

  horticulturae-10-00483




horticulturae-10-00483







Horticulturae 2024, 10(5), 483; doi:10.3390/horticulturae10050483




Article



The Optimum Substrate Moisture Level to Enhance the Growth and Quality of Arugula (Eruca sativa)



Kiram Lee 1,†, Seong Kwang An 2,†, Kang-Mo Ku 1 and Jongyun Kim 1,*





1



Department of Plant Biotechnology, Korea University, Seoul 02841, Republic of Korea






2



Department of Horticultural Bioscience, Pusan National University, Miryang 50463, Republic of Korea









*



Correspondence: jongkim@korea.ac.kr






†



These authors contributed equally to this work.









Citation: Lee, K.; An, S.K.; Ku, K.-M.; Kim, J. The Optimum Substrate Moisture Level to Enhance the Growth and Quality of Arugula (Eruca sativa). Horticulturae 2024, 10, 483. https://doi.org/10.3390/horticulturae10050483



Academic Editors: Qingming Li, Yansu Li and Dalong Zhang



Received: 10 April 2024 / Revised: 29 April 2024 / Accepted: 4 May 2024 / Published: 8 May 2024



Abstract


Arugula (Eruca sativa Mill.) is a nutritious vegetable, commonly used in salads, known for its high glucosinolate content and various health benefits and flavors. However, arugulas may contain -excessive nitrate levels, potentially harmful to human health. We aimed to examine the effect of substrate moisture levels on the growth and quality of arugula under controlled irrigation conditions to investigate a proper irrigation practice for the quality production of arugula. The plants were cultivated using a sensor-based automated irrigation system to maintain the substrate volumetric water content (VWC) levels at 0.20, 0.30, 0.40, and 0.50 m3·m−3 over three weeks (vegetative stage). The treatment with VWC of 0.20 m3·m−3 resulted in reduced shoot growth, primarily attributed to drought-induced constraints on leaf expansion. Despite the initial reductions in stomatal conductance in arugulas subjected to lower VWC treatments, they eventually recovered and exhibited similar stomatal conductance levels across all VWC treatments 15 days after treatment, indicating acclimation to drought stress. The VWC treatment did not affect the nitrate and total glucosinolate contents of arugula, except for a decrease in glucoerucin content observed in the lowest VWC treatment. Maintaining a VWC level at 0.20 m3·m−3 could impair both the growth and quality of arugula due to severe drought conditions. Alternatively, maintaining the VWC at 0.30 m3·m−3 would ensure a high water use efficiency while securing the growth and quality of arugula.
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1. Introduction


Arugula is a leafy vegetable belonging to the Brassica family that is commonly used as a garnish in various dishes and salads. Arugula is a highly valued crop because of its abundance of nutrients, such as phytochemical constituents, vitamins, carotenoids, and nutritionally valuable substances [1,2]. Among its phytochemical compounds are potent antioxidants and beneficial components such as glucosinolates, which are associated with various health benefits including anti-inflammatory and anticancer properties [3,4]. Arugula is rich in glucoraphanin and glucoerucin, a specific glucosinolate known to induce phase II detoxifying enzymes including quinone reductase [5,6]. The levels of glucosinolates in vegetables are affected by various environmental conditions such as temperature, light period, quality, and drought [7,8,9,10]. Arugula can absorb and accumulate excessive amounts of nitrate during growth, and its leaves can contain excessive nitrate. While nitrate is vital for protein synthesis, encouraging plant growth, and activating enzymes in vegetables, excessive nitrate content can lower the quality of these products due to the health risks linked to consuming it in high amounts. The implementation of regulations in several European countries, therefore, restricted the maximum allowable nitrate content in arugula [11].



Numerous studies have been conducted to ensure the quality of arugula throughout cultivation and to implement effective production strategies that enhance their desirable qualities. A high light intensity [12] and high temperature [13] can increase the glucosinolate content in arugula. The increase in the red-light fraction in the light sources and the increase in nitrogen availability could enhance the quality of arugula in terms of the glucosinolate and nitrate content [14]. The effects of drought stress on arugula have been reported, which include a decreased leaf area [15] and decreased carotenoid content [16]. However, the appropriate irrigation threshold for securing arugula yield and quality remains unclear.



With the development of controlled environment agriculture using sensor technology, several substrate moisture monitoring and control systems have been deployed to ensure precise irrigation management. Among the soil moisture sensors, frequency domain reflectometry (FDR) sensors are considered the most appropriate for automated irrigation systems, as they measure practical soilless substrate moisture levels in volumetric water content (VWC) [17]. The FDR-sensor-based automated irrigation system provided extensive data on drought conditions to enhance irrigation efficiency for Petunia × hybrida [18], Cymbidium [19], and Ocimum basilicum [20], while ensuring proper growth and high quality.



In the current study, we utilized an FDR-sensor-based automated irrigation system to quantify the effects of various VWC levels on the production of arugula to investigate the optimum VWC level for its growth while enhancing its quality. The general growth and physiological parameters of arugula, as well as changes in the nitrate and glucosinolate content, were investigated to assess the growth and quality of arugula.




2. Materials and Methods


2.1. Plant Materials and Growing Conditions


Arugula (Eruca sativa Mill.) seeds (Asia Seed Co., Seoul, Republic of Korea) were sown in 128-cell plug trays filled with a germinating substrate (Sunshine Mix #5; SunGro Horticulture, Agawam, MA, USA) and grown in a glass greenhouse at Korea University, Seoul, Republic of Korea (37° N, 127° E), between March 28 and 19 April 2023. After 15 days, the seedlings were transplanted into round plastic pots (top diameter of 10 cm, height of 9 cm, volume of 440 mL) filled with a soilless substrate (Sunshine Mix #4; Sun Gro Horticulture, Agawam, MA, USA) mixed with a controlled-release fertilizer (Multicote 6, NPK 14-14-14, Haifa Chemicals, Haifa, Israel) at a rate of 4 g·L−1. The transplanted seedlings were grown for two weeks to acclimatize, and then 128 uniform plants were selected for the experiment. The substrate VWC of the pots was maintained at 0.55 m3·m−3 using an FDR-sensor-based automated irrigation system for three days before the irrigation treatments. Air temperature, relative humidity, and light intensity were monitored at 10 s intervals using VP-4 (Meter Group, Pullman, WA, USA) and SQ-110 (Apogee Instruments, Logan, UT, USA) sensors connected to CR1000 datalogger (Campbell Scientific, Logan, UT, USA), and their hourly and daily averages were logged. The daily average temperature and relative humidity were 21.37 ± 2.54 °C and 50.08 ± 10.67%, respectively, and the daily light integral (DLI) was 12.30 ± 5.04 mol·m−2·d−1 during the experiment period (mean ± SD).




2.2. Irrigation Treatment via FDR Sensor-Based Automated Irrigation System


A modified FDR-sensor-based automated irrigation system [20] was applied in the experiment. A total of 32 FDR-type soil moisture sensors (EC-5; Meter Group) were connected to a data logger (CR1000; Campbell Scientific) via a multiplexer (AM 16/32B; Campbell Scientific). The substrate VWCs of two pots in the middle of each experimental unit were averaged to monitor and control the VWCs. Each EC-5 sensor was powered at 2.5 V excitation and inserted on the substrate at a 45° angle toward the center of the pot. Substrate-specific sensor calibration was conducted to improve the precision substrate VWC control [21] and applied for the measurement of the VWC [VWC (m3·m−3) = 0.001352 × sensor output (mV) − 0.3373, r2 = 0.98]. Arrow-type drippers with pressure-compensated emitters (2 L/h; Netafim, Tel Aviv, Israel) were used for drip irrigation.



The irrigation VWC thresholds were assigned at 0.50 m3·m−3 (−2.8 kPa, Easily Available Water, EAW), 0.40 m3·m−3 (−5.1 kPa, boundary of EAW and water buffering capacity, WBC), 0.30 m3·m−3 (−9.8 kPa, boundary of WBC), and 0.20 m3·m−3 (−24.6 kPa, below WBC) as verified on the soilless substrate [22,23]. The moisture retention curve of the substrate was obtained using a soil moisture release curve measuring instrument (Hyprop, Meter Group; Figure 1A). The irrigation thresholds were checked for each experimental unit every 20 min. When the average VWC of the unit decreased to below the irrigation threshold, the solenoid valves connected to the data logger were opened for 10 s to provide irrigation (5.6 mL per application). The daily and cumulative irrigation amounts were recorded using the data logger.




2.3. Growth and Physiological Measurements


A total of two to three plants per experimental unit were harvested at 0, 7, 14, and 21 days after the treatment started (DAT) to analyze temporal changes. Here, one plant was used for growth and physiological measurements, and the other was used for the analysis of the glucosinolate content. The innermost to third fully expanded leaves were collected and the leaf physiological parameters were measured at noon on each harvest day. Plant height, width, and shoot and root fresh/dry weights were measured as general growth parameters. The size of the three outermost leaves and the total leaf area per plant sample were measured using a leaf area meter (LI-3100, Li-COR, Lincoln, NE, USA). The specific leaf area was calculated by dividing the leaf size by the dry weight of the three outermost leaves. At midday, the stomatal conductance of the innermost to third fully expanded leaves was measured using a leaf porometer (SC-1; Meter Group) in the same experimental units equipped with sensors. The water use efficiency was calculated by dividing the leaf dry weight by the cumulative irrigation amount.




2.4. Nitrate Content Measurement


The nitrate content of the plant shoots was measured using a compact nitrate ion meter (LAQUAtwin-NO3-11C; Horiba Ltd., Kyoto, Japan). The outermost three fresh leaves with petioles were squeezed using a garlic press to gather the leaf sap, which was then diluted in a 1:1 ratio with deionized water and vortexed. The collected samples (0.3 mL) were placed directly on the sensor of the nitrate ion meter. The nitrate ion meter was calibrated using two-point calibrations at 300 and 5000 ppm using nitrate standard solutions.




2.5. Glucosinolate Content Analysis


For the glucosinolate analysis, the shoot parts of the samples were collected, frozen immediately with liquid nitrogen, and then dry-frozen for seven days. The samples were ground thoroughly after freezing and drying. The glucosinolate levels were examined using the desulfo-glucosinolate method described by Chae et al. [24].



The glucosinolate compounds were identified based on the positive full-scan mode range of m/z 100.0−900.0. The ion spray voltage was 3.5 kV with 320 °C of capillary temperature. The compounds were identified based on characteristic fragmentation and their mass and compared with previously reported data [5]. The retention time of each glucosinolate was compared and identified using HPLC.




2.6. Experimental Design and Statistical Analysis


The experiment was conducted using a randomized complete block design with four treatments (TRTs) and four blocks, with eight sub-replicate plants in each experimental unit. Two sub-replicates in each experimental unit were harvested using different DATs for temporal analysis. Statistical analysis software (SAS 9.4, SAS Institute, Cary, NC, USA) was used to analyze the variance among treatments. All the measured parameters were analyzed using two-way ANOVA with TRT and DAT using block as a random variable, followed by the least significant difference test at α = 0.05.





3. Results


3.1. VWC Changes with the Automated Irrigation System


The VWC of each treatment gradually decreased from 0.55 m3·m−3 after treatment initiation and reached their irrigation thresholds (0.50, 0.40, 0.30, and 0.20 m3·m−3) at DATs of 0.58, 1.70, 2.63 and 3.66, respectively (Figure 1B). After all the experimental unit reached the irrigation threshold levels, the automated irrigation system with FDR sensors successfully maintained the VWC of arugula just above the specific irrigation thresholds (0.50, 0.40, 0.30, and 0.20 m3·m−3) during the experimental periods as programmed.




3.2. Growth and Leaf Physiological Parameters


At the final harvest, only the lowest VWC treatment (0.20 m3·m−3) was observed to significantly decrease the shoot growth of arugula (Table 1). The plant height, leaf size, total leaf area, and shoot fresh and dry weights of arugula grown under the 0.20 m3·m−3 treatment demonstrated the lowest values among the treatments, whereas the plant width and specific leaf area were not affected by the treatments. Excluding the root fresh weight for the 0.50 m3·m−3 treatment, plants irrigated with more than 0.30 m3·m−3 displayed better growth parameters than those irrigated with only 0.20 m3·m−3. Only the 0.20 m3·m−3 treatment displayed reduced growth, indicating that 0.20 m3·m−3 VWC exerted considerable drought stress on arugula.



As plants grow with time, the plant height and leaf size of arugula grown under a VWC higher than 0.20 m3·m−3 gradually increased with the increase in DAT (Figure 2). A significant leaf size expansion was observed in arugula grown under higher VWC treatments from the first week after treatment, whereas plants in the 0.20 m3·m−3 treatment exhibited no significant leaf size expansion. Consequently, plants in the 0.20 m3·m−3 treatment did not demonstrate a significant increase in plant height (p = 0.705) or leaf size (p = 0.406), suggesting inhibited growth due to drought. However, the shoot fresh weight and leaf area of all the plants increased gradually with the increase in DAT. Nevertheless, under the 0.20 m3·m−3 treatment, significant reductions in plant height, leaf size, shoot fresh weight, and leaf area were observed at the final harvest at 21 DAT (Figure 2).



Although the stomatal conductance of arugula among the VWC treatments was similar at the final harvest (p = 0.349), the temporal analysis demonstrated that the lower VWC treatments decreased the stomatal conductance of arugula in the early period of treatment (PTRT*DAT = 0.007, Figure 3). The stomatal conductance of arugula under all the treatments was similar for the first two days until all the treatments reached the assigned VWC levels. However, at 3 DAT, when the VWC of the 0.20 m3·m−3 treatment reached the treatment threshold, the plants under the 0.20 m3·m−3 treatment demonstrated a dramatic decrease in the stomatal conductance that was significantly lower than those under the higher VWC treatments. These responses between VWC and stomatal conductance lasted until 14 DAT, excluding the days with a low light intensity (lower than 200 μmol·m−2·s−1). However, the stomatal conductance of arugula was observed to be similar after 15 DAT across the VWC treatments, even under high-light-intensity conditions. This indicates that the effect of VWC on stomatal conductance was attenuated, possibly because of the acclimation of the plants.




3.3. Water Use and Water Use Efficiency


Although the cumulative irrigation amount for 21 days was the highest in the 0.50 m3·m−3 treatment, the 0.30 and 0.40 m3·m−3 treatments demonstrated a similar irrigation amount, while the 0.20 m3·m−3 treatment showed the least irrigation amount (Figure 4). Consequently, considering the shoot dry weight of arugula, the water use efficiency of the 0.20 and 0.30 m3·m−3 VWC treatments was higher than that of the 0.40 or 0.50 m3·m−3 VWC treatments (Figure 4).




3.4. Changes in the Nitrate and Glucosinolate Content in Arugula by VWC Treatments


Although the nitrate and total glucosinolate contents of arugula changed over time (PDAT < 0.001), the VWC treatments did not affect the nitrate content, regardless of the DAT (Figure 5). The initial nitrate content of arugula was observed to be high (approximately 3800 ppm) before the application of the treatments. However, the nitrate content was only 10% (around 380 ppm) of the initial content a week after treatment. The low nitrate content was maintained under 700 ppm, regardless of the VWC treatments.



The glucosinolate content analysis revealed six glucosinolates in arugula (Table S1). They were identified based on the retention time and mass fragment information. There were no significant differences in the total glucosinolate content (p = 0.089) at the final harvest at 21 DAT (Table 2). Although there was a tendency for increased glucosinolate content in arugula under the 0.40 m3·m−3 treatment, only glucoerucin demonstrated a significantly lower content in plants under the 0.20 m3·m−3 VWC treatment than that in plants under the higher VWC treatments. The temporal analysis demonstrated that the specific glucosinolate content changed with the DAT (PDAT < 0.05). The effect of VWC treatment was, therefore, not significant (PTRT > 0.05), regardless of the DAT (PTRT*DAT > 0.05).





4. Discussion


4.1. Growth and Physiological Responses to VWC Treatment


Drought conditions can have diverse effects on plants but mostly limit their growth by reducing turgor and photosynthesis, decreasing the final yield [25,26,27]. However, the relatively low severity and slow rate of drought imposition may mitigate drought symptoms in plants, depending on the species. Arugula demonstrated similar drought responses in this study, with significantly reduced shoot growth (Table 1). These drought responses of arugula were similar to those previously reported [15,16]. It is, however, noteworthy that the expected mild drought condition (0.30 m3·m−3, −10 kPa) did not induce drought stress in arugula. Similar drought conditions as 0.30 m3·m−3 (−10 kPa) for soilless substrate have induced mild drought stress for Cymbidium [19], and Ocimum basilicum [20], with significantly reduced growth than that of plants under well-watered conditions. However, arugula reduced its growth only under much lower VWC conditions (0.20 m3·m−3, approximately –25 kPa), suggesting that this species has drought tolerance. A transcriptome analysis of arugula also showed that Eruca species could exert drought tolerance [28], implying that arugula endures lower VWC treatments than other species, even under automated irrigation systems, to maintain specific moisture conditions.



The temporal analysis of shoot growth indicated that arugula growth decreased only at a VWC level of 0.20 m3·m−3. Since arugula exhibits rosette-type growth, forming a cluster of leaves on the ground in a circular arrangement, the plant height of arugula largely depends on the size of its leaves. As the treatment started, the plants grown under 0.20 m3·m−3 exhibited minimal growth in leaf size. This appears to have contributed significantly to the consistent plant heights observed in arugula with rosette-shaped leaves during the experimental period. For plants sensing drought stress, the typical physiological responses to enhance water use efficiency involve diminishing leaf area growth and adjusting relative water content at the cellular level through osmotic regulation [29]. As stated above, arugula may be considered a drought-tolerant species. However, the 0.20 m3·m−3 treatment could be the VWC level simulating drought conditions for arugula, whereas those under higher VWC treatments demonstrated similar growth over time.



The changes in the stomatal conductance of arugula indicated a considerable decrease under the lower VWC treatment. However, this significant decrease only occurred when the VWC decreased close to 0.20 m3·m−3. A decrease in stomatal conductance is a quick response to drought conditions in petunia [18], even at 0.3 m3·m−3. However, arugula demonstrated a significant reduction in stomatal conductance later at lower VWC levels. Two weeks after the VWC treatment, all plants demonstrated similar stomatal conductance levels, regardless of treatment, indicating their acclimation to a certain VWC level. This stomatal acclimation of plants under drought has been reported; however, the limitation of stomatal conductance in the early period of drought led to a decrease in photosynthetic activity, resulting in the smallest fresh weight and leaf area in the lowest VWC treatment from 7 DAT. These findings suggest that arugula may possess drought tolerance and adaptation abilities under drought stress.



Although a VWC of 0.30 m3·m−3 may be regarded as a mild drought for other species, arugula exhibited sustained growth even under these conditions, demonstrating a lower water use and, consequently, a higher water use efficiency (Figure 4). Generally, when plants cope with drought conditions, the water use efficiency can significantly increase with a very low water use; however, in most cases, the highest water use efficiency may not be applicable for practical cultivation considering the reduced yield. Even though the 0.20 m3·m−3 treatment had the highest water use efficiency, it led to a decrease in the yield of arugula. Consequently, the 0.30 m3·m−3 treatment, which also demonstrated a high water use efficiency, proved to be the most effective in supporting the growth of arugula compared to the other treatments. Maintaining the VWC at 0.30 m3·m−3 would, therefore, be optimal for arugula to secure its yield with a high water use efficiency.




4.2. VWC Effects on Arugula Quality


Although drought may be considered an abiotic stress that can enhance the quality of crops by the accumulation of more sugar or secondary metabolites [30,31], the current study did not demonstrate the significant effect of VWC levels on the quality of arugula in terms of nitrate or the total glucosinolate content. Considering excessive nitrate content in arugula is considered a potential market problem [11], a proper VWC level was considered in this study to control the nitrate content in arugula. However, this study did not demonstrate any effect on the nitrate content in arugula in terms of the VWC levels; instead, the nitrate content decreased much less than that regulated by the EU (6000 ppm). Previous studies have indicated that arugula leaves contain approximately 500 ppm nitrate, particularly under nitrogen-deficient environmental conditions [32,33,34]. Although the plants were provided with a sufficient level of slow-release fertilizer with nitrogen, the nitrate content of all the treatments decreased to below 500 ppm at 7 DAT, regardless of the VWC levels. This may be because the soil-moisture-sensor-based automated irrigation system provided irrigation only when the substrate reached specific VWC levels, thereby restricting excessive fertilizer release from slow-release fertilizers. Previously, maintaining a specific VWC with a soil-moisture-sensor-based automated irrigation system was demonstrated to enhance the secondary metabolites in basil [20]. The effect of efficient nutrient management on the quality of crop production through automated irrigation systems should, however, be carefully quantified with separate research.



Unlike the decrease in nitrate content, the total glucosinolate content in arugula increased with the increase in DAT. However, there were no effects of the VWC treatment. Previous studies have suggested an inverse relationship between glucosinolates and nitrates under nitrogen-deficient and nitrogen-abundant conditions [35]. A competitive relationship may exist between nitrate and glucosinolate metabolism and storage in plant leaves for nitrogen utilization. A previous study on arugula glucosinolate content using temporal analysis demonstrated that the levels of glucosinolates can vary based on DAT and environmental factors, with different patterns observed for each glucosinolate species [35]. However, the glucosinolate content in arugula in this study changed as the DAT increased. VWC treatment did not affect the glucosinolate contents except for the increase in glucoerucin contents under the 0.30 and 0.40 m3·m−3 treatments compared to that under the 0.20 m3·m−3 treatment. Similarly, decreased levels of carotenoids (neoxanthin and antheraxanthin) have been reported with increasing drought stress in kale [36]. However, in the same study, moderate drought stress (0.25 m3·m−3 VWC) was found to elevate the concentrations of linoleic acid, certain glucosinolates (glucoiberin, progoitrin, and sinigrin), and total phenolic content, suggesting that specific metabolic pathways are stimulated under moderate drought stress. This study underscores the sensitivity of glucoerucin synthesis to water availability and suggests that managing irrigation levels could be a strategic approach for enhancing the nutritional and health-promoting properties of cruciferous vegetables. Arugula lacks the activity of the epithiospecifier protein, resulting in the complete conversion of glucoerucin to erucin, a chemopreventive compound [5]. The pungent, bitter, and radish-like flavor of arugula is derived from glucosinolates such as glucosativin, glucoibervirin, and glucoerucin [37]. The reduction in health-beneficial compounds could negatively affect the crop value of arugula, and the decrease in arugula flavor-related glucosinolates could influence consumer preferences [38,39,40]. There was a general decreasing tendency in glucosinolate content observed in this study with the decrease in VWC threshold levels; only the glucoerucin contents in arugula grown under 0.20 m3·m−3 demonstrated significantly lower contents than those under higher VWC treatments. In other words, the drought response of arugula grown under the 0.20 m3·m−3 treatment not only reduced its growth but also decreased its comprehensive quality, including health-promoting activity and flavor. However, arugula grown under VWC levels of 0.30 m3·m−3 or higher demonstrated similar nitrate and glucosinolate contents, suggesting it is desirable to maintain a sufficient VWC level (at least 0.30 m3·m−3) to ensure high-quality arugula production.



In conclusion, this study explored the influence of VWC on the growth, physiological characteristics, and biochemical composition of arugula, highlighting the plant’s response to varying substrate water contents. Our findings indicated that arugula could tolerate mild drought conditions but display reduced growth and physiological activity under severe water stress (0.20 m3·m−3, −24.6 kPa). Notably, the plants maintained at a 0.30 m3·m−3 (−9.8 kPa) exhibited optimal growth without compromising yield or water use efficiency, suggesting that this irrigation threshold may be optimal for quality arugula production. Further research should explore the mechanisms underlying the observed responses of glucoerucin to different irrigation levels. Understanding these mechanisms could lead to more precise recommendations for water management in the cultivation of cruciferous vegetables, ultimately contributing to the production of crops with optimal nutritional value and health-promoting properties.
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Figure 1. (A) Moisture release curve of the soilless substrate used in the current study and (B) average substrate VWC (n = 4) of Eruca sativa during the experiment. The substrate VWCs of each experimental unit were monitored and controlled using a soil-moisture-sensor-based automated irrigation system. The vertical red dashed line indicates when all the treatments reached the target VWC levels (3.66 DAT), and the gray dashed lines indicate the harvest days (0, 7, 14, and 21 DAT). The error bars represent the standard errors (n = 4). DAT, days after the treatment started. 
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Figure 2. Changes in plant height, leaf size, shoot fresh weight, and leaf area of Eruca sativa with maintaining different levels of substrate volumetric water content (VWC) (0.50, 0.40, 0.30, and 0.20 m3·m−3). Error bars indicate the standard error of the mean (n = 4). *, **, and *** indicate the significant VWC treatment effect within the days after treatment (DAT) at p < 0.05, 0.01, and 0.001, respectively. Means followed by the same letter are not significantly different by the least significant difference test at α = 0.05. 
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Figure 3. Changes in midday stomatal conductance of Eruca sativa with maintaining different substrate levels of volumetric water content (VWC) (0.50, 0.40, 0.30, and 0.20 m3·m−3). The yellow bar graph shows the midday photosynthetic photon flux density. Error bars indicate the standard error of the mean (n = 4). *, **, and *** indicate the significant difference among the VWC treatment within a day at p < 0.05, 0.01, and 0.001, respectively. 
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Figure 4. Cumulative irrigation amount and water use efficiency of Eruca sativa with maintaining different levels of substrate volumetric water content (VWC) (0.50, 0.40, 0.30, and 0.20 m3·m−3). Error bars indicate the standard error of the mean (n = 4). Means followed by the same letter are not significantly different by the least significant difference test at α = 0.05. 
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Figure 5. Changes in leaf nitrate and total glucosinolate contents of Eruca sativa with maintaining different substrate volumetric water content levels (0.50, 0.40, 0.30, and 0.20 m3·m−3). Error bars indicate the standard error of the mean (n = 4). 
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Table 1. General growth parameters of Eruca sativa with maintaining different substrate volumetric water content (VWC) levels (0.50, 0.40, 0.30, and 0.20 m3·m−3). Mean separation among the VWC treatments followed analysis of variance with the least significant difference at α = 0.05. Means followed by the same letter are not significantly different.
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	VWC Treatment

(m3·m−3)
	Plant Height

(cm)
	Plant Width

(cm)
	Leaf Size

(cm2)
	Total

Leaf Area (cm2)
	Specific Leaf Area

(cm2·g−1)
	Shoot Fresh Weight

(g)
	Shoot Dry Weight

(g)
	Root Fresh

Weight

(g)
	Root Dry

Weight

(g)





	0.50
	14.1 a
	20.9
	36.5 a
	281.4 a
	128.8
	12.0 a
	1.96 ab
	4.4 a
	0.61



	0.40
	15.6 a
	19.4
	36.6 a
	238.9 a
	130.1
	10.6 a
	1.81 b
	3.4 b
	0.51



	0.30
	14.1 a
	23.0
	40.1 a
	250.5 a
	126.9
	11.9 a
	2.05 a
	3.4 b
	0.57



	0.20
	10.8 b
	19.6
	29.6 b
	184.7 b
	122.4
	8.8 b
	1.55 c
	3.1 b
	0.55



	p-value
	0.008
	0.835
	0.010
	<0.001
	0.800
	<0.001
	<0.001
	0.004
	0.131










 





Table 2. Glucosinolate concentrations and profiles in extracts of Eruca sativa while maintaining different levels of substrate volumetric water content (VWC) (0.50, 0.40, 0.30, and 0.20 m3·m−3). Mean separation among the VWC treatments followed analysis of variance with the least significant difference at α = 0.05. Means followed by the same letter are not significantly different.
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Treatment

(m3·m−3)

	
Glucosinolate Amount (μmol·g−1, DW)




	
Glucoraphanin

	
Diglucothiobeinin

	
Glucoibervirin

	
Glucoerucin

	
Glucosativin

	
Dimeric

Glucosativin

	
Total






	
0.50

	
6.19

	
1.73

	
0.15

	
8.31 a

	
7.30

	
6.04

	
29.7




	
0.40

	
4.87

	
2.14

	
0.18

	
8.52 a

	
7.87

	
7.44

	
31.0




	
0.30

	
4.24

	
1.99

	
0.10

	
6.65 ab

	
6.46

	
8.20

	
27.7




	
0.20

	
5.01

	
1.60

	
0.06

	
5.27 b

	
6.15

	
6.05

	
24.9




	
p-value

	
0.242

	
0.427

	
0.244

	
0.012

	
0.528

	
0.168

	
0.089
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