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Abstract

:

Nerokremmydo of Zakynthos, a Greek landrace of sweet onion producing a large bulb, was experimentally cultivated in a glasshouse using aeroponic, floating, nutrient film technique, and aggregate systems, i.e., AER, FL, NFT, and AG, respectively. The aim of the experiment was to compare the effects of these soilless culture systems (SCSs) on plant characteristics, including fresh and dry weight, bulb geometry, water use efficiency, tissue macronutrient concentrations, and uptake concentrations (UC), i.e., uptake ratios between macronutrients and water, during the main growth, bulbing, and maturation stages, i.e., 31, 62, and 95 days after transplanting. The plants grown in FL and AG yielded 7.87 and 7.57 kg m−2, respectively, followed by those grown in AER (6.22 kg m−2), while those grown in NFT produced the lowest yield (5.20 kg m−2). The volume of nutrient solution (NS) consumed per plant averaged 16.87 L, with NFT plants recording the least consumption. The SCS affected growth rate of new roots and “root mat” density that led to corresponding nutrient uptake differences. In NFT, reduced nutrient uptake was accompanied by reduced water consumption. The SCS and growth stage strongly affected tissue N, P, K, Ca, Mg, and S mineral concentrations and the respective UC. The UC of N and Κ followed a decreasing trend, while that of Mg decreased only until bulbing, and the UC of the remainder of the macronutrients increased slightly during the cropping period. The UC can be used as a sound basis to establish NS recommendations for cultivation of this sweet onion variety in closed SCSs.
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1. Introduction


Onion (Allium cepa L.) is the second most important vegetable crop after tomato, showing a doubling of production since 2000. The world production (2019) has reached 99.9 Mtons of dry bulbs [1]. Modern paradigms of open-pollinated bulb onion landraces are Kremmydi Thespion [2], Cipolla di Giarratana [3] and Jaune des Cévennes [4] and Nerokremmydo of Zakynthos (meaning “an onion that needs plenty of water”), originating from a Greek Ionian sea island. The latter is a Bermuda type, white-colored, mild, and is marketed in the large to colossal categories [5] from mid-July to November in fresh condition; this landrace achieves two to three times the price of standard varieties. It is sown during the second half of November or in December in low-cost tunnel propagation greenhouses, and is thinned, trimmed, and transplanted up to late March–mid April, yielding 3.5–4.0 Kg m−2.



The limiting area (15–20 ha), labor costs for weed and soil-borne diseases management, such as Allium root rot (Sclerotium cepivorum) and onion pink root (Phoma terrestris) [6,7], are challenges that can be overcome by cultivating in closed soilless culture systems (CSCS). These systems are environmentally friendly, with higher yields and prospect in adverse growing conditions areas [8], or where there are soil-borne pathogens [9]. Furthermore, soilless cultivation can be applied to low to moderate cost greenhouses in Mediterranean countries [10], or even indoor plant production in plant factories with artificial lighting [11].



CSCS comprise many techniques in relation to the root environment, such as water culture systems (WCS) including the floating system (FL), nutrient film technique (NFT), and aeroponics (AER), and aggregate systems (AG) [12,13]. AER is a subgroup of WCS, in which, roots grow inside dark, closed containers, and are sprayed at certain intervals with fine droplets of nutrient solution (NS) to maintain a stable aquatic environment that experiences a minimum of fluctuations in ambient nutrient and oxygen levels [14]. Apart from use in research into spaceflight crop production [15], currently AER is used for the production of potato mini-tubers [16], herbs, medicinal root and aromatic plants, and root cuttings [15,17]. To maximize outcomes, the technique requires precision sensing technology and a strict dosing regimen [18]. Challenges to overcome include provision of a stable power supply, irrigation components, the position of nebulizers, irrigation program, root available space, and root/NS temperature.



Nutrient and water management is simple, making FL one of the most forgiving and stable CSCS, and concomitantly an increasingly popular option for leafy vegetable production [9,19]. In FL, plants are placed in holes on lightweight floating rafts. Roots are totally or partially immersed in the 20–30 cm NS depth, creating a high volume of NS per plant, with a high buffering capacity [19]. The most important benefits of FL include increasing the useful growing space, and the production of clean and healthy plants. It is considered one of the most suitable WCS for crop propagation and the production of short-lived leafy vegetables such as “baby leaf”, “microgreen”, and herbs. The system seems to be most useful for single harvest crops [20,21]. Attention should be paid to the aeration, depth, and management of the NS [22].



In NFT, plants are cultivated in pipes or gullies and their roots are permanently surrounded by flowing NS, providing a high ratio of NS surface area to solution volume and the absorption of oxygen from ambient air [9,20]. NFT is ideal for short-term crops such as leafy vegetables and herbs, while it is also used for long-term crops, such as cucumbers and tomatoes [23]. Some of the cited advantages [19] include simplified watering, nutrient supply uniformity, rapid turn round of crops, and reduced water and nutrient losses. Cited disadvantages, such as the collapse of crops in the event of power outages, root mass NS impedance in long-term crops, low buffering capacity, and the higher level of management decisions required, should be considered [24].



Aggregate systems are defined as cultivation on porous solid materials other than soil, commonly termed substrates, and are classified into inorganic and organic categories [9]. The composition of solid substrates affects plant physiology, yield and quality [25]. Among the soilless culture systems, the most widely used in South-Eastern European countries for vegetable production, are rockwool, perlite, coir, and pumice. Solid substrates have been used for the production of high-value vegetables, as well as for plant propagation [13]. The biggest challenges in the use of substrates are: ideal selection, i.e., the optimum physicochemical relationship of plant/substrate, purchase costs, available root volume, nutrient management, NS recycling, salinity levels in the root zone, rapid development of nutrient deficiencies, plant/microorganism interactions, reuse, pathogen control, as well as taste and nutritional value [9,26].



A comparison of CSCS, shows fundamental differences in architecture, constituents needed, and sensitivity to failures. When choosing the ideal CSCS, factors such as water and nutrient use efficiency (WUE/NUE), system support, usability, input requirements, production scale, cost and management requirements, and root aeration, should be considered with respect to specific plant species, and their growing and length cycles [19,20,27]. It is also important, when choosing CSCS, that the original systems layout under the same environmental conditions is considered.



An important parameter that differentiates the yield and growth of plants grown in CSCS from that observed in other systems is the morphological and physiological properties of the roots that differ significantly depending on the medium in which they are grown [28]. Compared to other WCS, AER plants are reported to have greater root mass [29,30,31]. Differences observed between WCS and AG are generally significant, in contrast to those observed between different substrates [28].



Nutrient uptake concentrations (ion-to-water uptake ratios) are of great value for the estimation of plant nutrient needs. They exhibit appreciable stability over time under similar climatic conditions and are plant species and developmental stage specific, provided that the root ionic concentrations are relatively stable over the same time period [32,33,34,35]. The information available on the composition of NS for onion production is limited [36,37]. It is important to create suitable NS and cultivation protocols for commercial soilless production of fresh bulb onions under Mediterranean conditions. This should include technical adaptations for bulb production, root aeration, NS composition, and irrigation parameters.



In light of this background, the aim of the present study was to compare the agronomic and nutritional response of the Greek onion landrace Nerokremmydo of Zakynthos in four CSCS, aiming to highlight their relative advantages and limitations. Finally, the impact of the CSCS on UCs and nutrient accumulation by onion plants were studied.




2. Materials and Methods


2.1. Systems, Plant Material, Vegetative Growth and Treatments


The experiment was conducted in an unheated glasshouse constructed with a 1% slope and an appropriate industrial floor, located at the University of Peloponnese, Kalamata, Greece (37°03′ N, 22°03′ E, 5 m a.s.l.). Four of the most widely applied closed soilless culture systems (CSCS), i.e., aeroponic, floating, nutrient film technique, and aggregate (AER, FL, NFT, and AG respectively), were used. A randomized complete block design with 3 replicates per system was used (Figure 1), and each replicate occupied an area of 1.60 × 1.80 m (length × width).



The root chamber of the AER system was made of extruded polystyrene boards while the NFT and AG systems comprised 4 and 2 PE channels, respectively. The three systems were installed on 2 galvanized bases with a 100 L PE tank underneath per replicate used for the recirculation of the 70 L growth nutrient solution (GNS). Each FL replicate comprised of 2 basins made of Ytong® blocks covered with a 0.5 mm thick black soft PE sheet containing 390 L GNS each. White Styrofoam® boards, were used for AER, NFT, and FL, being the coverage and/or the floating supporting media for the onion plants. For the AG system, perlite (PerloflorHydro® with a particle size range of 0.5–2.5 mm) was used. Information on the irrigation hardware and management is shown in Table 1.



Automatic replenishment of fresh GNS was done by respective 110 L tanks for AER, NFT, and AG, and directly from the hydroponic head for FL, according to consumption (Figure 1). A threshold value of 3.0 dS m−1, for the recycling GNS was chosen for the replacement of GNS. NS pH was recorded daily and adjusted in the range of 5.5–5.7 by adding nitric acid.



Due to a lack of literature on the composition of nutrient solutions for onion bulb production, adaptations were made based on [36,37,38,39,40]. The composition of NS was the same throughout the experiment for all CSCS until harvest. The pH, EC, macro, and micronutrient concentrations of the tap water and the nutrient solutions used during the experiment are presented at Table 2.



Seeds of Greek onion (Allium cepa) local landrace “Nerokremmydo of Zakynthos”, which can be translated as “water onion of Zakynthos”, were procured from local producers of Zakynthos Island. On November 26, seeds were sown following standard cultivation procedures and at 140 DAS, plants were transplanted, at a density of 13.7 plants m−2. To avoid water evaporation, all experimental units were covered with double-sided PE sheets and all plants were forced to bulb above it. Horizontal net was used for plant support. Plants were kept free from pests following standard greenhouse management practices.



Weekly recordings started 10 days after transplanting (DAT) including the number of green leaves, longest leaf length up to tip and its midpoint diameter (LLMD) [37], pseudostem length, [41] neck diameter, bulb diameter, and height. Based on these measurements, plant height and the bulbing ratio, i.e., maximum bulb: neck diameter (BR), were calculated [41]. Bulb shape characteristics were described with the bulb shape index (ratio of diameter to bulb height) [42,43] and sphericity [44]. During growing, bulb shape firstly adopted a prolate ellipsoid (height > diameter) form and then gradually changed to an oblate ellipsoid (height < diameter) form. Considering this, bulb volume, surface, and sphericity were calculated according to Mohsenin [44] and Stroshine [45].



Onion maturity was rated by visual observation, and was considered to be achieved when 70% of the tops had fallen over due to softened necks [41,46,47]. Irrigation was then stopped (July 18—233 DAS/95 days after transplant—DAT) and, after cutting off the roots, the bulbs were left to cure, while the remaining leaves gradually dried [46]. The bulbs were harvested 9 days after termination of irrigation (244 DAS/104 DAT).




2.2. Plant Sampling, Water Use Efficiency, Harvest Indices, Macronutrients and Uptake Concentrations


Twelve plants (leaves, bulbs and roots) were sampled at 0, 31, 62, and 95 DAT, following growth stages. After weighing, samples were dried at 72 °C till constant weight in a Raypa DAF 635 (Spain) oven and ground in a Wiley mill (A 11 basic IKA-Germany, Breisgau) to pass a 40-mesh screen. Water use efficiency (WUE) was expressed as the ratio between plant dry weight and the respective NS volume consumed per growth stage. FP, FB, and DP were the fresh plant, bulb, and dry plant weight to total consumed NS (TCNS) [41,48].



The % plant fresh weight change was calculated based on the plant fresh weight prior to and after curing. Marketable yield (kg m−2) was expressed as the fresh weight of intact bulbs having diameter >70 mm per m2. Soluble solids were recorded with a hand-held refractometer, (0–90% Brix, 0.5 %, ATC), harvest index (HI) was calculated as the ratio of the dry weight partitioned to the bulb to the total plant dry mass [47]. The % of non-marketable bulbs was calculated as the percentage of the number of bulbs with defects, such as decay, split, mechanical damage, and bulbs with a diameter <70 mm, to the total number of produced bulbs.



Τotal N was determined by applying the Kjeldahl method [49]. Phosphorus and SO4-S were determined colorimetrically using a Hitachi U2001 spectrophotometer, according to the ammonium molybdate method [50] and turbidimetric method [51], at 460 and 400 nm respectively. Ca, Mg, K, were determined by atomic absorption spectrophotometry (GBC 906A/A) following dry ashing of the plant tissue at 550 °C and extraction with HCl.



The determination of the macronutrient to water uptake ratios, i.e., apparent uptake concentrations (UC), for x = N, P, K, Ca, Mg, and S was based on the amount of x macronutrient recovered from plant tissues and the mean volume of NS per plant that was absorbed by the plants in each circuit of CSCS at the respective growth stage (adapted from Tzerakis et al. [52]), as follows:


    UC  x  =   (  C  x  t ′    ·    B   t ′    ) −    C  x t     ·  B t       V  u p      t ′  − t        



(1)




where Cx, B, and Vup denote the concentrations (mmol g−1) of the x macronutrient (x = N, P, K, Ca, Mg S) in plant dry biomass (g plant−1) and the volume of NS (L plant−1) consumed during the mentioned intervals (t′–t = 31, 62 and 95 DAT).




2.3. Statistics


Statistical analysis was carried out with the Statistica program (StatSoft Inc. Release 12, Tulsa, OK, USA). Means were compared using Duncan’s multiple-range test (p ≤ 5%). Data are presented in tables including the statistical significance, and in figures drawn using Microsoft® Excel 13. Figures depict means ± SE at the 31st, 59th, and 94th DAT, for growth development, and at the 31st, 62nd, and 95th DAT for fresh weight, % dry matter, mineral concentrations, nutrient solution consumption, water use efficiency, and apparent uptake concentrations of N, P, K, Ca, Mg, and S.





3. Results


3.1. Conditions


The climate conditions and root zone temperature during the experiment are presented in Table 3 and Figure 2, respectively. VPD escalated to 1.61 kPa up to 90 DAT. The mean root zone temperature of the water culture systems climaxed above 32 °C after 76 DAT, while mean maximum root temperature of the same systems exceeded 32 °C, after 20 days, with FL presenting the least fluctuation.




3.2. Vegetative Development


At 31 DAT, AG and FL plants were significantly taller, and exhibited longer leaf midpoint diameter (LLMD) than NFT and AER plants, while the neck diameter was significantly higher in AG and FL than in NFT (Figure 3b,c,e). At the same time, NFT recorded the highest pseudostem lengths but the difference was significant only in comparison with AER and AG. (Figure 3d). At 59 DAT, FL although not differing from AG plants, exceeded NFT plants in terms of pseudostem length and neck diameter (Figure 3d,e). At 94 DAT, AG and FL plants were significantly taller compared to those in the other CSCS, while the neck diameter was significantly larger than in AER and NFT (Figure 3b,e). Leaf number, pseudostem length, and the LLMD of AG and FL plants were higher than in the rest of the compared systems, with NFT plants presenting the leanest leaf (Figure 3a,d,c respectively). As emerged from the weekly recording (Figure 3f), all plants exhibited the maximum values of plant height, LLMD, number of green leaves, and pseudostem diameter at 66 DAT, i.e., 110.75 cm, 18.78 mm, 13.92, and 36.81 mm, respectively.




3.3. Bulbing and Plant Features during the Bulbing Phase


According to Figure 4a, 52 DAT, NFT plants showed a significantly higher bulbing ratio and the least shape index in comparison to FL and AG plants. NFT plants entered the bulbing phase (BRNFT = 2.18 > 2) at 59 DAT, followed by AER plants (BRAER = 1.96). The remainder entered bulbing approximately one week later, i.e., 66 DAT. At that time, bulb diameter, number of green leaves, and shape index were not affected (Figure 4b,c,d). NFT plants showed a higher bulbing ratio than FL and AG plants, while the number of green leaves was significantly lower than that of AG. Additionally, the bulb diameter of FL was greater than in the rest of treatments, while the shape index was not affected (Figure 4a,c,d). The neck diameter of NFT was steadily smaller than that of FL plants throughout the pre- and bulbing period (Figure 4e). For the prevailing conditions, the day length to enter bulbing was more than 14:30 h (Figure 4f). As presented in Figure 5, at the 62nd DAT, plants showed a different root size, and coloration. AER and FL plants developed the largest, and AG plants the smallest, root system. Based on root color (with white being the most functional and brown being the most aged), the root system of AG appeared to be the healthiest, followed by AER and NFT, while the least healthy root system was observed in FL plants. Finally, there was a notable mass of new roots in FL and NFT plants.




3.4. Bulb Characteristics


The bulb shape index measured at 31 DAT was significantly higher in AG than in AER and NFT plants, in contrast to sphericity, where AER exceeded FL and AG plants (Figure 6e,f). Thereafter, the bulb shape characteristics were not affected. At the same time, no treatment effect were recorded for the remainder of the bulb characteristics. At 59 DAT, FL bulbs recorded the greatest height without any further effects on the bulbs (Figure 6b). At the end of the experiment (94 DAT), FL and AG plants had formed significantly larger bulbs (diameter, height, surface, and volume) compared to those grown in the AER system, while NFT produced the smallest bulbs (Figure 6a–d).




3.5. Plant Fresh Weight and % Dry Matter


The fresh weight of FL plants was significantly higher than that measured for the rest of the treatments at 31 DAT. Thereafter, at 62 and 95 DAT, the highest plant fresh weight was recorded in FL and AG plants, while the plants grown in the NFT system recorded the minimum values. Overall, the % dry matter of FL plants was significantly lower than that measured in the other CSCS while, at the 3rd sampling date, NFT outperformed AER and FL plants (Table 4).




3.6. Yield and Quality Features


The % plant fresh weight changed during the curing process and the soluble solids were not affected by the CSCS and averaged 24.5% and 8.22, respectively (Table 5). The marketable yield performance of the four tested CSCS was as follows: FL = AG > AER > NFT. The % dry matter in bulbs was similar for the AG and NFT plants while it was lower in bulbs produced in AER and FL, but the difference was significant only in comparison with AG. The lowest harvest index was recorded in NFT plants but the difference was significant only in comparison with the AER and FL plants. Finally, the highest % of non-marketable bulbs was recorded in the NFT plants, while the AG plants did not produce any non-marketable bulbs.




3.7. NS Consumption—WUE


The consumption of nutrient solution (Table 6) was significantly less in NFT at 62 DAT, compared to the other three CSCS, while at crop termination no significant difference was found. The WUE of AG plants was significantly greater during the 2nd sampling, while during the 3rd, FL, NFT, and AG did not differ from each other. At harvest, the fresh plant and bulb WUE of AG and the FL plants presented the highest values, while the WUE of dry weight of AG plants was significantly higher than the remainder, followed by FL, and last NFT and AER, without differing from each other.




3.8. Macronutrients—Uptake Concentrations


According to Figure 7a, the total-N concentration in the plant tissue recorded a concentration peak at 31 DAT with a decreasing tendency for the rest of the experimental period. Nevertheless, the total-N concentration at the end of the experiment (95 DAT) averaged 39.29 mg g−1, a value larger than the original value of 33.56 mg g−1 before the transplant to the CSCS. The CSCS influenced the tissue concentration of total-N at the 2nd and 3rd sampling of the trial with the AG plants presenting the lowest values (40.56 and 35.14, respectively). The UC were affected during the second sampling (62 DAT) with the NFT plants presenting the lowest value (7.56 mmol L−1) (Figure 7b).



The tissue P concentration showed a slight increasing tendency throughout the trial, which was followed by a commensurate increase in the UC of P (Figure 7c,d). P tissue concentrations were not affected by the CSCS during the first 2 samplings (i.e., 31 and 62 DAT). The AG plants showed significantly less P tissue concentration than the AER and NFT plants at the end of the trial (95 DAT). At the same time, AG and FL plants presented the highest UC values (1.01 and 0.98 mmol L−1, respectively).



The CSCS affected the tissue concentration of K. After a sharp increase up to 31 DAT, there was a small decline without falling to the initial levels, with an average of 49.46 mg g−1 at the end of the trial. At 31 DAT, AER plants exhibited significantly larger K concentrations compared to NFT and AG plants (Figure 7e). At 62 DAT, the AG plants exhibited the minimum K tissue concentrations (48.88 mg g−1), while at the end of the experiment, AER plants recorded the highest value compared to all other treatments (53.37 mg g−1). There was a similar decline of the K UC following the decline of the tissue K concentration that averaged 4.26 mmol L−1 (Figure 7f). The K UC of the compared CSCS plants showed significant differences during the two last sampling dates. The AG along with the FL plants exceeded AER and NFT plants during the 2nd sampling (i.e., 62 DAT), while the AER plants exhibited the lowest UC at the last sampling date (95 DAT).



The tissue Ca concentrations showed an increasing trend, (Figure 8a) with the AG and FL plants exhibiting a smoother increase and NFT plants recording a decline at the end of the experiment. AER plants recorded the highest value at the 1st and the last sampling dates, without any significant difference compared to NFT plants, which exhibited the highest value during the 2nd sampling, without any significant difference compared to the AER plants. The Ca UCs of AER, FL, and NFT showed a slight increasing pattern during the cropping period, while AG plants seemed to stabilize the Ca UC after 62 DAT (Figure 8b). The Ca UC were influenced by the CSCS only during the 1st period of growing (main growth period); the NFT and AER plants exhibited significantly higher UC values than FL plants.



The tissue Mg concentration presented slight fluctuations during the experiment (Figure 8c). At 31 DAT, there was a small increase in the tissue Mg concentration in AER and NFT plants, while in the rest of the CSCS a decrease was found, with the AG plants recording the lowest value (1.73 mg g−1 DW). The concentration of Mg in all plants decreased during the 2nd sampling and increased again at the end of the experiment with the exception of NFT plants, which showed a slight but steady decrease. NFT plants recorded the highest concentrations during the last two samplings. The UC of Mg showed a fluctuation pattern with the highest values recorded during the 1st and the 3rd sampling (0.27 mmol L−1 and 0.29 mmol L−1, respectively) (Figure 8d). The lowest values were recorded during the 2nd sampling (i.e., 62 DAT) near the time of bulbing (0.16 mmol L−1).



The tissue S concentration and the UC of S showed a slightly increasing tendency during the experiment (Figure 8e). At 31 DAT, the S tissue concentration of the FL and the AG plants was significantly higher than in the rest of the treatments. There were no further effects recorded during the rest of the experiment. The UC of S was significantly higher in the AG system during the last cropping period (maturation), while it was not influenced by the CSCS at earlier cropping stages (Figure 8f).





4. Discussion


Plant growth of Nerokremmydo of Zakynthos follows the typical growth of an onion plant as described by other researchers [53,54]. Plants of this landrace grown in AG and FL systems appeared to adjust faster to their environment during the first main growth stage (up to 31 DAT). This was reflected by the plant height and LLMD superiority of FL and AG plants (Figure 3b,c). The longer pseudostem of NFT (Figure 3d), resulted in less photosynthetic area, as the larger parts of the leaves are “scaled” next to each other [55]. FL plants developed a rather long pseudostem but this was accompanied by larger leaves. The neck diameter is of primary importance; transverse growth and thickening of the upper part of the sheaths reflect commensurate changes in the transpiration stream. A smaller neck diameter, which was observed in NFT-grown plants, restricts the osmotically active solutes in the outer cells of the sheaths, thus pumping less water and nutrients, which leads to reduced cell swelling [41]. The differences in the shape index and sphericity of early bulbs observed in FL and AG (Figure 6e,f) can be attributed to the higher rate of swelling compared to the rate of elongation of the leaf base, which favored growing in diameter rather than in height. The reasons for the superiority of these two systems in terms of shape index and sphericity are somewhat different. The greater height and shape index in AG plants can be attributed to faster cell division while in FL plants it appears to be a result of water accumulation, as indicated by the larger plant FW and the lower %DM in the FL treatment (Table 4).



Bulbing, i.e., BR > 2 (Figure 4a), was first recorded when the day length exceeded 14.5 h (Figure 4f). According to US standards, [56] the day length needed to bulb classifies onions into short, intermediate, and long-day types when daytime is greater than or equal to 11–12, 13–14, and greater than 14 h, respectively. Brewster [41] in a broader approach, incorporated the 14 h limit within the intermediate category, referring to long-day type when bulbing occurs at >16 h of day light. Taking into account that the ranges serve a rough approach to consider the suitability of a variety for cultivation in a specific climatic zone and season, Nerokremmydo of Zakynthos is considered an intermediate bulb onion.



NFT plants started bulbing earlier (Figure 4a), followed by the AER plants (BR = 1.96) which started bulbing one week earlier than in the rest of CSCS (59 DAT); this reflects the definition of BR itself. At 59 DAT, and AERBR and NFTBR approaching or exceeding 2, respectively, there was no significant difference of bulb diameter among the plants of the compared systems. However, the smaller denominator (neck diameter) of NFT and AER (Figure 4e) lead to recording of earlier bulbing. Considering the size of the compared CSCS, and the purpose of the experiment, the choice of monitoring the bulbing rate instead of the “leaf ratio” [41] was the only feasible option. The reasons for the smaller neck diameter should be investigated in the plant root adjustment to the systems architecture and the dominant conditions in the root zone. The NFT system provides little room for root growth, with consequent problems in the uniformity of the NS applied, oxygenation, and temperature [57,58,59]. It seems that the slight flow obstruction of NS by the growing root may have resulted in a partial impedance of NS supply and a daily partial lack of oxygen [30,60]. Air average temperature after 61 DAT ranged above 25.5 °C (Table 3) and the average duration of such temperatures from bulbing onwards was >12 h day−1 (data not shown). Temperatures exceeding 25.5 °C are quite high, leading to onion yield reduction [61]. Additionally, average root ambient temperature followed air temperature, while the mean maximum temperatures exceeded 25.5 °C during the time from 16 to 30 DAT (Figure 2). Based on the maximum and average temperature values, it is concluded that high temperatures did not occur during the whole day (Figure 2), but for systems with low buffer temperature range, such as NFT and secondly AER, these extremes seem to have affected the root growth [62].



According to plant FW, % DM in plant tissues (Table 4), and visual observations (Figure 5), AER favored root growth without a following increase of shoot size and mass; this is confirmed by research results reported by other investigators [63]. The onion has a root system that grows in concentric circles [64], with the older roots confined towards the bottom center of the disk. According to Bosch Serra et. al., [65], the maximum length of the root occurs about 15 days before bulbing, while the appearance of new roots is limited during the growth of the bulb. At 62 DAT, it was visually confirmed that the plants had entered the bulbing stage with roots of different ages and density (Figure 5). AG plants exhibited a typical root system, with few older roots towards the bottom center and some thicker roots which were probably a direct result of the plant response to nutrient supply [66]. In AER and NFT plants, the new roots (white) were already at full length concentrated at the bottom end and entangled with the older roots. Building on the findings of Qiansheng et al. [63] concerning AER drawbacks that are associated with the position of the nebulizers applying the NS, and the time intervals between irrigations, it seems that during root renewal, the older roots of AER and NFT plants may partly impede NS supply with commensurate problems as discussed above. FL plants developed some new white roots, thicker and less branched than the older ones (light brown), a typical characteristic of new onion roots [64]. In FL, the plants adapted better, due to the ample nutrient disposal and the available root space [28]. Any new roots observed after bulbing and until maturation, are probably genotypically and nutritionally controlled; further differences can be explained based on the provision of nutrients and the individual conditions in the compared systems. Since no new leaves were recorded, the role of such new roots was presumably to accumulate assimilates.



The largest increase in the rate of fresh biomass production occurred during the period before bulbing (Table 4). The increase ranged between 48 and 70% for NFT and AG respectively, reflecting the increase in NS consumption (Table 6) and plant biomass accumulation (Table 4). The importance of sufficient water availability before and during bulbing in onion plants has been confirmed experimentally [58,67]. For reasons already discussed, NFT plants had reduced plant biomass and yield performance, suggesting a less efficient transpiration stream, which was confirmed by reduced CNS and commensurate hysteresis in WUE. In contrast, the WUE in AG was highest due to increased plant biomass production. The larger neck in FL and AG plants, in combination with no significant differences in leaf area, presumably point to a thicker leaf morphology at the base of the pseudostem, allowing for better water and nutrient movement. Records of the maximum values of plant height, leaves number, and neck diameter for all the compared CSCS (Figure 3f) coincide with the bulbing date and are in agreement with Brewster [41].



At harvest, based on the number of leaves per plant, the plant height, and the neck diameter, AG plants exhibited a later maturation tendency; nevertheless, 70% of tops fell over due to soft necks. According to Kamenetsky and Rabinowitch [68] the number of leaves has a decisive role in yield success. It is probable that continuing with irrigation in AG would lead to a later harvest but this requires further investigation. In addition to the cumulative effects of water consumption and neck size during the critical period of bulbing, at harvest, AG and FL plants prevailed. It has been reported that plant growth parameters, such as plant height and bulb diameter, correlate positively with bulb yield [47,69], LLMD, pseudostem length, neck diameter (Figure 3c,d,e), bulb diameter, height, surface area, and volume (Figure 6a,b,c,d). Such correlations are consistent with the observed FL and AG superiority to the rest of the compared systems in terms of FW (Table 4) and yield (Table 5).



Moisture concentration in fresh onions is higher than in onions dried for long storage [70]. Additionally, large bulb onions have a higher moisture percentage [71]. Here, the high moisture percentage (>91%) confirm that Nerokremmydo should be treated as a fresh mild onion with reduced shelf life [70], implying a relatively short period of availability in local markets. According to our findings (Table 5), bulb %DM averaged 8.17%, which is similar to that of other sweet onions [72,73]. The development of plant % DM (Table 4) shows that its greatest increase occurred after bulbing and up to harvest, in agreement with relevant findings of other researchers [74,75]. The differences in % DM between the CSCS were due to dilution or condensation effects for FL and NFT plants, respectively. Schmautz et. al., [59] have presented similar ranking results (AG > FL %DM) with cherry tomato. At harvest, plant %DM differences followed the sequence NFT ≥ AG ≥ AER > FL which is not reflective of the bulb measurements; probably due to the inclusion of dry leaves in the calculation of plant %DM. The percentage of DM in bulbs produced in NFT did not differ from that measured in AG plants, probably due to lower TCNS in the former (Table 6). It has been reported that impending water absorption positively affected the dry weight in AER in comparison to AG and soil trial of lemon balm [76]. Temperature differences in the root rhizosphere during bulbing and afterwards, may have also contributed to differences in the DM percentage between bulbs in different treatments.



The yield obtained by cultivating in CSCS surpassed the range of 3.25–3.75 kg m−2 reported by local farmers (personal communication) and the national onion yield, i.e., 3.53 kg m−2 [77], exceeding them by 38 and 142% for NFT and FL, respectively (Table 5). It is known that yield depends on plant density, variety, and conditions during cultivation. According to Siracusa et al., [3], Cipolla di Giarratana, a local onion landrace (Syracuse, Sicily), morphologically similar to Nerokremmydo of Zakynthos, yielded 15.1 kg m−2. Considering that the plant density applied in Sicily is ~2.5 times greater than local practice in Zakynthos, and prevailing conditions, the yield difference is reasonable. Trials in Kentucky (USA) [56] on long day mild onions, Walla Walla and Ailsa Craig, yielded 3.38 kg m−2. The Vidalia onion (Georgia, USA), a trade name for several short-day mild onion varieties of declared specifications, depending on the year’s conditions, reached 7.0 kg m−2. Jaune des Cévennes and Paille des Vertus (France) yielded 3.3 and 1.3 kg m−2, respectively [73]. FL and AG outperformed the other two CSCS in yield. Nerokremmydo of Zakynthos adapted best in two completely different CSCS, supporting the view that system management is of paramount importance for crop success [28]. Water content in FL was the most marked component without compromising the quality as described by non-significant SS (Table 5). The SS averaged 8.22 brix; the results surpassed or lagged behind the mildness of Cipolla di Giarratana and Jaune des Cévennes (6.73 and 11.9 respectively) [3,73], and exceeded the majority of the white and yellow varieties of mild onion in the U.S.A. [72,78,79].



According to Brewster [41], bulb onions usually have an increased harvest index (HI), with 80% of the shoot being concentrated in the bulb. HI values of Nerokremmydo averaged 0.703 (Table 5). It is known that plants with higher water consumption have a lower HI [80]. Similar onion HI values were obtained by Gonçalves et al., [75] and Kassa [81], (0.73 and 0.71, respectively), while in standard cultivars of bulb onions, higher (0.85) [82], or lower values (0.23–0.48) [83] were found. Differences in CSCS may be explained by the combination of different plant FW, size of bulbs, plant size of AG and FL plants, and commensurate bulb dry weight distribution, as a result of better adaptation to the system. According to Schwarz [84], the HI is related to the root:shoot ratio, nutrition, salinity, and climatic conditions, that can induce stress effects, i.e., temperature, light, and radiation.



Bulb onions need curing to restrict humidity losses and to avoid the entrance of pathogens, thereby extending their shelf-life [85,86]. Even in varieties such as Nerokremmydo of Zakynthos (Bermuda type) curing is needed [87]. According to our findings (Table 5), % plant moisture reduction (as described by the weight loss of the bulbs) before and after curing, averaged 24.5%, similar to other mild onions [86], for the period traditionally applied for curing. The average % of non-marketable onions (NMB) was 6.96 %, similar to the results of other trials [72,88]. The majority of the NMB of NFT bulbs were under the minimum market limit of 70 mm. Of note is the non-appearance of NMB onions in the AG system.



In the present study, the macronutrients in plant tissues and the uptake concentrations studied were influenced by the CSCS compared and by the plant growth stage. The two, physiologically independent, mechanisms, namely nutrient uptake and water consumption, are determinatively controlled by sunlight, linearly and curvilinearly, respectively [89]. The increasing solar radiation over time, led to the downward trend of N and K UC up to harvest (Figure 7b,f) and Mg UC up to bulbing (Figure 8d) [90]. The downward trend of N concentration in plant tissues is expected as the plant matures [91]. Furthermore, the increased need for nutrients in the early stages of plant growth, which is not accompanied by adequate water absorption due to the size of the root and the leaves, increases uptake concentrations [33,34]. As leaf area increases with time, the demand for nutrients increases. The highest water consumption occurred during the bulbing stage, or shortly thereafter, as has been found by other researchers [38,67]. tissue potassium concentrations exceeded those of all other nutrients within each sampling, throughout the trial. The values and the downward trend of the K concentration agree with the results of Okada et al. [92] in onions grown under controlled conditions (plant factory). According to these authors, the gradual decrease in the tissue concentration of K is due to the increased absorption of water (Table 5), which is required for the swelling of the cells of the thickening sheaths that form the bulb. From the beginning to the end of the trial, P, Ca, and S UC showed a slight upward trend, indicating that the demand for P, Ca, and S during bulb maturation outweighs the corresponding water demand (Figure 7d and Figure 8b,f). Phosphorus exhibited a similar trend in a study concerning the uptake concentrations of sweet pepper [34]. Furthermore, the increasing trend of P absorption in onions has been confirmed by Antoniadis et. al., [93]. Other studies [94,95] have highlighted the increase of enzymes for sucrose metabolism, where P is needed. The initial decrease of the Mg UC before, and its increase after bulbing, may be due to a combination of causes. In addition to the already reported effects of increasing solar radiation over time, and sucrose metabolism, its competition with K (62 DAT) may also have partially affected the reduction in Mg [96,97]. Generally, the C and UC of macronutrients exhibited notable uniformity in changes over time between the compared CSCS.



At bulbing (61 DAT), the difference in nutrient concentration between AG and the water-culture CSCS, was probably due to luxury consumption in the latter. The mean UC of N dropped by 30% of its initial value (31 DAT). The reduced UC of N by NFT plants is explained by the reduced absorption of nutrients and water (Table 5) due to inadequacies in root efficiency, as discussed above. The choice of the NH4+: NO3− ratio regulates cation absorption, as stated by Abbès et al. [98]. The FL and AG plants showed increased K and P UC values during bulbing. The much larger increase of dry weight, along with the analogous water consumption, support this. Tissue K concentrations ranging around 4.8% measured in AG fall within the sufficiency range suggested by the literature of 3.5–5.5% for sweet onions during the middle of the growing season [72]. Hence any extra uptake of K, while antagonistically interfering with Ca and Mg uptake, could lead to an increase in production costs, without a significant contribution to final production [72],



From maturing and up to harvest, the tested CSCS did not affect the UC of N, Ca, and Mg. At this stage, there is an accumulation of nutrients in the bulb, an evolutionary feature of the bulbs aiming to cope with the adverse conditions of temperature and lack of humidity in summer [41]. The tissue N, P, K, and Ca levels were significantly higher in AER plants compared to those measured in the other three CSCS, due to higher availability of new roots in this system (visual assessment) which continued to appear as the plant adapted to the increased temperatures inside the root growth chamber (Figure 2). The plants in the FL system were also developing new roots, although in terms of tissue nutrient concentrations, they showed an intermediate behavior between AER and NFT, similar to that of AG plants. The P concentration increased to meet the increased metabolic processes of stored bulbs. The higher values of P UC of FL and AG plants, reflect higher growth rates of the bulbs, a process that requires energy consumption, showing similar differences with those recorded in the bulbing phase. The small differences of K UC between the water-culture systems could be explained by the individual needs of K for controlling the open and closure of stomata to balance the varying transpirational stream, especially during the high photosynthetic rates of the day [99]. According to Okada et. al., [92], after commencement of bulbing, a further absorption of K is noticed, in addition to the bulb sinking from leaves. An adequate supply of K has been shown to improve vegetable quality compared to that obtained under K shortage conditions [100,101], especially in onions, and improves shelf life [85]. The UC of S in AG recorded the largest increase between the compared CSCS during the maturation period (Figure 8f). This increase indicates the production of structural proteins, which need S-containing amino acids to be biosynthesized [102].




5. Conclusions


It appears that Nerokremmydo of Zakynthos, a Greek intermediate day-length big-bulb variety of mild onion, adapts well in CSCS which eliminate soil problems and nutrient pollution of groundwater, and enhance yield. Water and nutrient availability during bulbing are crucial factors for yield performance. Under the conditions prevailing in the current experiment, FL and AG outperformed the other two systems, followed by AER, while NFT was the least efficient in terms of plant biomass, bulb size, total yield, and WUE. Cultivation in AER and NFT resulted in the highest tissue macronutrient concentrations, probably due to root prevalence, and condensation effects, respectively. UC followed a similar evolution over time in the different CSCS and may be used to establish typical nutrient solution formulations for mild onion cultivation in CSCS. Control of NS temperature and adjustments of CSCS structural components in each system may mitigate the recorded differences.
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Figure 1. Layout of the 12 experimental units; aeroponic (AERi), floating (FLi), nutrient film technique (NFTi), and aggregate (AGi) I = 1, 2, 3 replicates. 
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Figure 2. Temperature (°C) in the root zone of the compared CSCS at time intervals (TI) of 15 days from transplant. (I) Mean, (II) Mean minimum, (III) Mean maximum values. 
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Figure 3. Impact of the CSCS on vegetative development: (a) number of green leaves; (b) plant height (cm); (c) longest leaf midpoint diameter (LLMD); (d) pseudostem length (cm); (e) neck diameter (mm) at about monthly intervals, i.e., 31, 59, and 94 DAT, (f) the average vegetative development of CSCS as indicated by the weekly samplings of plant height (cm), pseudostem width (mm), the number of green leaves, and longest leaf midpoint diameter (mm). Vertical bars indicate ± standard errors of means of ten (10) measurements per replicate. Similar letters indicate non-significant differences at p ≤ 0.05. 
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Figure 4. Impact of the CSCS on: (a) the bulbing rate described as the quotient of the bulb to minimum sheath diameter ≥2; (b) the bulb diameter (mm); (c) number of green leaves; (d) the shape index; (e) the neck diameter at the 52nd, 59th, and 66th DAT; (f) bulbing rate against time; (days) and day length for the trial location. Vertical bars indicate ± standard errors of means of ten (10) measurements per replicate. Similar letters indicate non-significant differences at p ≤ 0.05. 
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Figure 5. Bulbs and roots of the compared CSCS at 62 DAT (by C.M.). 
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Figure 6. Impact of the CSCS on bulb characteristics: (a) the diameter (mm); (b) the bulb height (mm); (c) the surface of the bulb (cm2); (d) the volume of the bulb (cm3); (e) the bulb shape index and (f) the sphericity of the bulb during the 3 samplings (I, II, III), i.e., 31, 59, and 94 DAT. Vertical bars indicate ± standard errors of means of ten (10) measurements per replicate. Similar letters indicate non-significant differences at p ≤ 0.05. 
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Figure 7. Impact of the different CSCS on the concentrations in the plant dry mass (DM) and on the corresponding apparent uptake concentrations (UC), i.e., mmol of the element uptake per L of water uptake of N, P, and K. Vertical bars indicate ± standard errors of means of twelve (12) samples per replicate. 
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Figure 8. Impact of the different CSCS on the concentrations in the plant dry mass (DM) and on the corresponding apparent uptake concentrations (UC), i.e., mmol of the element uptake per L of water uptake of Ca, Mg, and S. Vertical bars indicate ± standard errors of means of twelve (12) samples per replicate. 
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Table 1. Hardware and irrigation management.
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	AER
	FL
	NFT
	AG





	Pump
	Pedrollo JCR 15H,

Italy
	DAB Euroinox 30/30 T, Italy
	Eheim 1001.220, Germany
	Pedrollo JCR 10H,

Italy



	Application of GNS
	Netafim coolnet Pro 65 microns (4.0 bar)
	Perforated pipes at the bottom of the basin
	5 mm tubes
	8 L h−1



	Irrigation
	Daily 1 min 3 min−1
	System worked 2–3 h day−1 aiming at

O2 levels between 5–6 ppm
	Daily 0.15 m 3 h−1 per channel
	4–9 irrigation events day−1 based on solar radiation integrator, for a target leaching fraction of 0.4
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Table 2. pH, electrical conductivity (EC; dS m−1), macronutrient (K, Ca, Mg, N, S, P; mM) and micronutrient (Fe, Mn, Zn, Cu, B, Mo; μM) concentrations in the tap water, in the starter (SNS) and in the growth nutrient solution (GNS).
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	Parameter
	Tap Water
	SNS
	GNS





	pH
	7.78
	5.6
	5.6



	EC
	0.70
	2.00
	2.60



	[Ca2+]
	2.30
	3.50
	4.50



	[K+]
	0.07
	7.00
	10.00



	[Mg2+]
	1.28
	1.30
	1.50



	[Na+]
	1.09
	1.09
	1.09



	[NH4+]
	0.00
	1.10
	1.25



	[SO42−]
	1.08
	1.32
	1.50



	[NO3−]
	0.01
	12.00
	17.00



	[H2PO4−]
	0.00
	1.80
	2.00



	[HCO3−]
	4.60
	0.79
	1.59



	[Cl−]
	1.55
	1.55
	1.55



	[Fe]
	0.00
	40.00
	40.00



	Mn2+
	0.00
	5.00
	5.00



	Zn2+
	1.07
	4.00
	4.00



	Cu2+
	0.00
	0.80
	0.80



	B
	0.00
	30.00
	30.00



	Mo
	0.00
	0.50
	0.50
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Table 3. Mean hourly values (± standard error) of greenhouse air temperature (Tair, °C), greenhouse air relative humidity (RHair, %), vapor pressure deficit (VPD—kPa) during experimental period (from 15 April 2014 to 29 July 2014) at time intervals (TI) of 15 days from transplant.
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	TI
	Tair
	RHair
	VPD





	1–15
	18.70 ± 0.57
	68.36 ± 1.36
	0.84 ± 0.05



	16–30
	20.81 ± 0.51
	65.13 ± 1.59
	1.06 ± 0.09



	31–45
	22.44 ± 0.63
	60.64 ± 1.77
	1.31 ± 0.10



	46–60
	23.59 ± 0.34
	63.99 ± 1.77
	1.22 ± 0.07



	61–75
	26.17 ± 0.44
	61.90 ± 2.75
	1.54 ± 0.16



	76–90
	26.77 ± 0.22
	59.86 ± 1.70
	1.61 ± 0.08



	91–105
	27.18 ± 0.34
	65.65 ± 1.57
	1.42 ± 0.08










[image: Table] 





Table 4. Impact of CSCS on plant (i) fresh weight (FW—g) and (ii) on % dry matter (% DM) during the 3 samplings (I, II, III), i.e., 31, 62, and 95 days after transplant.
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Soilless Culture Systems

	
FW (g)

	
DM (%)




	

	
(I)

	
(II)

	
(III)

	
(I)

	
(II)

	
(III)






	
AER.

	
192.76 b

	
475.25 b

	
617.91 b

	
6.04 a

	
6.92 a

	
8.22 b




	
FL.

	
214.96 a

	
598.73 a

	
816.04 a

	
5.36 b

	
5.98 b

	
7.85 c




	
N.F.T.

	
177.19 b

	
343.92 c

	
523.04 c

	
6,13 a

	
6.98 a

	
8.73 a




	
AG.

	
176.19 b

	
583.75 a

	
793.99 a

	
6.17 a

	
7.06 a

	
8.44 ab




	
Statistical Significance

	

	

	

	

	

	




	
SYSTEM

	
**

	
***

	
***

	
**

	
*

	
***








Averages (n = 12) where followed by different letters under the same column show statistically significant differences for each factor according to Duncan’s multiple range test. *, **, and *** show significant differences at the level of p ≤ 5%, 1%, and 0.1% respectively.
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Table 5. Impact of the CSCS on: (i) the % plant weight change prior and after curing (PWC—%); (ii) the yield (Y—kg m−2); (iii) the bulb % dry matter (% BDM); (iv) the harvest index (HI); (v) the % non-marketable bulbs (%) and (vi) the soluble solids (SS—Brix).
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	Soilless Culture Systems
	PWC (%)
	Y (kg m−2)
	BDM (%)
	HI
	NMB (%)
	SS (Brix)





	AER
	23.53 a
	6.22 b
	8.03 b
	0.7018 a
	5.56 b
	8.13 a



	FL
	25.17 a
	7.87 a
	7.94 b
	0.711 a
	5.56 b
	8.28 a



	NFT
	24.49 a
	5.20 c
	8.16 ab
	0.678 b
	16.67 a
	8.12 a



	AG
	24.80 a
	7.57 a
	8.56 a
	0.706 ab
	0.00 c
	8.36 a



	Statistical significance
	
	
	
	
	
	



	SYSTEM
	N.S.
	***
	*
	*
	*
	N.S.







Averages (n = 12) where followed by different letters under the same column show statistically significant differences for each factor according to Duncan’s multiple range test. N.S., *, and *** show non-significant differences or significant differences at the level of p ≤ 5% and 0.1%, respectively.
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Table 6. Impact of the CSCS on: (A) the consumption of nutrient solution (CNS—L plant−1) and on the total consumption of nutrient solution (TCNS—L plant−1), B) the water use efficiency (WUE) expressed as the dry weight produced (g) per L of nutrient solution consumed (WUE—g L−1) during the 3 samplings (I, II, III), i.e., 31, 62, and 95 DAT and as the fresh weight of the plant (FP), the bulb (FB) and the dry weight of the plant (DP), (g L−1) at harvest divided by the TCNS.
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Soilless

Culture

Systems

	
CNS

	
TCNS

	
WUE




	
(I)

	
(II)

	
(III)

	

	
(I)

	
(II)

	
(III)

	
FP

	
FB

	
DP




	
L plant−1

	
g L−1






	
AER.

	
3.57 a

	
7.23 a

	
6.93 a

	
17.73 a

	
2.96 a

	
2.95 bc

	
2.60 b

	
34.09 b

	
25.36 b

	
2.87 c




	
FL.

	
3.75 a

	
7.23 a

	
7.04 a

	
18.02 a

	
2.80 a

	
3.38 b

	
4.03 a

	
44.65 a

	
31.74 a

	
3.57 b




	
N.F.T.

	
3.13 a

	
5.58 b

	
6.38 a

	
15.09 b

	
3.15 a

	
2.36 c

	
3.39 ab

	
33.74 b

	
24.86 b

	
3.03 c




	
AG.

	
3.02 a

	
7.03 a

	
6.6 a

	
16.65 a

	
3.32 a

	
4.33 a

	
3.91 a

	
46.86 a

	
32.95 a

	
4.03 a




	
Statistical

significance

	

	

	

	

	

	

	

	

	

	




	
SYSTEM

	
N.S.

	
***

	
N.S.

	
**

	
N.S.

	
**

	
*

	
***

	
***

	
***








Averages (n = 12) where followed by different letters under the same column show statistically significant differences for each factor according to Duncan’s multiple range test. N.S., *, **, and *** show non-significant differences or significant differences at p ≤ 5%, 1% and 0.1% respectively.
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