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Abstract

:

Global climate change is likely to increase the risk of frequent drought. Maize, as the principal global cereal, is particularly impacted by drought. Nutrient supply may improve plant drought tolerance for better plant establishment during seedling growth stages. Thus, this study investigated the interactive effects of drought and the application of the nutrients N, P and K either individually or in combination. The maize seedlings were harvested between 12 and 20 days after sowing, and the leaf area, shoot fresh and dry weight and root dry weight were determined, and shoot water content and root/shoot dry weight ratio were calculated. Among the N, P and K fertilization treatments applied individually or in combination, the results showed that there was generally a positive effect of combined NPK and/or NP nutrient supply on shoot growth such as leaf area, shoot fresh and dry weight at day 20 after sowing under both well-watered and drought conditions compared with no nutrient supply. Compared with the effect of N and P nutrient supply, it seems that K was not limiting to plant growth due to the mineralogical characteristics of the illitic-chloritic silt loam used, which provided sufficient K, even though soil tests showed a low K nutrient status. Interestingly, the root/shoot ratio remained high and constant under drought regardless of NPK application, while it decreased with NPK applications in the well-watered treatment. This suggests that the higher root/shoot ratios with N, NP, PK and NPK under drought could be exploited as a strategy for stress tolerance in crop plants.
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1. Introduction


Drought is a primary constraint to global crop production, and global climate change is likely to increase the risk of frequent drought, especially in rain-fed agriculture [1,2]. Maize, as the principal global cereal, is particularly impacted by frequent drought spells. Under drought stress, reduced nutrient availability is one of the most important factors limiting plant growth [3]. Drought reduces nutrient uptake by the roots, in part, because the decline in soil moisture results in a decreased rate of diffusion of nutrients from the soil matrix to the absorbing root surface [3,4,5]. Moreover, nutrient transport from the roots to the shoots is also restricted by reduced transpiration rates and impaired active transport and membrane permeability, together resulting in a reduced root absorbing power by crop plants [6,7]. Thus, nutrient supply strongly affects crop productivity under drought conditions, but this is also very complex [8,9,10]. The positive effects of N and P on plant growth under drought conditions are attributed to an increase in water-use efficiency, stomatal conductance [11,12,13,14], photosynthesis and ATPase activity [5,15], as well as higher cell membrane stability and improved osmotic adjustment [16,17]. However, K increases a plant′s drought tolerance through its functions in stomatal regulation, energy status, charge balance, protein synthesis and homeostasis [18,19,20]. Many physiological mechanisms are involved in the improvement of plant growth through nutrient supply. However, the different studies on the benefit of N, P and K fertilization on plant growth under drought stress are controversial [14,21,22]. Thus, it is necessary to compare the effect of a single nutrient supply, such as N, P and K, and/or combined nutrients on plant growth within the same experiment.



Maize growth is most sensitive to drought during the early growth stages [23,24,25,26,27,28,29,30]. At seedling growth stages, maize growth is characterized by leaf initiation and elongation and by changes in relative root growth maintenance and root architecture [31,32]. Such growth processes react sensitively to drought [31,33,34,35,36]. In addition, the seedling growth stage of maize is highly relevant for P deficiency, since most P-deficiencies in maize are often observed in western Europe at an early growth stage, which has been shown in long-term experimentation [37]. Therefore, it is important to understand how nutrient supply can maintain shoot and root growth, especially during the early growth of plants under drought stress.



The objective of this study was to investigate the interactive effects of different N-, P- and K-nutrition supplementations singly and in combination, as well as the effect of drought stress on shoot and root development of young maize plants, and to understand the different sensitivities of root and shoot growth to drought stress during the early growth stages under different nutrient supplies.




2. Materials and Methods


2.1. Plant Materials and Growth Conditions


Maize seeds (Zea mays L. cv Issa), pre-germinated for one day in distilled water, were sown in a pot (10.5 cm in diameter and 20 cm tall), containing 1.5 L of silty soil. The wetted soil was mixed thoroughly and allowed to equilibrate for more than two days. Thereafter, the soil was sieved and filled into the pots. To minimize water loss through evaporation, a 2-cm layer of quartz sand (ϕ = 2 mm) covered the soil surface. Four days after sowing, the seedlings were thinned from four to three plants per pot. There were 3 pots per treatment, i.e., all treatments were replicated three times. The properties of the soil are shown in Table 1 [38]. The nitrate, P, K and Mg contents of the soil were determined in NH4-acetate-EDTA extracts before the experiment started (Table 2). For the nutrient treatments, modified Hoagland’s nutrient solution was added to the dry soil to obtain the following: (a) a gravimetric soil water content of 27% and (b) eight nutrient treatments, i.e., no nutrients (control), single nutrient treatments consisting of N, P and K and combined nutrient treatments consisting of NP, NK, PK and NPK. The soil nutrient status in the different treatments is presented in Table 2. The experiment was conducted in a growth chamber with a 12 h photoperiod. The photosynthetic photon flux density (PPFD) was approximately 450 μmol m−2 s−1. The air temperature was 20/18 °C day/night and the relative humidity was maintained at 50–65%.



The soil moisture content in all treatments was maintained at the initial content by adding tap water until day 10 after sowing. Then, the soil water content for the well-watered treatments (half of the pots) was continually maintained at the initial water content by adding tap water daily. The drought treatments for the other half of pots were obtained by drying the soil out without further watering.



During the experiment, pots were weighed daily before watering. The bulk soil water content was determined from gravimetric measurements of the pots (plant weight was estimated and considered in the calculations). At each harvest, the soil water content was determined gravimetrically using soil samples (mixed samples from the whole soil volume). Soil matric potential was calculated using a soil retention curve that was previously established (data not shown) and is presented in Table 3.




2.2. Determination of the Leaf Area, the Shoot and Root Biomass and the Shoot Water Content


The maize plants were harvested on days 12, 14, 16, 18 and 20 after sowing. At each harvest date, the leaf area was measured with a leaf area meter (accuracy: ±2%) (LI-300A, Bioscienses, Lincoln, Nebraska, USA). The shoot fresh weight (FW) was weighed using a balance (accuracy: 0.01 g) (Sartorius AG, Goettingen, Germany), and then the shoots were dried in an oven for 24 h for the determination of the dry weight (DW). The roots were washed on a sieve and were subsequently dried in an oven for 24 h for the determination of the DW. The root/shoot ratios, based on the shoot and root DW, were calculated. The shoot water content was calculated from the shoot FW and DW using the equation: WC (%) = (FW − DW)/FW.




2.3. Statistical Analysis of the Data


A randomized complete design was used. The data were analysed by an analysis of variance (ANOVA) using SAS (SAS, Institute Inc., Cary, NC, USA) to test the significance of the main effects. Duncan’s test was applied for the post hoc multiple comparisons within the well-watered or drought treatment. The terms were considered to be significant at nominal p < 0.05.





3. Results


3.1. Analysis of Variance (ANOVA)


The results from the analysis of variance (Table 4, Table 5 and Table 6) show that the single and combined nutrient treatments were significant as main effect in the ANOVAs, while the water supply was significant as a main effect for leaf area, whole plant DW, shoot water content, root DW and root/shoot ratio at day 20 after sowing and for shoot FW at days 18 and 20 after sowing. An interaction between nutrient treatments and soil water conditions was found for the shoot water content, root/shoot ratio (p < 0.001) and shoot FW (p < 0.01) at day 20 after sowing (Table 4).




3.2. Interactive Effects of NPK Nutrients and Drought on the Total Plant Dry Weight and Leaf Area of Maize Seedlings


Compared to the control treatment (without nutrient supply), the leaf area of the maize seedlings under both drought and well-watered conditions was significantly increased with the supplementation of NP and NPK (Figure 1). However, nitrogen supply only significantly enhanced leaf area under well-watered conditions. The results in Figure 1 also show a significant difference between the drought and well-watered conditions with single N and combined NP and NPK fertilization at day 20 after sowing.



Figure 2 presents the interactive effects of drought and nutrients on the total plant dry weight (DW) of the maize seedlings (shoot DW + root DW) at day 20 after sowing. The NPK supply significantly enhanced the total dry weight under well-watered conditions, and the NP and NPK significantly increased the total dry weight under drought compared with the no nutrient supply condition. In contrast to leaf area, there was no significant difference in the total plant DW between well-watered and drought conditions regardless of nutrient treatment.




3.3. Interactive Effects of NPK Nutrients and Drought on the Fresh and Dry Weights of the Shoots and the Water Content of the Maize Seedlings


Figure 3 and Figure 4 reveal different effects of the nutrient supply on the development of the shoot FW and DW of the maize seedlings under both the drought and well-watered conditions. At day 12 after sowing, the results in Figure 3 show that NPK fertilization already significantly increased shoot FW compared with no nutrient supply. At day 20 after sowing, the shoot FW was significantly enhanced by N, NP and NPK in the well-watered treatments and NP and NPK in the drought treatment compared with no nutrient supply. A significant difference between well-watered and drought conditions was found for the nutrient supply with NP and NPK at day 18 after sowing and N, NP and NPK at day 20 after sowing.



Although N, NP and NPK fertilization significantly increased shoot DW at day 12 after sowing for the well-watered treatment and N and NP nutrient supply for the drought treatment compared with no nutrient supply (Figure 4), the effect of nutrient supply individually and in combination on the shoot DW under both well-watered and drought conditions was not consistent between day 12 and day 20 after sowing. At day 20, the NP and NPK fertilization significantly increased shoot DW for both well-watered and drought conditions compared with no nutrient supply. In contrast to shoot FW, there was no significant difference in shoot DW between well-watered and drought treatments regardless of harvest time (Figure 4).



Nutrient supply increased shoot water content compared with no nutrient supply treatment, especially under well-watered conditions (Figure 5). For example, except for P and PK, N, K, NP, NK, NPK fertilization significantly increased the shoot water content compared with no nutrient supply under well-watered conditions, whereas, under drought stress, a significant increase in shoot water content was found for K, NK and NP treatments. The shoot water content was significantly reduced by drought stress for all nutrient treatments (Figure 5).




3.4. Interactive Effects of NPK Nutrients and Drought on the Root Dry Weight and Root/Shoot Dry Weight Ratios of the Maize Seedlings


Compared with no nutrient supply treatments, there was no significant change in root DW with N, P individually and NP, NK and NPK in combination (Figure 6). Similar to the effect of drought on the shoot DW, there was no significant effect of drought on the root DW at day 20 after sowing for all other nutrient treatments except NK supply.



Compared with no nutrient supply treatments, the root/shoot DW ratio tended to be reduced by nutrient supply under well-watered conditions and to remain unchanged under drought conditions. However, a significant decrease in the root/shoot DW ratio was found in response to NP and NPK under well-watered conditions and NK and NPK under drought stress compared with no nutrient supply (Figure 7). Drought enhanced the root/shoot DW ratio at day 20 after sowing for all other nutrient treatments except NK supply. A significant increase in the root/shoot DW ratio under drought was found with N, NP, PK and NPK fertilization (Figure 7).





4. Discussion


The results in this study showed that there was generally a positive effect of combined NPK and/or NP nutrient supply on shoot growth, such as leaf area, shoot FW and DW at day 20 after sowing, not only under well-watered conditions, but also under drought compared with no nutrient supply treatment (Figure 1, Figure 3 and Figure 4). Nitrogen, P and K are the major nutrients required for plant growth. According to Liebig′s law of the minimum [4], any nutrient at a limiting concentration in soil will inhibit plant growth. Compared with N and P nutrient supply, it seems that K was not limiting to plant growth in this study. This might be because the mineralogical characteristics of the illitic-chloritic silt loam (fine mixed mesic Aquic Ustifluvent [32]) used in this investigation makes it plausible that a sufficient supply is still rendered possible without further K supply. This might indicate that current soil test methods used do not adequately indicate the soil nutrient supply for the given soil. Optimal nutrient levels of fertilization are even more important under water deficit conditions, since reduced nutrient availability is one of the major factors limiting plant growth under drought [5,9,14]. To our knowledge, this is the first report of a comparison of maize seedling growth with N, P and K nutrient application individually or in combination under drought and well-watered conditions. Thus, the results here may suggest that supplying nutrients under deficient conditions could increase the drought tolerance of plants by increasing plant biomass for early growth vigour and establishment, which is in agreement with reports from the literature [9,10,31,34,35]. According to the literature [9], however, caution should be taken when considering an increase in the supply of nutrients to alleviate the adverse effects of drought stress only if the nutrient is present in the soil in insufficient amounts and the drought stress is not severe. The positive effects of nutrients on plant growth under drought conditions can be explained by their physiological functions. For example, such positive effects of N and P are attributed to an increase in photosynthesis [15], stomatal conductance and water-use efficiency [11] and higher cell membrane stability and osmotic adjustment [16]. Nitrogen fertilization, particularly using nitrate [12], regulates water flux through plants by N-flux-linked signalling mechanisms [39,40,41]. In most cases, the reports in the literature show that an improved K nutritional status in plants is of great importance for maintaining the osmotic potential and turgor of the cells [5,22] and for regulating the stomatal function and water use efficiency [4,19].



Drought stress at different growth stages causes various morpho-physiological changes in plants [42]. At the seedling growth stage, drought stress might result in higher root dry weights and longer roots and/or reduced shoot growth [1,24,25,26,43,44,45]. Although our study did not show a significant increase in root DW or a significant decrease in shoot DW under drought stress for all nutrient treatments, the results in Figure 4 and Figure 6 demonstrated that there was a tendency of higher root DW for all nutrient treatments except for NK fertilization at day 20 after sowing and of lower shoot DW for single N and combined NP and NPK under drought than under well-watered conditions. Consequently, the root/shoot ratios were significantly increased with N, NP, PK and NPK supply under drought conditions compared with well-watered conditions (Figure 7). Possibly, with the development of less soil moisture, plants respond to drought by increasing root biomass or a root absorptive surface relative to the shoot biomass [25,26,30]. The enhanced root growth may be able to explore and absorb more water and nutrients from the soil [8,24,46]. The lower shoot DW with N, NP and NPK fertilization may be due to an increase in assimilate allocation to roots for maintaining root growth, for osmotic adjustment and for turgor maintenance [10,25,26]. Similar results were reported by other authors [21,47,48]. Therefore, higher root/shoot ratios could be exploited as a strategy for stress tolerance in crop plants.



In conclusion, the results in this study showed that there was generally a positive effect of combined NPK and/or NP nutrient supply on shoot growth, such as leaf area, shoot FW and DW, at day 20 after sowing under both well-watered and drought conditions compared with no nutrient supply treatment. Compared with the effect of N and P nutrient supply, it seems that K was not limiting plant growth due to the mineralogical characteristics of the illitic-chloritic silt loam (fine mixed mesic Aquic Ustifluvent) used, which contained sufficient K. Compared with well-watered conditions, the higher root/shoot ratios with N, NP, PK and NPK under drought could be exploited as a strategy for stress tolerance in crop plants.
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Figure 1. Interactive effects of drought and the N, P and K nutrients applied individually or in combination, or with no nutrient application (0) on the leaf area of the maize seedlings at day 20 after sowing. The error bars represent the standard errors of the mean (n = 3) and fit within the plot symbol if not visible. Means accompanied by different letters are significantly different at p < 0.05. 






Figure 1. Interactive effects of drought and the N, P and K nutrients applied individually or in combination, or with no nutrient application (0) on the leaf area of the maize seedlings at day 20 after sowing. The error bars represent the standard errors of the mean (n = 3) and fit within the plot symbol if not visible. Means accompanied by different letters are significantly different at p < 0.05.
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Figure 2. Interactive effects of drought and the N, P and K nutrients applied individually or in combination, or with no nutrient application (0) on the total dry weight (shoots + roots) of the maize seedlings at day 20 after sowing. The error bars represent the standard errors of the mean (n = 3) and fit within the plot symbol if not visible. Means accompanied by different letters are significantly different at p < 0.05. 
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Figure 3. Interactive effects of drought and the N, P and K nutrients applied individually or in combination, or with no nutrient application (0) on the shoot fresh weight of the maize seedlings at days 12, 14, 16, 18 and 20 after sowing. The error bars represent the standard errors of the mean (n = 3) and fit within the plot symbol if not visible. Means accompanied by different letters are significantly different at p < 0.05. 
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Figure 4. Interactive effects of drought and the N, P and K nutrients applied individually or in combination, or with no nutrient application (0) on the shoot dry weight of the maize seedlings at days 12, 14, 16, 18 and 20 after sowing. The error bars represent the standard errors of the mean (n = 3) and fit within the plot symbol if not visible. Means accompanied by different letters are significantly different at p < 0.05. 
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Figure 5. Interactive effects of drought and the N, P and K nutrients applied individually or in combination, or with no nutrient application (0) on the shoot water content of the maize seedlings at day 20 after sowing. The error bars represent the standard errors of the mean (n = 3) and fit within the plot symbol if not visible. Means accompanied by different letters are significantly different at p < 0.05. 
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Figure 6. Interactive effects of drought and the N, P and K nutrients applied individually or in combination, or with no nutrient application (0) on the root dry weight of the maize seedlings at day 20 after sowing. The error bars represent the standard errors of the mean (n= 3) and fit within the plot symbol if not visible. Means accompanied by different letters are significantly different at p < 0.05. 
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Figure 7. Interactive effects of drought and the N, P and K nutrients applied individually or in combination, or with no nutrient application (0) on the root/shoot dry weight ratios of the maize seedlings at day 20 after sowing. The error bars represent the standard errors of the mean (n = 3) and fit within the plot symbol if not visible. Means accompanied by different letters are significantly different at p < 0.05. 
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Table 1. Soil characteristics (CEC: cation exchange capacity).






Table 1. Soil characteristics (CEC: cation exchange capacity).





	Clay (%)
	Silt (%)
	Sand (%)
	Organic Matter (%)
	pH
	CEC (mmol kg−1)
	Ca (g kg−1)





	9.1
	59.5
	31.4
	0.85
	8.2
	48
	3.07
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Table 2. Composition of the different levels of the NPK nutrients based on an EDTA extraction for the well-watered and drought treatments.






Table 2. Composition of the different levels of the NPK nutrients based on an EDTA extraction for the well-watered and drought treatments.





	
Nutrient Treatments

	
Composition of Nutrients (mg kg−1 soil)




	
NO3−

	
P

	
K

	
Mg






	
NPK

	
295

	
98

	
70

	
1045




	
NP

	
288

	
106

	
30

	
965




	
NK

	
312

	
66

	
82

	
937




	
PK

	
41

	
110

	
82

	
924




	
N

	
255

	
69

	
31

	
948




	
P

	
48

	
101

	
30

	
687




	
K

	
52

	
74

	
88

	
677




	
0

	
51

	
69

	
30

	
1022
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Table 3. Bulk soil matric potentials in pots of the different nutrient treatments on different harvest days.






Table 3. Bulk soil matric potentials in pots of the different nutrient treatments on different harvest days.





	
Nutrient Treatments

	
Soil Matric Potential (MPa)




	
Well-Watered

	
Drought




	
Days after Sowing




	
12

	
14

	
16

	
18

	
20






	
NPK

	
−0.04–0.07

	
−0.055

	
−0.072

	
−0.134

	
−0.207

	
−0.637




	
NP

	
−0.058

	
−0.08

	
−0.126

	
−0.138

	
−0.503




	
NK

	
−0.056

	
−0.078

	
−0.095

	
−0.116

	
−0.162




	
PK

	
−0.052

	
−0.071

	
−0.084

	
−0.097

	
−0.135




	
N

	
−0.062

	
−0.077

	
−0.112

	
−0.135

	
−0.278




	
PK

	
−0.051

	
−0.079

	
−0.099

	
−0.129

	
−0.189




	
K

	
−0.054

	
−0.066

	
−0.088

	
−0.094

	
−0.127




	
0

	
−0.055

	
−0.074

	
−0.091

	
−0.113

	
−0.166
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Table 4. Analysis of variance (ANOVA) results for leaf area, whole plant dry weight (DW), shoot water content (WC), root dry weight (DW) and root/shoot DW ratios at day 20 after sowing.






Table 4. Analysis of variance (ANOVA) results for leaf area, whole plant dry weight (DW), shoot water content (WC), root dry weight (DW) and root/shoot DW ratios at day 20 after sowing.





	
Source of Variation

	
df

	
Significance of F Ratio




	
Leaf Area

	
Whole Plant DW

	
Shoot WC

	
Root DW

	
Root/Shoot Ratio






	
Nutrient treatments (N)

	
7

	
***

	
***

	
***

	
***

	
***




	
Water supply (W)

	
1

	
***

	
ns

	
***

	
*

	
***




	
N × W

	
7

	
ns

	
ns

	
***

	
ns

	
***








* Significant at the 0.05 level; *** Significant at the 0.001 level; ns—not significant. df: the degrees of freedom in the source
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Table 5. Analysis of variance (ANOVA) results for shoot fresh weight (FW) at days 12, 14, 16, 18 and 20 after sowing.






Table 5. Analysis of variance (ANOVA) results for shoot fresh weight (FW) at days 12, 14, 16, 18 and 20 after sowing.





	
Source of Variation

	
df

	
Significance of F Ratio




	
Days after Sowing




	
12

	
14

	
16

	
18

	
20






	
Nutrient treatments (N)

	
7

	
***

	
*

	
***

	
***

	
***




	
Water supply (W)

	
1

	
ns

	
ns

	
ns

	
**

	
***




	
N × W

	
7

	
ns

	
ns

	
ns

	
ns

	
**








* Significant at the 0.05 level; ** Significant at the 0.01 level; *** Significant at the 0.001 level; ns—not significant.
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Table 6. Analysis of variance (ANOVA) results for shoot dry weight (DW) at days of 12, 14, 16, 18 and 20.






Table 6. Analysis of variance (ANOVA) results for shoot dry weight (DW) at days of 12, 14, 16, 18 and 20.





	
Source of Variation

	
df

	
Significance of F Ratio




	
Days after Sowing




	
12

	
14

	
16

	
18

	
20






	
Nutrient treatments (N)

	
7

	
***

	
ns

	
***

	
***

	
***




	
Water supply (W)

	
1

	
ns

	
ns

	
ns

	
ns

	
ns




	
N × W

	
7

	
ns

	
ns

	
ns

	
ns

	
ns








*** Significant at the 0.001 level; ns—not significant.
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