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Abstract

:

In hydroponics, a continuous supply of mineral nutrients is essential for plant growth. However, constitutive nutrient-rich conditions also increase the nitrate content in the plants, which can be harmful to human health. Here, we investigated the effect of nutrient deficiency on the growth and component composition of hydroponic radish by changing the timing of nutrient removal from the hydroponic solution. Radish plants that were 14 days old were transferred to four different nutrient conditions for 14 days: nutrient deficiency for 14 days (WW), full nutrient for 14 days (NN), nutrient deficiency for the last 7 days (NW), and nutrient deficiency for the first 7 days (WN). After the treatments, the NW plants had similar taproot growth to NN plants. In contrast, the WN plants significantly reduced taproot growth. The WW plants reduced the shoot and taproot weight and their water contents. The nitrate content in the taproots was reduced in the NW and WW plants. The WW plants contained lower total phenol and higher ascorbic acid and sugar contents. These results suggest that the uptake of nutrient minerals at the young growth stage is important for the growth of radish taproot. Nutrient deficiency management can be one of the most effective tools for regulating radish growth and composition.
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1. Introduction


Hydroponics is a soilless cultivation method that uses a nutrient solution that contains all of the essential minerals for plant growth [1]. This method was originally introduced in indoor farming, where the plant cultivation environment can be optimally controlled. This method makes it possible to grow crops in areas without soil and regardless of soil conditions. In addition, stable crop production can be achieved by avoiding soil diseases, salt damage, and continuous cropping obstacles [2]. At present, the practical application of hydroponics is mainly limited to leaf vegetables and some fruit crops, but research has been conducted to establish a hydroponics system for other crops, including root vegetables.



In hydroponics, several nutrient solution formulations have been developed that optimally contain the major and micronutrients that are essential for promoting nutrient intake and plant growth [3]. The nutrients in the solution are the only source of minerals for plants that are grown by means of hydroponics, so the removal of nutritional ions from hydroponic solutions generally lead to the restriction of plant growth [4]. On the other hand, under continuous nutrient rich conditions, plants absorb higher amounts of nitrate, which can adversely affect human health [5,6]. Thus, the regulation of nutrient supply might be needed to provide optimal growth while managing the nutrient content of the edible parts of hydroponic plants.



Many studies have been conducted to assess the effects of nutrient deficiency on the yield and phytochemical content of various crops. Nitrogen deficiency inhibits plant growth and development, reduces photosynthesis and leaf area, and accelerates senescence [7,8,9,10]. Phosphorous deficiency also causes the repression of plant growth and photosynthesis in various plants [11,12]. The limitation of other essential nutrient minerals also shows negative effects on the physiological parameters of the plant [4,13]. Although the effects of the deprivation of each essential nutrient mineral on plant growth and phytochemical composition have been well-studied to date, only a few studies have focused on the deprivation of all of the essential ions in hydroponic solutions. Radish (Raphanus sativus L.) is one of the most important root vegetables in cruciferous species and acts as a food source for human consumption in that the roots are used for human consumption because they provide adequate amounts of carbohydrates, minerals, fiber, and protein [14]. Radish has also been used in ethnomedicine as a laxative, stimulant, digestive stimulant, appetite stimulant, and remedy for stomach ailments [15]. Recently, as the demand for salad vegetables has grown, the importance of small, precocious radishes as root vegetables has increased [16]. Some radish varieties can be harvested within one month after sowing, so they are hydroponically cultivated under environmentally controlled conditions such as indoor farming [17]. Recent studies have demonstrated reduced growth in hydroponically grown lettuces transferred from a hydroponic solution to water in their late growing stages [18,19]. However, the influence of nutrient (all essential nutrient minerals) deficiency on root vegetables was not clarified. Here, we studied the effect of nutrient deprivation and its timing on the growth and nutrient composition of hydroponic radish.




2. Materials and Methods


2.1. Experimental Conditions


The seeds of the radish (R. sativusS L. var. sativus) cultivar “Hatsuka Daikon” (Takii Seed Co., Kyoto, Japan) were sown on wet paper towels and were pregerminated for 2 days at 20 °C in the dark. After 2 days of sowing (DAS), the germinated plants were placed on well-watered sponge cubes that were 2 × 2 × 2 cm in size. To set the plants in the sponge cubes, the roots of the plants were sandwiched in the cut in the center of each sponge cube. Water was drenched to the sponge cubes until it reached half of the cube height, and the plants were grown at 20 °C under 200 µmol m−2 s−1 of photosynthetic photon flux provided fluorescent lamps (FLs; FL40SBR-A; NEC Co., Tokyo, Japan) with a 16 h light cycle. At 7 DAS, plants were transferred to DFT hydroponics with a nutrient solution under the same temperature and light conditions. The Otsuka-A recipe (OAT Agrio Co., Ltd., Tokyo, Japan) nutrient solution was prepared as previously described [20,21]. At 14 DAS, For DFT hydroponics, 8 plants were planted in one container (26 × 19 × 11.5 cm size). The nutrient solution in the container was continuously aerated at a flow rate of 1.5 L min−1 using an air pump (e-AIR 4000WB, GEX Co. Ltd., Osaka, Japan) connected to an air stone.



At 14 DAS, the plants were exposed to a nutrient deficiency experiment for 14 days at the same light and temperature conditions (Figure 1). Four experimental groups were tested: (1) WW, where the plants were grown in water alone without nutrients throughout the cultivation period; (2) NN, where the plants were grown in the nutrient solution throughout the cultivation period; (3) NW, where the plants were grown in the nutrient solution for 7 days after the start of treatment (DAT) and were then transferred to water without nutrients, where they were grown until 14 DAT; (4) and WN, where the plants were grown in water without nutrients for 7 DAT and were then transferred to the nutrient solution, where they were grown until 14 DAT. In the WW and NN plants, the water or nutrient solution was exchanged at 7 DAT. This experiment was repeated four times and obtained similar results each time.




2.2. Measurement of Chlorophyll Content and Photosystem II Quantum Yield


Relative chlorophyll content was measured by a non-destructive method using the soil and plant analyzer development (SPAD) chlorophyll meter (SPAD-502; Konica Minolta, Tokyo, Japan). Measurements were conducted at 0, 4, 7, 10, 12, and 14 DAT using the first true leaf (old leaf) and the youngest fully expanded leaf (young leaf) of each plant.



The photosynthetic quantum yield of photosystem II (Fv/Fm) was measured using FluorPen FP100 (Photon Systems Instruments, Brno, Czech Republic). The first true leaf (old leaf) and the youngest fully expanded leaf (young leaf) at 0, 4, 7, 10, 12, 14 DAT were used after dark adaptation as previously described [22].




2.3. Measurement of Plant Growth


Shoot length and taproot diameter were measured at 0, 4, 7, 10, 12, and 14 DAT. Shoot length was defined as the distance from the leaf base to the leaf tip in the longest leaf. The taproot diameters were defined as the largest diameter measured. Plants at 14 DAT were harvested and separated into shoots, taproots, and fibrous roots. The taproot of hydroponic radish was defined as a main root with a diameter of more than 1 mm because they became thinner near the tip of the roots. Fresh weight was measured after each part was wiped dry with a paper towel. Dry weights were measured after each sample was oven-dried at 80 °C for 72 h or until the weight was constant. Water contents were obtained from the (FW–DW)/FW ratio, where FW and DW were the fresh weight and dry weight, respectively.




2.4. Measurement of Nitrate Content


Sliced taproot segments (50 mg) were immediately homogenized with 1 mL deionized water. The homogenate was filtered through a filter paper to remove tissue debris. The nitrate content of the filtered solution was measured with a reflectometer (RQflex, Merck, Darmstadt, Germany) and an analysis strip for nitrate (Nitrate Test 116971, Merck, Darmstadt, Germany).




2.5. Measurement of Total Phenol Content


Total phenol content was measured using the Folin–Ciocalteu method as described previously [23]. The central part of the taproot or the fibrous root from one plant was sliced and homogenized with a mortar and pestle. The homogenized 50 mg sample was transferred to a microtube (1.5 mL), to which 500 μL of 90% methanol was added. The sample was vigorously stirred and centrifuged at 10,000 g for 5 min. The supernatant (20 μL) was diluted to 630 μL with distilled water and mixed with 50 μL of phenolic reagent. After adding 300 μL of 5% sodium carbonate, the mixture was incubated at 25 °C for 30 min. The absorbance of the supernatant was measured at 765 nm, and a calibration curve was created using gallic acid. Absorbance was converted to total phenol concentration in milligrams of gallic acid per gram of fresh weight. Measurements were replicated in six plants per treatment. This experiment was repeated four times and obtained similar results each time.




2.6. Measurement of DPPH Radical Scavenging Capacity


The radical scavenging capacity was measured using 1,1-diphenyl-2-picrylhydrazyl (DPPH) radicals as previously described [24], with minor modifications. The central part of each taproot (50 mg fresh weight) was homogenized with 500 μL of 90% methanol. The sample was then centrifuged at 10,000 g for 5 min. The supernatant (100 μL) was mixed with 200 μL of 0.5 mM DPPH in ethanol and 500 μL of methanol. DPPH solution was freshly prepared just before the experiment. After 30 min incubation in the dark, the absorbance was monitored at 517 nm. The DPPH radical scavenging capacity was expressed as the percentage of DPPH radicals scavenged by calculating the difference between the pre-incubation and post-incubation absorbances.




2.7. Measurement of Ascorbic Acid


The ascorbic acid content was measured as previously described [25]. Sliced taproot segments (100 mg) from one plant were homogenized with 1 mL 5% (w/v) metaphosphoric acid. The sample was then centrifuged at 6000 g for 5 min at room temperature. The ascorbic acid content of the supernatant was measured with RQflex and an analysis strip for ascorbic acid (Ascorbic Acid Test, Merck, Darmstadt, Germany). This experiment was repeated four times and obtained similar results each time.




2.8. Measurement of Sugar Content


The radish taproots were homogenized using a grater, and the homogenates were filtered with filter paper (No. 1, Whatman plc, Maidstone, UK) to remove tissue debris. The sugar concentration was measured using an Atago PAL-1 Handheld Digital Brix Refractometer (Atago, Japan).




2.9. Measurement of Root Oxygen Consumption


The cut fibrous roots (500 mg) were immediately washed with distilled water and were immersed in a 50 mL tube containing an oxygen-saturated nutrient solution for 1 h. To calculate the depleted dissolved oxygen, we measured the initial and final dissolved oxygen concentrations in the solution using a dissolved oxygen meter DO-5509 (Lutron, Taipei, Taiwan).




2.10. Data Analysis


The data were analyzed using the JMP Statistics Package (SAS Institute, Cary, NC, USA). Significant differences between treatments were determined by one-way ANOVA followed by the Tukey–Kramer honest significance test for pairwise comparison at p < 0.05.





3. Results and Discussion


3.1. Effects of Nutrient Deficiency Timing on the Growth of Hydroponic Radish


In the NN and NW plants, taproot diameter consistently increased during the 14 days of the experiment (Figure 2). The WN and WW plants showed a lower increase in taproot growth compared to the NN and NW plants in the first 7 DAT. In the last 7 days before harvest, the WN plants showed a higher increase in taproot growth compared to the WW plants, but the taproot diameter at 14 DAT was lower than that of the NN and NW plants.



The plants were harvested at 14 DAT, and the growth and components were then examined. The hydroponically grown taproots were oblong- or spindle-shaped (Figure 3). The size of the taproots was larger in the NN and NW plants compared to in the WN and WW plants. The swelling of the lower part of the taproot was suppressed in all of the experimental groups, which was probably because these parts were submerged in the hydroponic solution. Waterlogging has also been reported to restrict root swelling in root vegetables such as carrot and sweet potato [26,27,28].



The WW plants had fewer leaves compared to the other experimental groups (Table 1). This implies that continuous nutrient deficiency resulted in developmental retardation.



The shoot fresh weight was the highest in the NN plants followed by the WN, NW, and WW plants (Table 2). The fresh weight of the taproots was higher in the NN and NW plants compared to the WW and WN plants. The fibrous root fresh weight was the highest in WN plants followed by in the NN and NW plants, and it was lowest in the WW plants. The dry weights of the shoots, taproots, and fibrous roots showed the same pattern as the one that was observed in the fresh weights. The water contents of the WW plants were lower than that of other plants. The ratio of the dry weight of the shoot to the taproot was the highest in the WN plants followed by NN plants, and it was lower in the WW and NW plants (Table 1).



A previous study of hydroponic radishes demonstrated that continuous low nutrient treatment decreased shoot growth, whereas root growth was not significantly influenced [29]. The NW plants showed a similar growth pattern to this previous study. Hydroponic plants are known to have large amounts of mineral nutrients in the leaves that have been absorbed from the nutrient solution [30]. Thus, in the NW plants, the stress caused by nutrient deficiency may have been mitigated by the leaf minerals that were acquired before the start of the nutrient deficiency. In contrast, taproot growth was restricted in the WN plants. Because the timing of nutrient deprivation was earlier in the WN plants compared to in the NW plants, the WN plants underwent nutrient deficiency during a younger growth stage. Younger plant leaves contain lower nitrate levels than older leaves [31,32]. This indicates that younger plants might be more sensitive to nutrient deficiency due to the low nutrient stocks in their leaves. Given that the increase in taproot diameter was also suppressed from 4–7 DAT in the WN and WW plants, it is postulated that complete nutrient removal at the early taproot growth stage is detrimental to taproot development. In potato plants, nutrient uptake has been reported to be higher at the tuber initiation stage than at the maturation stage [33]. Therefore, radish plants may also require a higher amount of nutrients at the initial taproot growth stage.



Shoot and root growth have been shown to be affected differently by transient stresses such as salt, drought, and flooding [34,35,36,37,38,39]. In sugar beets, temporal cold stress reduced the dry weight of taproots, but the dry weight of the leaves was unaffected [38]. Therefore, it is also suggested that WN plants were subjected to transient nutrient deficiency stress, causing different growth changes in shoots and taproots.




3.2. Effects of Nutrient Deficiency on the Nutritional Components of Hydroponic Radish


The nitrate content of taproots at 14 DAT was higher in the NN and WN plants compared to in the WW and NW plants (Figure 4A). The total phenol content was lower in WW plants compared to in the other experimental groups (Figure 4B). The radical scavenging capacity of the taproot measured by DPPH was also lower in the WW plants compared to in the other experimental groups (Figure 4C). In contrast, the ascorbic acid content was higher in the WW plants compared to the other experimental groups (Figure 4D). Brix, which is an index of sugar content, was also higher in the WW plants (Figure 4E).



Nitrate accumulation is influenced by several environmental factors, such as light, temperature, carbon dioxide, and nutrient solution [40]. In leaf vegetables, the nitrate content of plants has been shown to be dependent on nutrient solution concentration [41,42,43]. Reducing the supply of nutrients in the period immediately before harvest has also been shown to reduce nitrate accumulation in lettuce leaves [44,45]. Similar to these reports, nutrient deficiency 7 days pre-harvest in NW plants significantly reduced nitrate accumulation in taproots of hydroponic radish. Given that WN plants showed higher nitrate accumulation compared to NW plants, nitrate accumulation in radish taproot may depend not only on the duration of time that the plant was exposed to nutrient deficiency, but it may also depend on the timing of the plant’s exposure to nutrient deficiency.



Radish roots contain a variety of phenolic compounds such as catechin, sinapinic acid, and anthocyanins [46]. Phenolic compounds in the roots have shown to decrease in response to several stresses [47,48,49]. Therefore, the continuous nutrient deficiency of the WW plants could have caused severe stress, resulting in reduced water content and total phenol content in the roots.



In contrast to total phenol content, ascorbic acid and sugar content were increased in the radish plants that had been exposed to continuous nutrient deficiency. Ascorbic acid is one of several antioxidant molecules that diminish oxidative stresses and has been reported to be produced in response to various stresses [50,51,52]. In radish, water-deficit conditions enhanced the synthesis of ascorbic acid in the roots [53]. Given that the WW plants exhibited reduced size and water content compared to other experimental groups, it is possible that drought-like stress on WW plants induced ascorbic acid production. Sugar content increases in the last stage of taproot enlargement in radish [54,55]. Therefore, it is possible that taproots of WW plants may have undergone a faster maturation/aging process by restricting taproot swelling.




3.3. Effects of Nutrient Deficiency on the Leaf and Fibrous Root Parameters of Hydroponically Grown Radish


We also examined the effect of nutrient deficiency on the physiological changes of leaves and fibrous roots. The old leaf chlorophyll content measured by the SPAD value was not significantly changed within 4 DAT, but it continuously decreased from 7 DAT in the WW and WN plants (Figure 5A). The decrease of the SPAD value in the WN plants leveled off at 10 DAT. The SPAD value of young leaves were not significantly changed within 7 DAT and tended to be higher in the NN plants in the last 7 DAT (Figure 5B). The photosynthetic quantum yield of photosystem II (Fv/Fm) in the old leaves was not significantly different between treatments until 12 DAT, but it was significantly decreased in the WW plants at 14 DAT (Figure 5C). No difference was observed in the photosynthetic quantum yield of young leaves during the treatment period (Figure 5D). Total phenol content in fibrous roots was higher in WW plants compared to other experimental groups (Figure 6A). Root oxygen consumption was higher in the NN plants compared to in other experimental groups (Figure 6B).



Leaf SPAD values have been reduced by nitrogen and phosphate deficiency in prior studies [56,57]. In our study, the SPAD value was influenced more strongly in the WN plants compared to the NW plants when exposed to nutrient deficiency. This indicates that young plants (0 DAT) respond to nutrient deficiency more strongly than mature plants (7 DAT). In the first half of the treatment period, the SPAD value increased more strongly than it did during the second half of the treatment period in the NN plants. This SPAD value increase at early growth stages has also been observed in lettuces [58]. Nutrient deficiency in the earlier growth stages caused the plants to repress the synthesis and maintenance of chlorophyll because of the higher requirement of some nutritional minerals during the earlier growth stages [59]. During senescence, old leaf nutrients are recycled to different parts of the plants [60]. During this step, the leaf chlorophylls became degraded, and a decrease in SPAD value and photosynthetic quantum yield were observed [61]. This downregulation property has also been observed in the old leaves of WW plants, suggesting the acceleration of the aging process in plants that have been exposed to continuous nutrient deficiency. Nutrient deficiency has been reported to cause the induction of root phenolic compounds as a stress response [62]. Root respiration, as measured by root oxygen consumption, has also been shown to be reduced by nitrate, phosphate, and potassium deficiencies [63,64]. Given that nutrient deficiency triggered a variety of stress-responsive genes [65,66], nutrient-deficient treatment in our study could also elicit plant stress responses, at least in the roots.





4. Conclusions


Reducing nitrate levels in the edible part of hydroponic vegetables is important for increasing their crop value. Pre-harvest nutritional restrictions have been shown to be a viable method for producing low-nitrate leaf vegetables, even if their growth is restricted [67,68,69]. Our study has shown that this method can also be applied to the root vegetable radish. In contrast to leaf vegetables, the nitrate levels of radish edible roots were reduced without decreasing the biomass by adjusting the timing of the nutrient removal. The sustained growth of the taproots despite nutrient deficiency in NW plants may also contribute to a more efficient production of edible roots that consume less minerals in the nutrient solution.
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Figure 1. Experimental timeline in this study. 
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Figure 2. Time-course changes in taproot diameter of hydroponic radishes after the start of the nutrient deficiency experiment. Vertical bars represent the means ± SE (n = 8). WW, nutrient deficiency for 14 days; NN, full nutrient for 14 days; NW, nutrient deficiency for the last 7 days; WN, nutrient deficiency for the first 7 days. 
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Figure 3. Taproot of hydroponic radishes at 14 days after the start of the experiment. Bar = 2 cm. WW, nutrient deficiency for 14 days; NN, full nutrient for 14 days; NW, nutrient deficiency for the last 7 days; WN, nutrient deficiency for the first 7 days. 
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Figure 4. Components and DPPH of hydroponic radish taproots at 14 days after the start of the experiment. Taproot nitrate content (A), total phenol content (B), DPPH radical scavenging capacity (C), ascorbic acid content (D), and sugar content expressed by Brix (E). Vertical bars represent the means ± SE (n = 8). Different letters indicate significant differences among the treatments at p < 0.05 by Tukey–Kramer’s test. WW, nutrient deficiency for 14 days; NN, full nutrient for 14 days; NW, nutrient deficiency for the last 7 days; WN, nutrient deficiency for the first 7 days. 
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Figure 5. Time-course changes in radish leaf SPAD and photosynthetic quantum yield of photosystem II after the start of the nutrient deficiency experiment. SPAD value of old leaves (A) and young leaves (B). Photosynthetic quantum yield of photosystem II (Fv/Fm) of old leaves (C) and young leaves (D). Vertical bars represent the means ± SE (n = 8). WW, nutrient deficiency for 14 days; NN, full nutrient for 14 days; NW, nutrient deficiency for the last 7 days; WN, nutrient deficiency for the first 7 days. 
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Figure 6. Total phenol content (A) and oxygen consumption (B) of fibrous roots of hydroponic radish at 14 days after the start of the experiment. Vertical bars represent the means ± SE (n = 8). Different letters indicate significant differences among the treatments at p < 0.05 by Tukey–Kramer’s test. WW, nutrient deficiency for 14 days; NN, full nutrient for 14 days; NW, nutrient deficiency for the last 7 days; WN, nutrient deficiency for the first 7 days. 
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Table 1. Leaf number and shoot/taproot ratio of hydroponic radishes at 14 days after the start of the experiment (n = 8).
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	Treatment 1
	Leaf Number
	Top/Taproot Ratio





	WW
	6.9 b 2
	0.6 b



	NN
	9.0 a
	1.1 ab



	NW
	8.9 a
	0.6 b



	WN
	8.6 a
	2.0 a







1 WW, nutrient deficiency for 14 days; NN, full nutrient for 14 days; NW, nutrient deficiency for the last 7 days; WN, nutrient deficiency for the first 7 days. 2 Different letters indicate significant differences among the treatments at p < 0.05 by Tukey–Kramer’s test.
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Table 2. Fresh and dry weights and water content of hydroponic radishes at 14 days after the start of the experiment (n = 8).
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Treatment 1

	
Fresh Weight (g)

	
Dry Weight (g)

	
Water Content (%)




	
Top

	
Taproot

	
Fibrous Root

	
Top

	
Taproot

	
Fibrous Root

	
Top

	
Taproot

	
Fibrous Root






	
WW

	
1.9 c 2

	
4.2 b

	
0.6 b

	
0.3 c

	
0.5 b

	
0.06 b

	
83.7 b

	
86.8 b

	
90.8 b




	
NN

	
16.9 a

	
19.7 a

	
0.9 ab

	
1.3 a

	
1.1 a

	
0.07 ab

	
92.7 a

	
94.4 a

	
92.2 a




	
NW

	
7.3 bc

	
16.5 a

	
0.9 ab

	
0.6 bc

	
1.0 a

	
0.07 ab

	
91.6 a

	
93.5 a

	
92.2 a




	
WN

	
10.7 ab

	
6.1 b

	
1.4 a

	
0.7 b

	
0.4b

	
0.11 a

	
93.5 a

	
93.1 a

	
92.2 a








1 WW, nutrient deficiency for 14 days; NN, full nutrient for 14 days; NW, nutrient deficiency for the last 7 days; WN, nutrient deficiency for the first 7 days. 2 Different letters indicate significant differences among the treatments at p < 0.05 by Tukey–Kramer’s test.
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