs by mass flow 

through the xylem, from the transpiratory flow (Garg, 2003). 

Thus, the higher concentration of nutrients shown by plants treated with KNO3, within each soil water 

level, is a result of the greater transpiration from these plants, with plants from the treatment FC + KNO3 

having a transpiration rate 45.63% greater than those at FC. This difference is even greater under stress 

conditions, with plants from WD + KNO3 having 60.61% more transpiration than those from WD. Moreover, 

when the treatments FC and FC + KNO3 were compared with WD and WD + KNO3, the plants that were under 

FC had a higher transpiration rate, and, in general, higher nutrient content in its leaves.  

The higher concentrations of nitrogen under WD + KNO3, compared to WD, may be correlated with the 

maintenance of chlorophyll content and lower fluorescence observed in these plants, since nitrogen is a 

structural component of chlorophyll (Peterson, Blackmer, Francis, & Schepers, 1993) and its metabolism is a 

process of high energy consumption. Thus, it is suggested that when the Calvin cycle is not able to consume 

all the energy generated in photochemistry, the nitrogen metabolic activity could consume some of this 

excess energy (Carelli, Fahl, & Ramalho, 2006). In addition, it has been observed that nitrogen metabolism 

may be associated with water stress tolerance in rice, as it contributes to the protection of the photosynthetic 

apparatus through activation of the antioxidant system and osmotic adjustment (Zhong et al., 2017). 

The increase in relative chlorophyll content in plants under FC + KNO3 and its maintenance in plants under 

WD + KNO3 is directly related to the magnesium content, since this element constitutes the central nucleus 

of chlorophylls (Rissler, Collakova, DellaPenna, Whelan, & Pogson, 2002) and presented the same pattern of 

levels of this molecule. Magnesium may have contributed to the greater carboxylation efficiency of the plants 

of the treatments FC + KNO3 and WD + KNO3 in relation to their respective controls, as, together with CO2, it 

forms a complex of activation of Rubisco (Farooq et al., 2009). Iron is another element that is closely linked 

to the synthesis of chlorophylls, acting as an enzymatic catalyst in this synthesis (Chen & Barak, 1982). In 

addition, iron is a fundamental element in the transfer of electrons through iron-sulfurous proteins in 

respiration, photochemistry, and nitrogen assimilation (Vigani & Briat, 2016). Improvements in height 

growth of plants treated with KNO3 under FC and WD may be linked to increase and maintenance, 

respectively, in phosphorus concentration, since this element is fundamental in energy metabolism and, 

therefore, in grain growth and production of the plant, mainly under stress conditions, where the plant 

undergoes an energy deficit (Liu et al., 2015). 

Although there were no differences among treatments, it was important to characterize the roots by 

different diameter classes, as the fine and very fine roots were the ones that presented the greatest surface 

area and volume. This is directly related to the absorption capacity of water and minerals, since fine and very 

fine roots present higher kinetic absorption than thick ones, as thick roots are commonly in advanced stages 

of suberization (Liu et al., 2010), which gives greater rigidity to these roots, whose main function is plant 
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support. 

Conclusion  

The results obtained in this study indicate that KNO3 induces tolerance to water deficit in sorghum plants 

subjected to severe water stress at pre-flowering. 

Acknowledgements 

The authors would like to thank Federal University of Lavras, Embrapa - Maize and Sorghum, CNPq, and 

Fapemig (APQ- 01409-15) for human, financial, and intellectual resources throughout the study. This study was 

financed in part by the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (Capes) – Finance Code 001. 

References 

Avila, R. G., Magalhães, P. C., Alvarenga, A. A., Lavinsky, A. O., Campos, C. N., Gomes Júnior, C. C., & 

Souza, T. C. (2016). Drought-tolerant maize genotypes invest in root system and maintain high harvest 

index during water stress. Revista Brasileira de Milho e Sorgo, 15(3), 450-460. 

DOI: https://doi.org/10.18512/1980-6477/rbms.v15n3p450-460 

Avila, R. G., Magalhães, P. C., Silva, E. M., Gomes Júnior, C. C., Lana, U. G. P., Alvarenga, A. A., & Souza, T. 

C. (2019). Silicon supplementation improves tolerance to water deficiency in sorghum plants by 

increasing root system growth and improving photosynthesis. Silicon, 12, 2545-2554. 

DOI: https://doi.org/10.1007/s12633-019-00349-5 

Bahrami-Rad, S., & Hajiboland, R. (2017). Effect of potassium application in drought-stressed tobacco 

(Nicotiana rustica L.) plants: comparison of root with foliar application. Annals of Agricultural Sciences, 

62(2), 121-130. DOI: https://doi.org/10.1016/j.aoas.2017.08.001  

Borrell, A. K., Mullet, J. E., George-Jaeggli, B., van Oosterom, E. J., Hammer, G. L., Klein, P. E., & Jordan, D. 

R. (2014). Drought adaptation of stay-green sorghum is associated with canopy development, leaf 

anatomy, root growth, and water uptake. Journal of Experimental Botany, 65(21), 6251-6263. 

DOI: https://doi.org/10.1093/jxb/eru232 

Burke, J. J., Chen, J., Burow, G., Mechref, Y., Rosenow, D., Payton, P. R., … Hayes, C. M. (2013). Leaf dhurrin 

content is a quantitative measure of the level of pre- and postflowering drought tolerance in sorghum. 

Crop Science, 53(3), 1056-1065. DOI: https://doi.org/10.2135/cropsci2012.09.0520 

Carelli, M. L. C., Fahl, J. I., & Ramalho, J. D. C. (2006). Aspects of nitrogen metabolism in coffee plants. 

Brazilian Journal of Plant Physiology, 18(1), 9-21. DOI: https://doi.org/10.1590/S1677-04202006000100002 

Chen, Y., & Barak, P. (1982). Iron nutrition of plants in calcareous soils. Advances in Agronomy, 35, 217-240. 

DOI: https://doi.org/10.1016/S0065-2113(08)60326-0 

Elhag, K. M., & Zhang, W. (2018). Monitoring and assessment of drought focused on its impact on sorghum 

yield over sudan by using meteorological drought indices for the period 2001-2011. Remote Sensing, 

10(8), 1231. DOI: https://doi.org/10.3390/rs10081231 

Emendack, Y., Burke, J., Sanchez, J., Laza, H. E., & Hayes, C. (2018). Agro-morphological characterization of 

diverse sorghum lines for pre-and post-flowering drought tolerance. Australian Journal of Crop Science, 

12(1), 135-150. DOI: https://doi.org/10.21475/ajcs.18.12.01.pne790 

Farooq, M., Wahid, A., Kobayashi, N., Fujita, D., & Basra, S. M. A. (2009). Plant drought stress: Effects, 

mechanisms and management. Agronomy for Sustainable Development, 29, 185-212. 

DOI: https://doi.org/10.1007/978-90-481-2666-8_12 

Foley, J. A., Ramankutty, N., Brauman, K. A., Cassidy, E. S., Gerber, J. S., Johnston, M., … Zaks, D. P. M. (2011). 

Solutions for a cultivated planet. Nature, 478(7369), 337-342. DOI: https://doi.org/10.1038/nature10452 

Garg, B. K. (2003). Nutrient uptake and management under drought: nutrient-moisture interaction. Current 

Agriculture, 27(1-2), 1-8. 

Gimeno, V., Díaz-López, L., Simón-Grao, S., Martínez, V., Martínez-Nicolás, J. J., & García-Sánchez, F. (2014). 

Foliar potassium nitrate application improves the tolerance of Citrus macrophylla L. seedlings to drought 



Page 10 of 11 Ávila et al. 

Acta Scientiarum. Agronomy, v. 44, e53069, 2022 

conditions. Plant Physiology and Biochemistry, 83, 308-315. DOI: https://doi.org/10.1016/j.plaphy.2014.08.008 

Grossman, A., & Takahashi, H. (2001). Macronutrient utilization by photosynthetic eukaryotes and the 

fabric of interactions. Annual Review of Plant Physiology and Plant Molecular Biology, 52, 163-210. 

DOI: https://doi.org/10.1146/annurev.arplant.52.1.163 

Guo, Y. Y., Tian, S. S., Liu, S. S., Wang, W. Q., & Sui, N. (2018). Energy dissipation and antioxidant enzyme 

system protect photosystem II of sweet sorghum under drought stress. Photosynthetica, 56(3), 861-872. 

DOI: https://doi.org/10.1007/s11099-017-0741-0 

Kalaji, H. M., Jajoo, A., Oukarroum, A., Brestic, M., Zivcak, M., Samborska, I. A., … Ladle, R. J. (2016). 

Chlorophyll a fluorescence as a tool to monitor physiological status of plants under abiotic stress 

conditions. Acta Physiologiae Plantarum, 38, 102.  DOI: https://doi.org/10.1007/s11738-016-2113-y 

Khammari, I., Galavi, M., Ghanbari, A., Solouki, M., & Poorchaman, M. R. A. (2012). The effect of drought 

stress and nitrogen levels on antioxidant enzymes, proline and yield of Indian Senna (Cassia angustifolia 

L.). Journal of Medicinal Plants Research, 6(11), 2125-2130. DOI: https://doi.org/10.5897/jmpr11.1105 

Lavinsky, A. O., Magalhães, P. C., Ávila, R. G., Diniz, M. M., & Souza, T. C. (2015). Partitioning between primary 

and secondary metabolism of carbon allocated to roots in four maize genotypes under water deficit and its 

effects on productivity. The Crop Journal, 3(5), 379-386. DOI: https://doi.org/10.1016/j.cj.2015.04.008 

Lawlor, D. W., & Cornic, G. (2002). Photosynthetic carbon assimilation and associated metabolism in 

relation to water deficits in higher plants. Plant, Cell & Environment, 25(2), 275-294. 

DOI: https://doi.org/10.1046/j.0016-8025.2001.00814.x 

Liu, C., Wang, Y., Pan, K., Jin, Y., Li, W., & Zhang, L. (2015). Effects of phosphorus application on 

photosynthetic carbon and nitrogen metabolism, water use efficiency and growth of dwarf bamboo 

(Fargesia rufa) subjected to water deficit. Plant Physiology and Biochemistry, 96, 20-28. 

DOI: https://doi.org/10.1016/j.plaphy.2015.07.018 

Liu, G., Freschet, G. T., Pan, X., Cornelissen, J. H. C., Li, Y., & Dong, M. (2010). Coordinated variation in leaf 

and root traits across multiple spatial scales in Chinese semi-arid and arid ecosystems. New Phytologist, 

188(2), 543-553. DOI: https://doi.org/10.1111/j.1469-8137.2010.03388.x 

Magalhães, P. C., Souza, T. C., & Cantão, F. R. O. (2011). Early evaluation of root morphology of maize 

genotypes under phosphorus deficiency. Plant, Soil and Environment, 57(3), 135-138. 

DOI: https://doi.org/10.17221/360/2010-PSE 

Maurel, C., Verdoucq, L., & Rodrigues, O. (2016). Aquaporins and plant transpiration. Plant, Cell & 

Environment, 39(11), 2580-2587. DOI: https://doi.org/10.1111/pce.12814 

Mirkovic, T., Ostroumov, E. E., Anna, J. M., Van Grondelle, R., Govindjee, & Scholes, G. D. (2017). Light 

absorption and energy transfer in the antenna complexes of photosynthetic organisms. Chemical Reviews, 

117(2), 249-293. DOI: https://doi.org/10.1021/acs.chemrev.6b00002 

Pennisi, E. (2009). How sorghum withstands heat and drought. Science, 323(5914), 573. 

DOI: https://doi.org/10.1126/science.323.5914.573 

Peterson, T. A., Blackmer, T. M., Francis, D. D., & Schepers, J. S. (1993). Using a chlorophyll meter to improve 

N management. Lincoln, NE: Institute of Agriculture and Natural Resources.  

Reis, C. O., Magalhães, P. C., Avila, R. G., Almeida, L. G., Rabelo, V. M., Carvalho, D. T., … Souza, T. C. 

(2018). Action of N-Succinyl and N,O-Dicarboxymethyl chitosan derivatives on chlorophyll 

photosynthesis and fluorescence in drought-sensitive maize. Journal of Plant Growth Regulation, 38,  

619-630. DOI: https://doi.org/10.1007/s00344-018-9877-9 

Rissler, H. M., Collakova, E., DellaPenna, D., Whelan, J., & Pogson, B. J. (2002). Chlorophyll biosynthesis. 

Expression of a second chl i gene of magnesium chelatase in Arabidopsis supports only limited 

chlorophyll synthesis. Plant Physiology, 128(2), 770-779. DOI: https://doi.org/10.1104/pp.010625 

Saud, S., Fahad, S., Yajun, C., Ihsan, M. Z., Hammad, H. M., Nasim, W., … Alharby, H. (2017). Effects of 

nitrogen supply on water stress and recovery mechanisms in kentucky bluegrass plants. Frontiers in Plant 

Science, 8, 893. DOI: https://doi.org/10.3389/fpls.2017.00983 

Silva, F. C. (2009). Manual de análises químicas de solos, plantas e fertilizantes (2a ed.). Brasília, DF: Embrapa 

Solos. 



KNO3 induces tolerance to drought in sorghum Page 11 of 11 

Acta Scientiarum. Agronomy, v. 44, e53069, 2022 

Souza, T. C., Castro, E. M., Magalhães, P. C., Lino, L. O., Alves, E. T., & Albuquerque, P. E. P. (2013). 

Morphophysiology, morphoanatomy, and grain yield under field conditions for two maize hybrids with 

contrasting response to drought stress. Acta Physiologiae Plantarum, 35(11), 3201-3211. 

DOI: https://doi.org/10.1007/s11738-013-1355-1 

Souza, T. C., Magalhães, P. C., Castro, E. M., Carneiro, N. P., Padilha, F. A., & Gomes Júnior, C. C. (2014). 

ABA application to maize hybrids contrasting for drought tolerance: Changes in water parameters and in 

antioxidant enzyme activity. Plant Growth Regulation, 73(3), 205-217. 

DOI: https://doi.org/10.1007/s10725-013-9881-9 

Ul-Allah, S., Ijaz, M., Nawaz, A., Sattar, A., Sher, A., Naeem, M., ... Mahmood, K. (2020). Potassium 

application improves grain yield and alleviates drought susceptibility in diverse maize hybrids. Plants, 

9(1), 75. DOI: https://doi.org/10.3390/plants9010075 

Vigani, G., & Briat, J.-F. (2016). Impairment of respiratory chain under nutrient deficiency in plants: does it 

play a role in the regulation of iron and sulfur responsive genes? Frontiers in Plant Science, 6, 1185. 

DOI: https://doi.org/10.3389/fpls.2015.01185 

Wang, X., Mohamed, I., Ali, M., Abbas, M. H. H., Shah, G. M., & Chen, F. (2019). Potassium distribution in 

root and non-root zones of two cotton genotypes and its accumulation in their organs as affected by 

drought and potassium stress conditions. Journal of Plant Nutrition and Soil Science, 182(1), 72-81. 

DOI: https://doi.org/10.1002/jpln.201800026 

White, P. J. (2001). The pathways of calcium movement to the xylem. Journal of Experimental Botany, 

52(358), 891-899. DOI: https://doi.org/10.1093/jexbot/52.358.891  

Zhong, C., Cao, X., Hu, J., Zhu, L., Zhang, J., Huang, J., & Jin, Q. (2017). Nitrogen metabolism in adaptation 

of photosynthesis to water stress in rice grown under different nitrogen levels. Frontiers in Plant Science, 

8, 1079. DOI: https://doi.org/10.3389/fpls.2017.01079 

 


