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Abstract

:

To assess the influence of drought stress on the growth and nitrogen nutrition status of pakchoi (Brassica campestris ssp. Chinensis L.) at different nitrogen (N) levels, the changes in N accumulation and enzyme activities involved in N assimilation were investigated. The drought was induced by adding polyethylene glycol (PEG) under hydroponic culture conditions. Pakchoi seedlings were exposed to a modified nutrient solution with different nitrogen concentration (N1, N2, and N3 represent 2, 9 and 18 mM NaNO3, respectively) and osmotic potential (W1, W2 and W3 represent 0, 60 and 120 g·L−1 PEG 6000) in a full factorial, replicated randomized block design. A short time (seven days) of drought stress caused a significant decline in plant water content, transpiration rate, shoot biomass and shoot nitrogen concentration. Increasing N availability considerably alleviate drought stress by increasing the content of total free amino acids in the roots, promoting the acceleration of root biomass accumulation, and improving the activities of nitrate reductase (NR; EC 1.7.1.1) and glutamine synthetase (GS; EC 6.3.1.2) which would reduce moisture limitations. The results suggested that pakchoi supplied with relative higher N had better growth performance under drought stress.
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1. Introduction


Water and nitrogen (N) are the two main limiting factors for crop growth and productivity, especially those grown under greenhouse conditions. However, tighter water restrictions and competition with other sectors of society are increasing pressure to diminish the share of fresh water for irrigation, thus resulting in the decrease in water diverted for agriculture in China [1,2]. In general, water deficiency depresses N uptake by the root and transport to the aboveground part due to a restricted transpiration rate affecting active transport and membrane permeability [3,4]. N is a critical mineral nutrient for crop growth and involves almost all physiological processes like adenosine triphosphate (ATP) synthesis, photosynthesis and active defense mechanisms in plants [5]. To ensure the high productivity of crops, it is of particular importance to better understand N metabolism, and the utilization of crops in response to water deficit.



Nitrate (     N O  3 −    ) is the main N source for the crop in the soil. Once taken up by plants, the      N O  3 −     is reduced to nitrite (     N O  2 −    ) by nitrate reductase (NR; EC 1.7.1.1) then to ammonium (     N H  4 +    ) by nitrite reductase (NiR; EC 1.7.2.2). The      N H  4 +     is incorporated into glutamic acid (Glu) by glutamine synthetase (GS; EC 6.3.1.2) and glutamate synthase (GOGAT; EC 1.4.7.1). Then amino transferases like glutamic oxalacetic transaminase (GOT; EC 2.6.1.1) and glutamate pyruvate transaminase (GPT; EC 2.6.1.2) work on transformation and synthesis among amino acids [6]. It has been well documented that N uptake, allocation, and assimilation in plants were regulated by adverse conditions including water stress [7]. For example, polyethylene glycol (PEG)-induced drought stress reduced the total N content in tall fescue, Italian ryegrass, and cocksfoot [4]. Drought stress has been reported to affect the rates of      N O  3 −     absorption in almonds, with harmful effects at Ψw below −0.18 MPa [8]. The drought has been reported to restrict the plants growth through enzymes inhibition implicated in N metabolism as well [9,10,11]. For instance, Pawar et al. [10] have demonstrated that drought stress leads to decreased NR, GS, and GOGAT enzyme activities. It has also been reported that drought can alter the expression level of genes such as NRT1;2 and NRT2;5, AMT1;3, AMT1;1b, NR, GS2, and GS1;2, which are involved in N uptake and assimilation [12,13].



Previous studies also have demonstrated that higher N metabolism enhanced the drought tolerance of crops [14]. Zhong et al. [15] reported that higher levels of nitrate transport and assimilation contributed to enhancing the drought resistance of AtTGA4 transgenic Arabidopsis thaliana (L.). Chang et al. [16] found that proper N level supports regular plant growth and helps plants to defense stress. Tran et al. [17] demonstrated that higher nitrogen application rate (>75 kg N·hm−2) enhances the plasticity expression of the root development in rice under mild drought stress conditions. Shabbir et al. [18] found that combined foliar spray of supplemental nitrogen, phosphorous and potassium influenced the accumulation of osmoprotectants and activity of both N assimilation and antioxidant enzymes for improved yield and drought tolerance potential in wheat. Conversely, Liu et al. [19] suggested that elevated N deposition reduces the tolerance and ability to recover from drought in two moss species. Therefore, the regulatory function of N in drought tolerance of plant depends upon the intensity of stress, N level, and plant species.



Pakchoi (Brassica campestris ssp. Chinensis L.) is one of the most popular vegetables, cultivated over a large northern to southern range in China. Excessive N fertilizer is often employed to ensure the adequate yield and profitability from vegetable cultivation [20]; leading to most of the N accumulates in soils or is lost by runoff or lixiviation [21,22,23]. It has been reported the residual soil N in Chinese cabbage production is even high enough to avoid the requirement for additional N in the subsequent season [24]. Many studies have investigated the response of pakchoi to different N levels and N forms at the physiological and molecular levels [5,25,26,27]. However, there is less information available about the influence of drought stress on the N assimilation process and N nutrition status. In the current study, in order to understand the growth and physiological responses of pakchoi to drought stress at different N levels, we examined morphological (leaf area and root characteristics) and physiological changes (N assimilation enzymes activity, accumulation of      N O  3 −    -N,      N H  4 +    -N and total free amino acids) associated with N metabolism. We hypothesized that increasing N availability might contribute to the enhancement of nitrogen assimilation ability and the accumulation of an osmotic substance in pakchoi suffering from water deficiency, which alleviates the growth restriction.




2. Materials and Methods


2.1. Plant Cultivation and Treatments


The experiment was carried out in a glass greenhouse at School of Agriculture and Biology, Shanghai Jiao Tong University, China. The pakchoi (cv. Hua wang) seeds were sown in the vegetable seedling substrate (Agriculture Technology Co., Ltd., Huaian, China) on 27 February 2017. After twenty-one days of germination, the seedlings were transferred to black containers (54 cm × 28.5 cm × 6 cm) and cultivated hydroponically. The seedlings received distilled water, half-strength nutrient solution and total nutrient solution (pH 5.6–5.8) for 3, 3, and 6 days, respectively (acclimating hydroponics environment). The total nutrient solution contained 2.5 mM MgSO4, 2.0 mM KH2PO4, 5.0 mM CaCl2, 5.0 mM KCl, 20 μM EDTA-Fe, 46 μM H3BO3, 9.1 μM MnCl2, 1.0 μM ZnSO4, 0.32 μM CuSO4 and 0.1 μM Na2MoO4 (all the reagents were purchased from Sinopharm Chemical Reagent Co., Ltd, Shanghai, China), and the pH was 5.6~5.8. On 2 April 2017, similar seedlings were selected and transferred to a modified nutrient solution with different N concentration and osmotic potential. For N treatment, the plants were supplied with nutrient solution containing 2 mM NaNO3 (N1, low nitrogen), 9 mM NaNO3 (N2, moderate nitrogen) and 18 mM NaNO3 (N3, high nitrogen). The osmotic potential of the solution was manipulated by adding PEG 6000. The plants received a third of the dose of PEG 6000 every 6 h until it was up to the set amount. The doses of PEG 6000 applied were 0 (W1, control), 60 (W2, mild drought stress) and 120 (W3, moderate drought stress) g·L−1, respectively. Totally there were nine treatments (W1N1, W1N2, W1N3, W2N1, W2N2, W2N3, W3N1, W3N2, and W3N3), three blocks, 21 repetitions per block for 567 plants. Drought stress lasted for one week; the old leaves of pakchoi were turning yellow and even fell off. The      N O  3 −     concentration in the nutrient solution was measured using the optical method described by García-Robledo et al. [28], and NaNO3 was added on day 4 to restore the mineral concentration to its initial value. The moisture loss was evaluated by a weighing method and supplemented every evening throughout the period.



The greenhouse environmental data were monitored every 5 min by using an automatic data logging system (PM-11 Phyton monitor, Bio Instruments S.R.L., Chisinau, Moldova), and it was showed in Table S1. During the whole experimental period, the air temperature ranged from 2.88 °C to 42.95 °C with an average of 15.45 °C. The average relative humidity was 73.9%, with the highest at 92.8% and lowest at 21.4%. Mean solar radiation in the greenhouse was 2.18 MJ·m−2·day−1.




2.2. Growth Parameter Assays


The growth parameter (dry weight of the shoots and roots, total leaf area, and root morphology) of four plants in each container was determined, and the mean was considered as one repetition. The transpiration of newest leaves was measured between 9:00 am and 11:00 am on the seventh day of drought. The transpiration rate (Tr) was measured using a portable photosynthetic measurement system (Li-3000) coupled with a light-emitting diode (LED) light source (400 μmol photon m−2 s−1). The air flow was 750 μmol·s−1.



Experimental plants were harvested and divided into shoots and roots after seven days of treatment. Fresh and dry weights were determined on an electronic scale (AUY220; SHIMADZU, Kyoto, Japan) and plant water content was calculated. Leaves were scanned by an EPSON scanner (EPSON PERFECTION V700 PH07, Nagano, Japan) and total leaf area was calculated by Image J freeware (National Institutes of Health, Bethesda, MD, USA). Whereas the roots were scanned and analyzed by a WinRHIZO root analyzer system (WinRHIZO version 2007d, RegentInstruments Canada, Montreal, QC, Canada).




2.3. Nitrogen Concentration Determination


The fresh shoot and root samples were heated at 105 °C for 20 min and dried at 75 °C for 72 h. The dried samples were ground and sifted (60 mesh), and nitrogen concentration was measured using an Elementar (ELIII, Hanau, Germany).




2.4.      N O  3 −    -N,      N H  4 +    -N, Total Free Amino Acids Measurements


The      N O  3 −    -N content in the roots and leaves was spectrophotometrically analyzed as described earlier [29]. Briefly, a total of 1.00 g fresh sample was added to 5 mL of deionized water and incubated at 95 °C for 30 min. After filtration, the filtrate was diluted to 25 mL with water. And an appropriate solution (0.1 mL) was thoroughly mixed with 0.4 mL of 5% (w/v) salicylic acid in concentrated H2SO4 followed by incubation at room temperature for 20 min. The      N O  3 −     concentration was measured at 410 nm.



For ammonium quantitation, 1.00 g of the fresh sample was ground with 8 mL of distilled water. The homogenates were then centrifuged (12,000× g for 10 min) at 4 °C. The resulting supernatant was diluted 1:30 (v/v) in deionized water, and 3 mL of the solution was mixed with 0.5 mL of 1% (w/v) phenol-0.01% (w/v) sodium nitroprusside solution and 0.5 mL of 1% (v/v) sodium hypochlorite-0.5% (w/v) sodium hydroxide solution (in water). After incubating the mixture at 37 °C for 30 min, 5.9 mL of the deionized water and 0.1 mL of 8% (w/v) potassium sodium tartrate, 2% (w/v) disodium ethylenediamine tetraacetate, and 0.08% (w/v) sodium hydroxide solution (in water) were added, and absorbance was measured at 625 nm [9].



Total free amino acids were determined according to the method described by Shabbir R. N. et al. [18] with slight modifications. For this, sample mixture containing 0.3 mL of the extract, 1 mL of pyridine (10%, w/v) and 1 mL of ninhydrin solution (3%, w/v), was heated in boiling water bath for 15 min. After cooling to room temperature, 5 mL of ethyl alcohol (95%) was added and optical density was recorded at 570 nm. Total free amino acids were estimated by a standard curve constructed with alanine.




2.5. Nitrogen Metabolic Enzyme Activity Assays


NR activity was determined as reported by Foyer et al. [30]; whereas the activities of GS and GOGAT were measured in accordance with the method described by Lin C. C. et al. [31]. Activities of GOT and GPT were assayed, adopting the method used by Wu L. H. et al. [32].




2.6. Data Processing and Statistical Analysis


All the statistical analyses were carried out using SPSS software (version 20.0, SPSS Inc., Chicago, IL, USA). A two-way analysis of variance (ANOVA) was employed to examine the effect of drought and nitrogen treatments on the experimental variables. Differences between means were calculated on the basis of least significant differences (p < 0.05).





3. Results


3.1. Plant Water Content


After seven days of exposure to drought stress, plant water content significantly decreased in the moderate drought group, but there were no differences between mild drought group and blank at three N levels (Figure 1). Simultaneously, plant water content was regulated by N levels, and the values in the groups of moderate and high N were dramatically higher than that in the low N treatment.




3.2. Growth Parameters


After seven days of exposure to drought stress, the aerial parts of pakchoi exhibited marked growth inhibition, resulting in a diminished leaf area and shoot biomass (Figure 2 and Table 1). Drought stress also significantly decreased (p < 0.05) the transpiration rate as well. The availability of N had a prominent effect on shoot growth under drought stress and blank groups. Under drought stress, the pakchoi supplied with higher N had higher leaf area and shoot biomass compared with the pakchoi supplied with low N.



However, root growth was promoted by the drought-induced by PEG 6000. Drought stress increased both the root biomass and root/shoot ratio (Figure 2). Total root length and root surface areas were evidently increased under drought stress conditions, and the effect was only remarkable under low nitrogen rate (Table 1). Drought stress also significantly increased the root volume and mean root diameter, and the degree of elevation positively correlated to the nitrogen rate (Table 1).




3.3. Nitrogen Content


Nitrogen accumulation responses to drought stress were measured, and the results were displayed in Figure 3 and Table S2. The N concentration was decreased in shoots with increasing drought level under normal and high nitrogen supply (Figure 3A). Mild and moderate drought stresses resulted in shoot N concentration decreased by 6.00% and 6.87% under normal nitrogen application rate. However, high nitrogen application rate could alleviate the drought stress. Under high nitrogen rate (18 mM), shoot N concentration increased by 11.61% and 23.75%, respectively, in mild and moderate drought stresses compared with the normal nitrogen application rate (9 mM). In addition, root nitrogen concentration was regulated by exogenous nitrogen application rate under the drought stress (Figure 3B). Drought stress decreased root nitrogen concentration under low nitrogen supply (2 mM) but increased under normal nitrogen supply (9 mM). On the other hand, no significant difference was observed among the high nitrogen supply (18 mM).



The total N content was decreased in shoots with increasing drought level, but it increased in roots (Figure 3C,D). Mild and moderate drought stresses resulted in total N content in shoots decreasing by 15.09% and 25.32% under normal nitrogen application rate. However, total N content in shoots would go up with increased nitrogen application rate under the drought stress. Under high nitrogen rate (18 mM), total N content in shoots increased by 30.24% and 54.92%, respectively, in mild and moderate drought stresses compared with the normal nitrogen application rate (9 mM). In addition, nitrogen accumulation in roots was regulated by both exogenous nitrogen application rate and drought stress (Figure 3D). Drought stress significantly increased root nitrogen content under normal and high nitrogen supply, but no significant change was found under low nitrogen supply. In addition, nitrogen accumulation in roots increased with the increased nitrogen supply under the drought stress.




3.4. Accumulation of      N O  3 −    -N,      N H  4 +    -N, and Total Free Amino Acids


The    N  O 3 −    -N,    N  H 4 +    -N, and free amino acid content in the roots and leaves of pakchoi were determined and the data were showed in Table S2. Results showed that there was a significant interactive effect of drought stress and N on    N  O 3 −    -N content in leaves (Figure 4A). Especially in the high N treatments,    N  O 3 −    -N content significantly reduced with drought stress. Simultaneously,    N  O 3 −    -N content in roots also decreased with the drought, and mild and moderate drought stress resulted in roots    N  O 3 −    -N content decreased by 5.56%–53.49% and 74.42%–86.11%, respectively (Figure 4B). Similarly,    N  O 3 −    -N content in roots displayed interactive effect of drought and nitrogen as well. Figure 4C indicated that drought stress increased the accumulation of    N  H 4 +    -N in leaves, especially the moderate drought stress. The increment was more pronounced in the higher nitrogen supply (9 and 18 mM), displaying interaction effect of water and nitrogen. The accumulation of    N  H 4 +    -N in roots was also affected by exogenous nitrogen and water supply (Figure 4D). Under the same level of nitrogen condition, drought significantly increased the    N  H 4 +    -N accumulation in roots. Simultaneously, the    N  H 4 +    -N accumulation increased with the increasing nitrogen rate under both control and drought stress condition. The drought stress increased the accumulation of free amino acids in shoots and roots, respectively (Figure 4E,F). Free amino acids were regulated by nitrogen application rate as well. Regardless of mild or moderate drought stress, normal and high nitrogen supply increased the accumulation of free amino acids.




3.5. Nitrogen Metabolic Enzyme Activity


N accumulation was disturbed by drought stress, so we measured the enzyme activity involved in N assimilation (Figure 5 and Table S3). Results evidenced that there existed a significant effect of both drought and N on NR activity (Figure 5A,B). Under low N condition, drought decreased the NR activity in leaves and in roots. However, under normal and high N condition, the effect of mild drought stress on NR activity was not significant, moderate drought stress significantly enhanced NR activity in leaf and root.



Figure 5C exhibits that the effect of drought and N on the GS activity in leaves. Mild drought stress had no significant effect on GS activity in leaves. However, under moderate drought stress, normal and high N application rates significantly decreased the GS activity, but not at low N application rate. Similarly, drought and N played critical roles in the regulation of the GS activity in roots (Figure 5D). Under low N condition, drought significantly decreased the GS activity in roots. However, under normal and high N condition, the negative effect of drought stress on GS activity was not significant. The results in Figure 5E revealed that mild and moderate drought stress significantly decreased the GOGAT activity in leaves under low N application rate. However, drought stress has no significant effect on the GOGAT activity under normal and high N application rate. In roots, GOGAT activity declined with the drought stress, and high N application rate decreased the drop degree (Figure 5F). Generally, the interactive effect of drought and N on GOGAT activity was significant both in leaves and roots.



GOT and GPT are two key enzymes for transamination among amino acids in the plant. Results in Figure 6A showed that drought stress significantly increased the GOT activity in leaves under low nitrogen condition, but no significant effect was observed at normal and high N application rate. However, drought stress significantly decreased the root GOT activity, and the results were observed in all of the three N treatments (Figure 6B). The result also indicates that the normal and high nitrogen application rate decreased GOT activity in roots. Similarly, drought was found to be the critical factors in the regulation of GPT activity in leaves (Figure 6C). Under low N condition, drought significantly increased the GPT activity. However, under normal and high N condition, the positive effect of drought stress on GPT activity was not significant. Differently, the GPT activity of root was just controlled by drought stress, and the N effect was not significant (Figure 6D). For example, moderate drought stress decreased GPT activity under whatever the N application rate. Moreover, the interaction effect of drought and N on GOT and GPT activity was significant in leaves and roots, respectively.





4. Discussion


4.1. Drought Restricted the Transport of Nitrogen from Root to Aboveground


The size and configuration of roots are directly related to the absorption of moisture and nutrients because they are in direct contact with the nutrients in growth medium [33,34,35]. Generally, larger root systems with greater fine root surface area have a higher uptake rate of moisture and nutrients [36,37]. The results indicated that moderate drought stress considerably promoted the increase of total root volume and dry weight in pakchoi (Table 1 and Figure 2). Nitrate is absorbed by the root, but only a fraction of it remains in roots and participate in the building of amino acids and proteins. Most of the N is transported aboveground through the xylem by transpiration pull, and is involved in various physiological and metabolic processes in the leaves [38,39]. The drought stress significantly decreased the leaf transpiration (Table 1) and shoot N concentration (Figure 3), and this finding was consistent with Delhon et al. [40], who observed that experimental decrease in transpiration rate resulted in a lower N uptake, accompanied by an increase in root N concentration. On wheat, Nicolas et al. [41] showed that water deficit limits N translocation from roots to shoots by drastically reducing water xylem flux. Gonzalez-Dugo [4] reported that restricted root-to-shoot translocation and decreased sink size are responsible for limited nitrogen uptake in three grass species under water deficit. Therefore, drought might restrict the translocation of N from roots to shoots, and the restriction may further contribute to growth limitation. In addition, root-shoot ratios increased with drought, largely due to a stronger negative effect of water deficit on shoot growth than on root growth, which was in agreement with earlier reports [42,43].




4.2. Drought Disturbed the Nitrogen Metabolism Process


Drought might alter N metabolism and N allocation through the regulation of enzymes involved in N assimilation. In this study, water deficit alters the activities of NR, GS, and GOGAT (Figure 5), and this result agrees with Wang et al. [13] who observed that water deficit alters N uptake of maize. Since drought decreases crop growth, due to high sensitivity to leaf area expansion to plant water status, water deficit therefore also affects N demand [1]. Leaf area could act as an indicator of N demand [4]. In this study, we found that total leaf area and plant water content were decreased with drought, indicating that water limitation leads to a reduced shoot N demand, and thus a decrease in enzyme activity.



Drought also leads to an accumulation of N assimilation pathway intermediates. Ammonium from nitrate reduction is incorporated into amino acids by glutamine synthetase (GS) and glutamate synthase (GOGAT). In this study, moderate drought caused an increased accumulation of    N  H 4 +     (Figure 4), an increment in NR activity, and a reduction in GS activity (Figure 5) under moderate and high N conditions, revealing that an increased accumulation of    N  H 4 +     under drought might be attributed to the enhanced nitrate reduction. In addition to nitrate reduction, ammonia may also be released for re-assimilation by sink tissue from nitrogen transport compounds (e.g., asparagine, arginine and the uredine) and through breakdown of other nitrogenous compounds [3,44].



Plants antagonize drought stress mainly depend on osmotic regulation, and the ability of osmotic adjustment directly reflects drought resistance [45]. Amino acids, as an important osmotic substance, play a vital role in maintaining the cell turgor pressure and in the reduction of tissue dehydration [46,47]. In this paper, moderate drought stress significantly increased the accumulation of total free amino acids (Figure 4E,F), which contributed to reduce the cell osmotic potential and maintain cell turgor pressure. Additionally, GOT and GPT are two key enzymes for transamination among amino acids in the plant. The different activities of GOT and GPT (Figure 6) suggested that drought affect the transformation of amino acids. However, Liu et al. reported that amino N content was not affected by drought and drought did not alter the composition of amino N in the xylem and phloem in Robiniapseudoacacia L. [48]. So the composition of amino compounds responded to drought depend upon plant species, therefore the drought-mediated changes in amino N in pakchoi need to be elucidated further.




4.3. Higher Nitrogen Application Could Alleviate the Adverse Effect of Drought Stress on Pakchoi


Our data showed that drought stress decreased the leaf area, biomass and nitrogen concentration in the shoot, while higher nitrogen application mitigated the negative effects of drought stress (Table 1, Figure 1 and Figure 2). Simultaneously, the accelerated accumulation of total free amino acids in the roots and dry weight was observed in the high N supply under moderate drought stress (Figure 2 and Figure 4). Thus, increasing N availability may help alleviate drought stress by increasing osmotic regulators in the roots and promoting the acceleration of root biomass accumulation which would reduce moisture limitations. We also found that NR activity in leaves and roots were increased with the increasing nitrogen application rate under moderate drought stress, our results are in a good agreement with those reported earlier [13]. Zhong et al. reported that higher levels of nitrate transport and assimilation contributed to enhancing the drought resistance of AtTGA4 transgenic plants [15]. So we assumed that the enhancement of nitrogen assimilation ability also alleviates the growth limitation caused by water deficiency in pakchoi. However, the expressions of genes related to nitrogen transport and assimilation should be determined to reveal whether nitrogen transport and assimilation contribute to enhanced drought resistance of pakchoi from the molecular level.





5. Conclusions


PEG 6000-induced drought stress limited pakchoi development and nitrogen nutrition. Increasing N availability may alleviate drought stress by increasing osmotic regulators in the roots, promoting the acceleration of root biomass accumulation, and improving nitrogen assimilation ability which would reduce moisture limitations. Thus, our results proposed that pakchoi supplied with relative higher N had better growth performance under drought stress.
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	N
	nitrogen



	PEG
	polyethylene glycol



	     N O  2 −    
	nitrite



	     N O  3 −    
	Nitrate



	   N  H 4 +    
	ammonium



	NiR
	nitrite reductase



	NR
	reductase



	GS
	glutamine synthetase



	Glu
	glutamic acid



	GOGAT
	glutamate synthase



	GOT
	goxalacetic transaminase



	GPT
	glutamate pyruvate transaminase



	W1
	control



	W2
	mild drought stress



	W3
	moderate drought stress



	Tr
	transpiration rate
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Figure 1. Plant water content of pakchoi at the end of the experiment. Bars with the different letters indicate significant difference (p < 0.05). W1: 0 g·L−1 polyethylene glycol (PEG) 6000, blank; W2: 60 g·L−1 PEG 6000, mild drought stress; W3: 120 g·L−1 PEG 6000, moderate drought. Error bars represent the standard deviation. p-values of the ANOVAs of drought, nitrogen supply, and their interaction are indicated. ns, not significant. ** p < 0.01. 
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Figure 2. Shoot biomass and root biomass (bars) of pakchoi at the end of the experiment. Root/Shoot ratio is also represented (continuous line). W1: 0 g·L−1 PEG 6000, blank; W2: 60 g·L−1 PEG 6000, mild drought stress; W3: 120 g·L−1 PEG 6000, moderate drought. For the dry weight of shoot and root, bars with the different letters indicate significant difference (p < 0.05). For Root/Shoot ratio, lines with the different letters indicate significant difference (p < 0.05). Error bars represent the standard deviation. p-values of the ANOVAs of drought, nitrogen supply, and their interaction are indicated. ns, not significant. ** p < 0.01. 
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Figure 3. Nitrogen concentration (A,B) in shoots and roots, nitrogen content (C,D) in shoots and roots of pakchoi at the end of the experiment. W1: 0 g·L−1 PEG 6000, blank; W2: 60 g·L−1 PEG 6000, mild drought stress; W3: 120 g·L−1 PEG 6000, moderate drought. Bars with the different letters indicate significant difference (p < 0.05). Error bars represent the standard deviation. p-values of the ANOVAs of drought, nitrogen supply, and their interaction are indicated. ns, not significant. * p < 0.05. ** p < 0.01. 
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Figure 4.    N  O 3 −    -N content (A,B),    N  H 4 +    -N content (C,D) and total free amino acids content (E,F) in leaves and roots of pakchoi at the end of the experiment. W1: 0 g·L−1 PEG 6000, blank; W2: 60 g·L−1 PEG 6000, mild drought stress; W3: 120 g·L−1 PEG 6000, moderate drought. Bars with the different letters indicate significant difference (p < 0.05). Error bars represent the standard deviation. p-values of the ANOVAs of drought, nitrogen supply, and their interaction are indicated. ns, not significant. * p < 0.05. ** p < 0.01. 
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Figure 5. The activity of nitrate reductase (A,B), glutamine synthetase (C,D) and glutamate synthetase (E,F) in leaves and roots of pakchoi by different drought and nitrogen supply. W1: 0 g·L−1 PEG 6000, blank; W2: 60 g·L−1 PEG 6000, mild drought stress; W3: 120 g·L−1 PEG 6000, moderate drought. Bars with the different letters indicate significant difference (p < 0.05). Error bars represent the standard deviation. p-values of the ANOVAs of drought, nitrogen supply, and their interaction are indicated. ns, not significant. * p < 0.05. ** p < 0.01. 
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Figure 6. The activity of glutamic oxalacetic transaminase (A,B) and glutamic pyruvic transaminase (C,D) in leaves and roots of pakchoi as affected by drought and nitrogen supply. W1: 0 g·L−1 PEG 6000, blank; W2: 60 g·L−1 PEG 6000, mild drought stress; W3: 120 g·L−1 PEG 6000, moderate drought. Bars with the different letters indicate significant difference (p < 0.05). Error bars represent the standard deviation. p-values of the ANOVAs of drought, nitrogen supply, and their interaction are indicated. ns, not significant. * p < 0.05. ** p < 0.01. 
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Table 1. Growth parameters and transpiration of pakchoi under different drought and nitrogen levels.
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Nitrogen Level

	
Drought

	
Total Leaf Area (cm2)

	
Transpiration Rate (mmol m−2 s−1)

	
Total Root Length (cm)

	
Total Root Surface Area (cm2)

	
Total Root Volume (cm3)

	
Mean Root Diameter (mm)






	
2 mM

	
Blank

	
118.5 ± 11.6 d

	
2.6 ± 0.5 a

	
265.2 ± 10.2 b

	
28.6 ± 4.1 d

	
0.29 ± 0.05 e

	
0.35 ± 0.04 e




	
Mild drought

	
134.1 ± 10.9 cd

	
2.3 ± 0.8 a

	
310.7 ± 24.0 a

	
46.5 ± 2.4 a

	
0.44 ± 0.04 bc

	
0.44 ± 0.02 cd




	
Moderate drought

	
83.2 ± 9.3 e

	
1.2 ± 0.2 c

	
325.3 ± 6.4 a

	
36.8 ± 1.3 bc

	
0.39 ± 0.04 cd

	
0.44 ± 0.01 cd




	
9 mM

	
Blank

	
163.2 ± 8.8 b

	
2.7 ± 0.3 a

	
258.4 ± 7.3 bc

	
35.0 ± 2.9 bcd

	
0.30 ± 0.03 e

	
0.35 ± 0.02 e




	
Mild drought

	
156.1 ± 13.0 bc

	
1.8 ± 0.9 abc

	
261.0 ± 9.0 bc

	
39.1 ± 2.8 bc

	
0.48 ± 0.04 b

	
0.49 ± 0.05 bc




	
Moderate drought

	
92.9 ± 16.7 e

	
1.7 ± 0.5 bc

	
261.6 ± 22.5 b

	
33.6 ± 2.2 bcd

	
0.44 ± 0.02 bc

	
0.52 ± 0.02 b




	
18 mM

	
Blank

	
197.4 ± 15.6 a

	
2.2 ± 0.8 ab

	
225.4 ± 34.3 c

	
32.5 ± 2.4 cd

	
0.34 ± 0.03 de

	
0.41 ± 0.05 de




	
Mild drought

	
173.8 ± 14.8 b

	
1.9 ± 0.5 abc

	
245.2 ± 19.6 bc

	
40.1 ± 7.5 b

	
0.57 ± 0.03 a

	
0.53 ± 0.02 b




	
Moderate drought

	
139.7 ± 13.6 cd

	
1.7 ± 0.5 bc

	
245.2 ± 16.8 bc

	
29.5 ± 3.9 d

	
0.44 ± 0.05 bc

	
0.60 ± 0.09 a




	
Significance

	

	

	

	

	

	




	
Drought

	
**

	
*

	
*

	
**

	
**

	
**




	
Nitrogen

	
**

	
ns

	
**

	
ns

	
**

	
**




	
Interaction

	
*

	
ns

	
ns

	
*

	
ns

	
ns








(1) Blank: 0 PEG 6000, mild drought stress: 60 g·L−1 PEG 6000, moderate drought: 120 g·L−1 PEG 6000; (2) Mean values ± SD with different letters in the column are significantly different according to the Duncan test at p < 0.05; (3) ns: non-significant, * p < 0.05, ** p < 0.01, The statistics is based on two-way analysis of variance (ANOVA).














© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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