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Abstract

:

Sustainable food production has become increasingly important. Soilless cultivation systems offer several advantages, such as water and nutrient use efficiency, and can be implemented where traditional agriculture is impossible. Bioponic systems use locally or regionally available nutrient sources from organic waste streams (either fluid or solid) and can thus contribute to closing nutrient cycles locally. Bioponics harnesses the metabolic processes of microorganisms which release nutrients from organic matter. This study aimed to set up a bioponic system, by using biogas digestate concentrate and biochar as nutrient sources, and promoting nutrient release from the organic sources by including a biofilter in the system. The development of water quality, plant growth, and quality was monitored extensively. In addition, the influence of either the fungal biocontrol agent Trichoderma atrobrunneum or UV-C treatment of the nutrient solution on plant health and growth was investigated. Three cultivation cycles with Lactuca sativa (“HAWKING” Salanova®) in bioponic (BP), hydroponic (HP), and soil (SO) cultivation were performed. The study showed that healthy lettuces could be produced in BP systems, using a biogas digestate concentrate and biochar as nutrient sources, despite salt accumulation in the nutrient solution. In plant sap analyses, lettuces cultivated in BP systems contained less nitrate but more ammonium and chloride. The yield of the lettuces grown in the BP systems was intermediate, compared to the HP and the SO. The fungus, T. atrobrunneum, strain, T720, survived in soil and soilless cultivation systems. Compared to the HP and the SO systems, the shoot height of lettuces grown in the BP system, with the application of Trichoderma, was significantly increased. In SO systems with Trichoderma application, a significantly higher chlorophyll and flavonoid content, but significantly lower shoot height was observed. The fresh weight of lettuce roots was significantly higher in HP systems with Trichoderma treatment. Cultivating plants by using organic waste streams requires commitment and experience from producers. In BP systems, a biofilter (either within the system or externally, to increase nutrient levels) can help to rapidly convert the ammonium-rich fertilizer to plant-available nutrients. Unlike conventional HP systems, in BP systems, nutrients are released slowly over time, requiring close monitoring and adjustments. In conclusion, healthy lettuces for human consumption can be produced in BP systems, and the application of the biocontrol agent used has some beneficial influence on plant growth.
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1. Introduction


Sustainable food production, the use of water and other resources, as well as the closing of material cycles with concurrent increasing urbanization, are major challenges for humanity in the coming decades. The sustainable development goals (SDGs) of the United Nations [1] are a signpost for the direction in which society should develop on a political and social level, in order to meet these challenges and enable a better life for all. Soil-independent plant production is vital to overcoming challenges in SDG 2—zero hunger, SDG 6—clean water and sanitation, SDG 11—sustainable cities and communities, and SDG 12—responsible consumption and production. Soilless production systems do not require fertile soil, reuse nutrients [2], and use up to 80% less water than conventional soil cultivation [3]. Additionally, awareness of the importance of urban gardening, food security, and self-sufficiency has been increased by restrictions and border closures caused by the COVID-19 pandemic [4,5].



Conventional soilless cultivation systems, such as hydroponic (HP) systems, rely on mineral fertilizers dissolved in irrigation water [2], which allow the composition of the nutrient solution to be precisely adjusted to suit the requirements of plants. However, raw materials are mined, processed, or produced with expensive energy-intensive processes. In particular, the essential nutrients, potassium (K) and phosphorus (P), are limited resources [6]. Until now, many countries do not have legislation that obliges growers to recycle the used hydroponic nutrient solution. In the open soilless systems, water and nutrients are released into the environment and can subsequently contribute to pollution [7]. Closing nutrient cycles by using regionally and municipally sourced organic fertilizers, such as fish manure [8], urine or biogas digestate [9,10,11], could therefore reduce greenhouse gas emissions, save inorganic fertilizer, and reduce environmental pollution [7,12]. Another reason for the increasing interest in organic nutrient sources for soilless production is their lower nitrate content when compared to inorganic fertilizers, resulting in lower nitrates accumulated in leaves and petioles, which is beneficial for human consumption [13,14,15]. When organic fertilizers are used for soilless cultivation systems, the process is called digeponics [16,17], anthroponics [3], organic hydroponics, or bioponics [18,19].



The principle of bioponics is not new and has already been used for several thousand years in its simplest form. In 2007, a patent was registered by William Textier [20], describing the use of organic fertilizers in a hydroponic system containing microorganisms such as bacteria, enzymes, or enzyme-producing fungi like Trichoderma spp. However, bioponics has not yet prevailed over conventional hydroponics in large-scale cultivation in commercial enterprises. It is better known in hobby gardening. There are many ideas, available online, about how to produce organic fertilizer, and products for small-scale systems are also commercially available. One reason large-scale bioponics has not yet made a breakthrough is likely due to the increased workload required for monitoring nutrient availability and plant development. Parameters such as pH and electrical conductivity (EC), often used in conventional hydroponics [21], cannot be used alone to monitor and manage a bioponic system. Therefore, a better understanding of soilless systems, based on organic nutrients, is required and was investigated within this study.



Crucial to the operation of any bioponic system are microorganisms that metabolize organic substrates, releasing nutrients required for plant growth [22,23]. These metabolic processes can occur either within or outside the system. Most likely, the best-known example of bioponics is aquaponics, which combines soilless plant cultivation with aquaculture, allowing nutrient-rich water from fish production to be used for the fertilization of plants, which, in turn, cleans the water for the fish [8,24,25]. One of the nutrient sources that could be potentially used in bioponics, biogas digestate, is a residue from the anaerobic fermentation of organic matter, such as plant biomass, animal manure, and catering and slaughterhouse waste. Depending on the biogas plant’s operating system and conditions (particularly pH and temperature), a fraction of nitrogen can also be lost as ammonia [26]. However, most of the nitrogen and all other elements in the input substrates remain in the digestate [27]. These elements include major plant nutrients such as phosphorus, potassium, and calcium. Therefore, by using the biogas digestate, production of already limited nutrients required for soilless system operation can be reduced. However, the addition of organic nutrient sources in soilless production systems requires experience, precise handling, and the continuous addition of fertilizer, due to the potential non-plant-optimal forms of nutrients and the slow release of nutrients due to organic matter. Furthermore, producing healthy lettuce for human consumption requires an understanding of whether plant-available heavy metals, such as cadmium and lead [28,29], are present in fertilizers, and how they are absorbed by the plants.



Besides the source of nutrients, the key difference between bioponic and conventional soilless culture is the active promotion of microorganisms to enable mineralization [23]. In bioponics, the ecosystem functions, originating from the microbial community present from the system start-up, ensure important functions in the system, including nitrification [30], nutrient conversion, disease suppression, and contribution to productivity and plant quality, similar to soil-based systems [31]. On the other hand, commercial hydroponics relies exclusively on mineral fertilizers. Additionally, using biofilm reduction agents is standard practice and suppresses ecosystem functions connected to the biodiversity of microorganisms [2,7,32]. Furthermore, hydroponic systems often require a reset approximately every fifth growth cycle (Ramon Melon, head grower at WholeLeaf, Coaldale, AB, Canada, pers. comm) due to frequent infections and diseases of the cultivated crops [33]. For this reason, it is common in conventional hydroponic production that the nutrient solution is either disinfected through UV-C radiation [7], or entire production systems are disinfected with chemical agents [32], which is costly and could also pollute the surrounding environment.



Root rot, caused by Pythium spp., is a soil-borne fungal disease that is difficult to control. Pythium is a genus of parasitic oomycetes, which favors by humid growth conditions [34] and high nutrient levels [35], and causes high economic losses [35,36,37]. Isolates of certain fungi, like Trichoderma spp. [38,39,40] and Gliocladium spp. [34], bacterial isolates from an aquaponic system [41], and beneficial rhizosphere microorganisms, like bacilli [34], pseudomonads [42,43,44] or lactobacilli [44,45,46], have disease-suppressing effects on many soil-borne diseases, including those caused by Pythium spp. The use of the fungal biocontrol agent, Trichoderma spp., in soil cultivation, is becoming widespread [39,47,48,49,50], while its application in soilless cultivation systems is not yet well studied.



The aim of this study was to investigate plant production and nutrient utilization in bioponics, using a biogas digestate concentrate (from a methanization plant) and biochar as nutrient sources, while promoting nutrient release from the organic sources by including a biofilter to the system. These results were compared to conventional hydroponic, and soil cultivation to investigate feasibility of large-scale production using organic nutrient sources. The investigation focused on answering the following questions: How can the stable operation of soilless cultivation, using organic nutrient input, be achieved? What are the characteristics of nutrient release in a bioponic system and how should it be monitored and controlled? What is the yield of fresh biomass produced in a bioponic system, when compared to hydroponics and soil cultivation? Are there any differences in the elemental composition of plant biomass (i.e., plant sap)? Does the plant growth in soilless production systems benefit from the application of the bioagent, Trichoderma atrobrunneum, and from the UV-C treatment of the nutrient solution?



To gain new knowledge about bioponic cultivation, various plant and nutrient solution samples of three cultivation systems and different treatments were extensively monitored to determine not only NPK, but a series of other nutrients.




2. Materials and Methods


Three identical successive trials, with lettuce cultivation of 26 days each (Supplementary File, Table S1), were performed at the Zurich University of Applied Sciences (Wädenswil, Switzerland) in a foliar greenhouse (47.21743° N, 8.68151° E). Each trial included four identical closed-loop bioponic (BP) and hydroponic (HP) systems and two soil cultivation systems (SO), serving as a control (Figure 1). Air temperature and relative humidity in the greenhouse were measured at 10 min intervals with four Hygrochron iButtons (Avnet Memec, Rothrist, CH) placed next to the lettuces at random locations. Photosynthetically active radiation (PAR) in the greenhouse was measured with sensor SKL2640 (Skye Instruments Ltd., Powys, UK), and logged every 10 min.



For BP and HP cultivation, two systems each were inoculated with T. atrobrunneum, while two systems included a UV-C treatment for nutrient solution disinfection. In the SO systems, one system was inoculated with T. atrobrunneum, while the other served as a control.



2.1. Soilless Cultivation System Setup


Each BP and HP system (255 L of total water volume) consisted of three serially arranged nutrient film technique (NFT) channels with 34 plants per system, a reservoir, containing the nutrient solution (sump 1, 185 L). A reservoir (sump 2, 70 L) was also used, in the BP systems, as a biofilter to support nitrification, and, in the HP systems, simply as a reservoir (Figure 2). The heating rods in sump 2 were set to 23 °C in the BP systems, to provide optimal conditions for nitrifiers, and to 21 °C in the HP systems. Dissolved oxygen was kept at saturation, using an air pump with an air stone. Water loss due to evapotranspiration was compensated for twice per week, and the amount of water added was recorded.



To obtain an established biofilter for the BP systems, a biofilter (400 L of biochips and 800 L tap water) was started six weeks prior the start of the first trial, using Pure + Filter Start Gel (Evolution Aqua, Wigan, UK). During this starting process, the biofilter was fed with ammonium di-hydrogen phosphate (Sigma-Aldrich, Buchs SG, Switzerland) and fish feed (Tilapia Vegi, 3.0 mm, Hokovit, Hofmann Nutrition AG, Bützberg, Switzerland) to promote microbial growth. Microbial activity was monitored by weekly measurements of ammonium (NH4+), nitrite (NO2−), and nitrate (NO3−). After the biofilter was able to transform 5 mg L−1 NH4+ within 24 h, the biochips needed for each experiment were taken out of the prepared mature biofilter and added to the BP systems at the start of each trial.




2.2. Soil Cultivation System


Each SO system consisted of three nutrient film technique (NFT) channels, arranged in parallel, filled with organic pot substrate (Floradur BIO-Substrat Topf, Floragard Vertriebs-GmbH, Oldenburg, Germany), and planted with 34 plants per system (Figure 3). A reservoir (70 L) contained the nutrient solution for automatic drip irrigation. Irrigation ran every day for 10 min and, if needed, more water was irrigated, but the amount was not recorded.




2.3. Seedling Preparation


Pelleted lettuce seeds (Lactuca sativa “HAWKING” Salanova®, Bigler Samen AG, Thun, Switzerland) were sown in the greenhouse. The seedlings for the BP and HP systems were grown in rockwool cubes (Grodan SBS, 36 × 36 × 40 mm, gvz-rossat AG, Otelfingen, Switzerland), initially in tap water until both cotyledons of the seedlings had completely opened and afterwards, in a fertilizer solution (Wuxal® Profi, Maag, Dielsdorf, Switzerland) with a step-by-step increase in electrical conductivity (EC), up to 1800 μS cm−1 over the period of 22 days. The fertilizer solution was replaced three times per week.



Seedlings for the Trichoderma treatment were inoculated with the bio agent, Avengelus with T. atrobrunneum concentrate (MycoSolutions AG, St. Gallen, Switzerland) using an application concentration of 1 mL L−1, five days after sowing, when they reached the cotyledon stage. After that, the irrigation solution was not changed for 3 days.



Lettuce for the SO systems was sown into a seedling tray, using seedling substrate (Floradur BIO-Substrat Block, Floragard Vertriebs-GmbH, Oldenburg, Germany). Seedlings for the Trichoderma treatment were inoculated with an application concentration of 1 mL L−1 (1 × 106 CFU per mL in irrigation water) just after seeding, and repeated 13 days post-seeding. The seedlings were transplanted into all systems after 27–30 days, when the seedling roots were long enough (ca. 5 cm).




2.4. Fertilizer Management


To be able to compare the results of the BP and HP systems, both nutrient solutions were adapted to a target concentration of total nitrogen (TN) of approx. 50 mg L−1 TN (which is about one-third of conventional HP systems [2]). For BP and HP system filling and refilling, a mixture of tap water and deionized water (1:1) was used (Table 1). To ensure that the same amount of iron was available to the BP and HP lettuces, 32 g of iron-chelate EDTA-Solution 6.7% (Ökohum GmbH, Herrendorf, Switzerland) was added to the systems at the trial start and after about 10 days.



2.4.1. Bioponics (BP)


It is important to know the source and quality of organic nutrients, especially in closed loops, to ensure the safety of the food produced and to reduce customer concern regarding harmful substances. A biogas digestate concentrate (consisting of one-third each of green and catering waste, animal manure, and slaughterhouse waste), that was treated at 55 °C to reduce possible mesophilic pathogens [51], was obtained from the biogas plant, SwissFarmerPower Inwil AG (Inwil LU, Switzerland), and used as a nutrient source (Table 1). Ultrafiltration was performed to minimize the bacterial load [51,52,53]. However, this process reduces microbial diversity, which plays a vital role in BP cultivation [21,54]. Additionally, a strict and clean working practice was implemented to eliminate contact between the lettuce shoots and nutrient solution, minimizing possible contamination risks with pathogens.



The target nitrogen concentration was divided into three fertilizer applications (Table 2) (two of about 18.5 mg L−1 TN and one of about 12.9 mg L−1 TN), to avoid an initial ammonium peak that would be toxic to the plant roots.



In addition, a mesh bag with one kilogram of alkaline biochar (type: soil conditioner; PYREG GmbH, Dörth, Germany), containing approx. 170 mg kg−1 phosphorus and 2730 mg kg−1 potassium, was placed in the sump of the BP systems to supplement P and micronutrients.



As the optimum pH value for lettuce production is between 5.5 and 5.8 [2], and for the nitrifying bacteria, a pH of 7.0 to 9.0 [55], the targeted pH value for the BP systems was 7.0 ± 0.5 to promote nitrification. The pH was measured daily and, if necessary, adjusted using citric acid (≥99.5%, Sigma-Aldrich, Buchs SG, Switzerland) and sodium hydrogen carbonate (CARL ROTH GmbH + Co. KG, Karlsruhe, Germany).




2.4.2. Hydroponics (HPs)


For the HP systems, a nutrient solution with a target TN concentration of 50 mg L−1 was calculated with the software, HydroBuddy [56]. The nutrient solution (Table 1) was prepared using commercially available mineral nutrients (potassium sulfate, calcium nitrate, potassium monobasic phosphate, micromix, and plantspeed Fe EDTA 6.7%) (Table S2). As these nutrients have good plant availability and low ammonia content, the entire amount of nutrients was added to the systems at the start of each trial. The pH in the HP systems was adjusted to 6.5 ± 0.5 with nitric acid 30% (HNO3, CARL ROTH GmbH + Co. KG) to promote optimal nutrient uptake. The pH was measured daily and, if needed, retargeted using nitric acid. The amount of each added substance was recorded.




2.4.3. Soil Cultivation (SO)


The lettuces were drip irrigated with a conventional nutrient solution (Plantaktiv Typ A, 18/12/18, 0.1% application concentration, Hauert MANNA Düngerwerke GmbH, Nürnberg, Germany).





2.5. Nutrient Solution Analyses


Nutrient solution samples were taken and analyzed, as defined in Table 3. To determine when fertilization in the BP systems was required, the levels of NH4+, NO2−, NO3−, TN, and PO43− were measured at the beginning of trial A and after 7 and 12 days. At the start of trials B and C, only TN was measured, due to target identical total nitrogen level for each trial. Additional information about nutrient solution analysis can be found in the Supplementary File (Supplementary Methods and Table S3).




2.6. Plant Growth and Quality


2.6.1. Plant Growth


Plant growth was monitored by visual inspection using a standard protocol (overall health status, leaf color, leaf properties, necroses, pest infestation), measuring shoot diameter and height of nine lettuce plants from a specific position in the NFT channels (Figure 2 and Figure 3) at the start, middle and end of each trial. The indicators for plant growth (chlorophyll, flavonoid, anthocyanin content and nitrogen balance index, NBI) were measured at the same dates with the Dualex® Scientific (ForceA, Université Paris Sud, Orsay Cedex, France).




2.6.2. Fresh and Dry Weight Determination


Shoot and root fresh weight (without the rockwool part) and root length were determined at harvest. Additionally, the total lettuce biomass per system was determined. For dry weight determination, shoots and roots were chopped and dried in aluminum boxes for 72 h at 60 °C, until a constant weight was reached.




2.6.3. Shelf-Life and Consumer Test


Water loss was observed for 14 days to measure the shelf-life of the lettuce heads after harvest. Three shoots per system were covered with a standard plastic bag for vegetable boxes, stored at 4 °C in the fridge, and weighed every third day.



A consumer test was carried out to estimate the general acceptance of consumers for lettuce produced in the BP, HP, and SO systems. This test was performed after trials A and B as an «acceptance test» with 47 volunteer participants.




2.6.4. Plant Nutrient Analyses


To investigate the nutrient composition and potential heavy metal contamination of plants, sap from the young and old leaves of twelve lettuces was analyzed for pH, EC, sugar, TN, and NO3−, NH4+, Cl− and Si by NovaCropControl (Table 3). To compare different methods for nitrate measurement in lettuce shoots, NO3− was also measured in a mixed sample of young and old leaves by ZHAW according to the ion chromatography (IC) Application Note No. S-173 (Metrohm AG, Zofingen, CH) [57]. For this purpose, 150 mL of deionized boiling water was poured over 13 g cut lettuce leaves, and incubated for 15 min while swirling. Afterwards, samples were filtered (0.45 µm), quantitatively transferred into volumetric flasks, and filled up to 200 mL with deionized water. Samples were diluted 1:100 and NO3− concentrations were measured using IC.





2.7. Biocontrol


2.7.1. UV-C Treatment


In systems with UV-C treatment, a UV lamp (18 Watt Kobre® Tec UV-C Klärgerät, Koi-Breeder AG, Schinznach-Dorf, Switzerland) was installed after sump 1, continuously exposing (1.2 L min−1) the nutrient solution (Figure 2). The UV-C dose influences the organisms in which specific groups of bacteria and fungi, are inhibited. The UV-C application of 254 nm was set to a dose of 88 mW s−1 cm−2 in order to harm Pythium spp. maximally [58]. This setting should not have damaged T. atrobrunneum, because that would require UV-A and UV-B, and not UV-C light lengths [59,60].



The extinction of nutrient solution (e) was measured and (IT) was calculated based on the intensity of the incoming light (I0), the coefficient of the measurement (k), the distance inside the UV lamp (x), and the intensity of the transmitted light (Equation (1)). The flow through the UV system was adjusted accordingly to reach the target UV-C dose.


    I   T   =   I   0   ×   e   − k x    



(1)







The UV lamps in the BP and HP systems were started three days after adding Trichoderma, allowing the fungal biocontrol agent to spread. To calculate the effectively applied UV-C dose, based on the transmission of the nutrient solution, water samples were taken in the middle and at the end of trial A and at the start, middle, and end of trials B and C.




2.7.2. Trichoderma atrobrunneum Strain T720 Application


The Trichoderma atrobrunneum strain T720, was added with the application concentration of 1 mL L−1 to the nutrient solution of the BP systems one day after it was started but before the first sampling. To determine the presence of the Trichoderma strain applied to the systems, samples were taken at the start, middle, and end of each trial. Nutrient solution and soil samples were isolated on potato dextrose agar plates to visually check the presence or absence of T. atrobrunneum strain T720. This was performed by MycoSolutions.





2.8. Data Analyses


Statistical analyses and graphics were carried out with R statistical software, version 1.4.1106 [61], processed within RStudio. Packages “boom“ [62], “emmeans“ [63], “ggpubr” [64], “gridExtra“ [65], “lsmeans” [66], “lubridate“ [67], “multcomp” [68], “multcompView” [69], “openxlsx“ [70], “RColorBrewer” [71], “readxl” [72], “rstatix” [73] and “tidyverse” [74]. Different combinations of these packages were used for the data analyses. All data were reported as the sample mean ± SD per cultivation cycle per cultivation system. The data were checked for normal distribution, by means of the Shapiro test. If data was normally distributed, one-way ANOVA was used to test for differences. If the data had no normal distribution, a Kruskal–Wallis analysis of variance was used. Multiple comparisons were performed using a Tukey’s range test for parametric data and a Wilcoxon signed-rank test for non-parametric data. To consider interactions between cultivation system and treatment, a two-way ANOVA was performed. Non-normally distributed data were transformed using a Box–Cox transformation. All tests were performed at a significance level of α = 0.05 and no outliers were removed.



Principal component analysis (PCA) was used to determine the main parameters influencing the characteristics of different cultivation systems and treatments. However, as the treatments did not differ significantly, only the PCA plots for the cultivation systems are presented. The effect of biocontrol application was tested for significant differences regarding nutrient solution quality, plant growth parameters, and plant sap analysis.



The correlation of two methods of measuring nitrate (in plant sap of young and old leaves; NovaCropControl, and in extract of mixed leaves; ZHAW), chlorophyll, and NBI measurement (Dualex) was calculated using Pearson’s correlation.



The evaluations of the consumer test were carried out with XLSTAT Addinsoft, version 2020.1.3 [75]. The nine-item scale (overall popularity, popularity of appearance, taste, and texture) was evaluated using the Friedman test, followed by multiple comparisons. For the Just-About-Right (JAR) scales (bitterness, flavor, crispness, tenderness, juiciness), percentage frequency distributions were generated, and penalty analysis was performed.





3. Results


The greenhouse’s climate conditions showed small but significant differences during the three successive trials, each lasting 26 days (Table 4 and Supplementary File, Figure S1). These conditions followed the seasonal trajectory as expected. The nutrient solution parameters generally followed the same trends, and plants in all systems grew well. Therefore, the results are presented as a mean of the specific cultivation system (BP, HP, and SO).



3.1. Nutrient Solution Characteristics


3.1.1. Physiochemical Parameters


The variation of the nutrient solution composition clearly followed the same temporal pattern in all three trials. The pattern in trial C deviated slightly, due to the higher fertilizer addition at the trial’s start (Figure 4 and Figure 5). The oxygen concentration was high in both systems but significantly lower in the BP systems, compared to HP systems, which can be attributed to ongoing biological activity in the biofilter (Table 5). The EC did not differ significantly between the BP and HP systems, and there was consistent temporal development during each trial (Figure 4); in the BP systems, the EC was low in the first half of the trials and increased sharply after second fertilization. At the same time, in HP, the EC was high in the first half and decreased over time. The rapid increase in EC in the BP systems reflected the increasing concentration of salts related to the fertilizer addition (Figure 5), while the decreasing EC in HP was linked to nutrient uptake by plants. The pH in HP was at a target value of 6.5 ± 0.5 over the entire duration of all trials. In contrast, the pH was too high (pH 8) in the BP systems at the start of each trial and did not react immediately to the addition of citric acid (Figure 4). After three days, the pH was stabilized at the target level of 7.0 ± 0.5; pH in the BP systems decreased after the second fertilization in trials A and B, while in trial C, it decreased after the first fertilizer addition (Figure 4), which is connected to the higher addition of the biogas effluent concentrate at system start. After another week, the pH in the BP systems was around 4.5.




3.1.2. Nutrient Concentrations in the Nutrient Solution


In all trials, a higher level of TN in solution was observed in HP systems, compared to BP systems, which can be attributed partly to a deviation from the target value during nutrient solution calculation (66 mg L−1 NO3−-N was added to the systems instead of 50 mg L−1 NO3−-N). Due to possible discrepancies between the calculation and the actual concentration of nitrogen in the fertilizers, N concentrations were higher than calculated. Shortly after the second and third ammonium-rich organic fertilizer additions, TOC, TN, and NH4+-N increased in BP systems (Figure 4 and Supplementary File, Figure S2). Additionally, a temporary increase in NO2-N was observed in BP systems after fertilizer additions, while NO3−-N increased over time. After week 1, the concentrations for NO3− were low in BP systems; thus, a second dose of fertilizer was added. TOC was higher in BP systems compared to HP systems. The increase in TOC was related to the fertilizer additions.



In HP systems, where the entire amount of plant-available nutrients was added at the system start, NO3−-N levels decreased steadily and were very low at the end of each trial. On the other hand, the PO43−-P and K+ were used up earlier, around the middle of the third week. Over time, the concentrations of Na+, Ca2+, Mg2+, Cl−, SO42−, and Mn increased in the BP systems, while they remained constant in the HP systems (Figure 5). Systems including a UV-C treatment showed significantly lower iron concentrations in the nutrient solution (Supplementary File, Table S4).



Based on principal component analysis (PCA), temperature, pH, EC, and oxygen saturation explained 39.2% of the variation on the first axis, while, in the second axis, they explained 29.2%, together explaining 68.4% of the variation if selected parameters (Figure 6A). Additionally, the PCA revealed a clear distinction between HP and BP cultivation systems regarding dissolved nutrients (Figure 6B). The first axis explained 34.6% of the variation, while the second axis explained 20.2%, together explaining 54.8% of the variation between selected parameters. As BP systems had comparably higher levels of SO42−, Mg2+, Na+, and Cl−, while HP systems had comparably higher levels of TN, PO43−, NO3−, and Ca, these profiles reflect the nutrient composition of the fertilizers used.





3.2. Plant Growth and Quality


3.2.1. Plant Growth


Plant growth was similar for all three trials (Supplementary File, Figure S2), resulting in lettuce of marketable quality. Overall, plants showed healthy growth, and no visual differences between the cultivation systems were observed (Supplementary File, Figure S3). However, a few lettuces with inner leaf tip-burn occurred at the end of trial A (HP1–Trichoderma and UV-C and HP3–UV-C) and from the middle of trial C (BP2–UV-C) on. According to in vivo Dualex measurements, BP and HP lettuces’ NBI and chlorophyll content were higher than in SO-cultivated lettuces (Supplementary File, Table S5). BP lettuces were the least stressed as they had the lowest flavonoid value (Supplementary File, Table S5). Shoot growth was similar in BP and HP lettuces. However, the yield of the HP systems was significantly higher than that of the BP and SO-cultivated (Table 6). Compared to the HP system, the BP systems produced a yield of ~72%, and the SO systems, ~66%.




3.2.2. Fresh and Dry Weight


The higher fresh weight and lower dry matter fraction of lettuce shoots in HP lettuces, compared to BP and SO-cultivated, indicate that these lettuces contained more water. The root-to-shoot ratio in the BP systems was 0.10 ± 0.02, while in the HP systems, it was lower (0.06 ± 0.04), indicating stronger root growth of BP lettuces, which was also reflected by the higher total root biomass produced per system. However, this was coupled with a shorter root length in BP lettuces (Figure 7).



PCA clearly distinguished between different cultivation systems, regarding plant shoot and root growth (Figure 7). Based on the plant shoot growth parameters, the first axis explained 46.7% of the variation, while the second axis explained 21.0%, together explaining 67.7% of the variation of selected parameters (Figure 7A). Based on the plant root growth parameters, the first axis explained 48.7% of the variation while the second axis explained 19.8%, together explaining 68.5% of the variation of selected parameters (Figure 7B). Lettuce plant shoots from the BP systems were intermediate to those of the HP and SO systems, regarding plant growth (Figure 7A). Lettuce shoots in the BP and SO systems were described by their dry matter fraction, while lettuces from HP systems were described by their fresh weight, lettuce height, and total biomass per system (yield). While lettuce roots in the HP systems were described by their length, the more important parameters of BP lettuces were the dry matter fraction and total fresh biomass per system (Figure 7B).




3.2.3. Shelf-Life and Consumer Test


During the storage period of 14 days, no significant differences in weight loss occurred. The trend indicated that HP lettuces displayed a shorter shelf-life, whereas BP lettuces performed best (Table 6).



The consumer test (Supplementary File, Supplementary Methods) showed that the BP lettuces were rated as high as those produced in the HP and SO systems (Supplementary File, Table S10). The popularity, in terms of appearance, taste, and texture, was about the same for the HP and SO-cultivated lettuces, while the BP lettuces scored slightly lower. Regarding bitterness, the lettuces were the same, although some testers stated ‘just right’ for the BP variant. Lettuces from the SO systems tended to be slightly too weak in flavor. In terms of crispness, HP and SO-cultivated tended to be too crunchy, while the lettuces from BP systems were too delicate. Although BP and SO-cultivated lettuces tended to be less juicy, HP lettuces were ‘just right’.




3.2.4. Plant Nutrients


Generally, the differences between the cultivation systems were reflected in the plant sap of young and old leaves (Table 7). The pH of plant sap was the same in young and old leaves, EC was much lower in younger leaves, and young leaves contained more sugar than old leaves. Concentrations for the element, Silicon (Si), were higher in BP, and SO cultivation, compared to HP, in both young and old leaves. More data on sap can be found in the Supplementary File, Figure S4.





3.3. Food Safety


3.3.1. Leaf Nitrate


According to nitrate analysis (as performed at ZHAW), the lettuces from the BP systems contained the lowest concentrations of nitrate (396.99 ± 274.02 mg kg−1), followed by lettuces from the HP systems (598.65 ± 181.63 mg kg−1) and the SO systems (690.29 ± 132.44 mg kg−1) (Supplementary File, Table S6). According to sap analysis (performed at NovaCropControl), nitrate levels were twice as high in old leaves compared to young leaves (Table 8). In contrast, NH4+ levels were higher in younger leaves than in older leaves. The BP lettuces had the highest NH4+ content, followed by those of the HP and SO systems. However, lettuces grown in the BP systems contained the most Cl, while those grown in SO contained the least.



Comparing the two nitrate (in plant sap; NovaCropControl, and extract; ZHAW), chlorophyll, and NBI measurement methods, significant positive correlations were observed between sap analysis (NovaCropControl) of young and old leaves, sap analysis of young leaves and nitrate in an extract of mixed leaves (ZHAW), and sap of old leaves and nitrate in an extract of mixed leaves (Supplementary File, Table S7 and Figure S5).




3.3.2. Heavy Metals


The heavy metal concentrations measured in lettuce dry matter were below the detection limit for Cd and Pb (Table 9). Additionally, the BP lettuce plants did not show diverging levels of the other heavy metals like Cu, and Al, compared to the HP and SO-cultivated lettuce plants. This indicates that this lettuce is suitable for consumption according to the analyses performed within this study.





3.4. Biocontrol


3.4.1. UV-C Treatment


While the UV-C dose in the BP systems was around the target value of 88 mW s−1 cm−2, the water system in the HP systems was exposed to a higher UV dose. This is likely due to higher transmission of the nutrient solution, because these systems did not include particles from the biochar (Supplementary File, Figure S6). In trials A and B, the applied UV-C dose increased towards the end of the trial, while in trial C it decreased, which is connected with the transmission of the system waters (Supplementary File, Table S8).



The UV-C light treatment decreased the TOC in BP and HP systems (Figure 4), while plants in the BP systems had shorter root lengths when UV-C light was applied (Supplementary File, Figure S4). Additionally, the fresh weight of lettuce roots was higher in HP systems with UV-C light treatment.




3.4.2. Application of Trichoderma atrobrunneum as Biocontrol Organism


In systems where Trichoderma atrobrunneum strain T720 was not applied, the organism could not be detected (Supplementary File, Table S9). Conversely, in systems where the fungal biocontrol agent was applied, it was present until the end of the trials, even though there was a degree of absence of Trichoderma results in the intermediate samples. The minor difference in the nutrient solution, plant sap, or lettuce growth does not point in a defined direction (Supplementary File, Figure S4). Therefore, it is unclear to what extent these differences can be attributed to the treatment. For this reason, only the most significant (p < 0.01) observations are described.



Trichoderma was able to survive, including in systems with UV-C treatments (Supplementary File, Table S9);even the rapid pH drop in the BP systems did not cause Trichoderma to die. The extent of colonization cannot be quantified with the data obtained from this study.



The application of Trichoderma had no statistically significant effect on the chemical water parameters (Figure 5 and Supplementary File, Figure S4). As nitrification still took place, it can be assumed that Trichoderma treatments did not negatively influence the HP, BP, and SO systems’ microorganism community. However, the shoot height of lettuces grown in the BP systems, with the application of Trichoderma, was significantly increased, compared to the HP and the SO. In the SO system with Trichoderma application, a significantly higher chlorophyll and flavonoid content, and significantly lower shoot height were observed. The fresh weight of lettuce roots was significantly higher in the HP systems with Trichoderma treatment. The shelf-life of lettuces was neither significantly influenced by Trichoderma, nor the UV-C application on the nutrient solution.






4. Discussion


The three successive trials in summer provided results on the growth of BP lettuce, and allowed for comparison with growth in conventional HP and SO systems. Plants in all three cultivation systems were healthy, and adequate plant growth was recorded. The indicators of plant growth and biomass quality in the BP systems were often intermediate between the HP and the SO, indicating that BP cultivation is a more “natural” method than conventional HP cultivation, such as in the addition of a biofilter compartment, and of biochar as a nutrient source. The novel BP method that we tested featured several modifications compared to HP cultivation, such as the addition of a biofilter compartment, and of biochar as a nutrient source. As a consequence of using an organic nutrient source, the BP nutrient solution needed continuous monitoring, pH adjustment, and fertilizer supplementation. The usage of biogas plant concentrate led to salt accumulation, but the plant sap contained less nitrate in the BP systems than in the HP and the SO.



4.1. Nutrient Solution Characteristics


4.1.1. Physiochemical Parameters


Nitrification, the key biochemical process in BP cultivation, occurs under aerobic conditions. Therefore, it is vital to maintain all parameters within the optimal range to promote the growth of nitrifying bacteria [76], particularly by keeping pH at ~7 during the trials (Table 5). However, the pH was adjusted to be one unit lower in the HP systems, ~6.0, for the optimal nutrient uptake by plants, as the nitrification process is not required in HP systems. Due to the higher pH in BP systems, reduced nutrient uptake could have occurred, especially for the micronutrients [2], resulting in an 18% smaller yield (Table 6). At the beginning of the trial, the pH was around 8, and therefore higher than the target pH value in BP systems. Additionally, as biochar was used, it was difficult to lower the pH level within the system because of its alkalinity and buffering effect. A fast pH drop after the second fertilizer addition was observed (Figure 4), corresponding to data from butterhead lettuce production in NFT channels, based on an organic nutrient procedure, where pH fluctuates more when the buffering capacity is exhausted [21]. Microbial activity, associated with the addition of the carbon source in organic fertilizers, may contribute to rapid pH changes [77].




4.1.2. Nutrient Concentrations in the Nutrient Solution


Bioponic systems are characterized by a higher total organic carbon (TOC) level than HP systems (Figure 4), due to the high organic nutrient content of the fertilizer used [21]. The observed NO2− peaks, after fertilizer additions and an increase in NO3− in BP systems over time (Figure 4), indicate that nitrification was ongoing and is in line with the work by Sheshtawy et al. [78]. Our findings were also consistent with the knowledge that the use of a biofilter in BP systems is essential to lower the risk of phytotoxic effects by increasing the amount of better plant-available nitrogen [28], and to reduce loss of TN from volatilization by conversion of NH4+ to NO2−/NO3− [79]. Furthermore, to prevent growth limitations and reduce plant stress, smaller yet continuous fertilizer applications would improve system operation and nutrient availability in BP systems. On the other hand, plant-growth-relevant parameters, such as NH4+, NO3−, PO43−, and K+, should be monitored regularly.



Biogas digestate concentrate contains high concentrations of Na+, Ca2+, Mg2+, Cl−, SO42−, and Mn (Table 1), resulting in salt accumulation in the nutrient solution, which is known for organic fertilizers used in soilless cultivation [21,80]. This was also found in this study (Figure 5). Therefore, plant nutrient uptake can be inhibited, especially in BP systems. As uncharged components, such as organic molecules, do not contribute to the EC until microbial degradation begins (Figure 4) [21], it is not possible to rely on EC to obtain information when organic fertilizer, such as biogas effluent, addition is required. Additionally, non-essential salts for plants, such as Na+ and Cl−, which are contained in biogas digestate, were detected (Figure 5) [21]. Therefore, it would be advantageous if only the plant-growth-relevant parameters, such as NH4+, NO3−, PO43−, and K+, could be monitored on routine ion-specific measurements. Sensors are currently being developed that allow ion-selective measurements in nutrient solutions [80]. Voogt et al. [79] developed a possible solution to prevent Na+ accumulation, using a desalinization system based on reverse osmosis. The high amount of SO42− found at the end of the trials (Figure 5) could be a result of the nutrient release under aerobic conditions over time, which was also found by Goddek et al. [81].



Iron is needed to synthesize chlorophyll, and plays an essential role in maintaining the structure and function of chloroplasts. Symptoms of iron deficiency are interveinal chlorosis in young leaves and stunted root growth, leading to poor yield and reduced nutritional quality [82]. Consequently, iron was added to the HP and BP systems at the start and middle of each trial. A steady decrease in concentration over time was observed (Figure 4 and Figure 5). The iron concentration in the BP systems was slightly but not significantly higher than in the HP. This could be related to the biogas digestate concentrate composition, as the biogas plant also processes slaughterhouse waste. Systems with UV-C treatment showed a significantly lower concentration of iron in the nutrient solution (Supplementary File, Table S4), assuming that the complexing agent, EDTA, was degraded by the UV-C radiation, as previously described [83,84]. However, the iron concentration in the plant sap did not differ significantly between the individual treatments (Supplementary File, Figure S4). The lettuce plants did not show any signs of iron deficiency (Supplementary File, Figure S3), suggesting that, even though significantly lower, plants in UV-C treatment did not suffer iron deficiencies. Nevertheless, diethylenetriaminepentaacetic acid (DTPA) would probably be more suitable for future experiments, especially because BP systems usually have a higher pH value than HP systems [84], as the optimal pH range for ETDA is between 4 and 6.





4.2. Plant Growth and Quality


Chlorophyll, an antioxidant, is a health-promoting substance in human nutrition [85]. Lettuces grown in BP and HP systems contained significantly more chlorophyll than SO-cultivated lettuce (Supplementary File, Table S5). This could be related to better iron availability in soilless production systems, as the chlorophyll content is related to iron uptake [86]. In the experiment by Song et al. [87], the antioxidant contents generally decreased with increasing nutrient solution levels in lettuce production. Therefore, due to the lower strength of the BP nutrient solution compared to that in the HP systems, it is possible that the BP lettuces in this study also contained more antioxidants.



While in this study, the yield from the BP systems was 72% of the yield in conventional HP cultivation (Table 6), the BP lettuce yield was also lower in the studies by Williams and Nelson [21], and Atkin and Nichols [88], ~63% and ~45%, respectively. Nozzi et al. [89] produced a yield of ~89% in aquaponics compared to HPs. These differences can be attributed to the available macronutrients in the nutrient solution (Figure 4). To achieve higher nutrient levels, converting nutrients in an external reactor (for nitrification), with the subsequent addition of this solution to the BP system, would be an option. The dry matter fractions of BP and SO-cultivated lettuces, compared to HP, were higher (Table 6), while BP was between HP and SO-cultivated, indicating that nutrients from organic sources improve the quality of produced lettuce [90]. It is possible that NO3− was limiting plant growth in the BP systems after week one, as its concentrations were low (Figure 4). Compared with other studies [91], the root-to-shoot ratio obtained was low for both cultivation systems of this study (Table 6; if using a commercial HP solution, this ratio would probably be higher), indicating that root growth was increased because of low nutrient levels. As a result, plants invested more in lateral root growth to increase nutrient uptake [92,93].



The inner leaf tip-burn, shown by a few plants (Figure S3), is a physiological disorder involving calcium and water uptake connected to the microclimate in lettuce shoots, and is a common abiotic issue in hydroponics [94]. In this study, the Ca2+ content in plant sap composition was lower in BP plants compared to HP and SO-cultivated, which also indicates that less water was incorporated in BP plants than in HP plants [94]. The risk of inner leaf tip-burn can be reduced by adequate ventilation [95].



Although commercial lettuce production requires adequate levels of nitrogen (N), phosphorus (P), and potassium (K) to provide high-quality postharvest attributes, which are essential for longer shelf-life [96], we did not observe significant differences in the shelf-life of BP, HP, and SO-cultivated lettuces (Table 6). For human nutrition, the ingredients in the lettuce must comply with the legal requirements [97]. The values for Cd and Mn were below the detection limit, and therefore compliant with the legal maximum values (Table 9).



Silicon (Si), which is more present in the sap of BP and SO-cultivated plants than HP plants (Table 7), is one of the most beneficial micro-elements for several plants. However, in the literature, its role has not been considered essential in plant nutrition. For this reason, Si is not used as a common ingredient in hydroponic recipes, despite having several beneficial effects, such as the mitigation of environmental and pathogenic stresses [98,99].




4.3. Food Safety


4.3.1. Leaf Nitrate


Plants can accumulate NO3− to a high degree [97]. Nitrate levels are particularly high when the plants grow under insufficient light conditions during the cold season [91]. The NO3− content in plants can be controlled to some extent by adapted fertilization [86], sufficient light, and afternoon harvesting [100].



For lettuce production in Switzerland, a maximum value of 4000 mg nitrate kg−1 fresh weight applies for outdoor cultivation, and 5000 mg nitrate kg−1 for glass/foil cultivation during the warm season [97], while the EU limit value is 2500 mg nitrate kg−1 in the open air and 3500 mg NO3− kg−1 under cover [101,102]. In this study, all measured NO3− concentrations (Table 8 and Supplementary File, Table S6) were below these maximum values. The values for old leaves in the HP and SO systems were high but comparable with those measured in the study by Fallovo et al. [89]. In general, young leaves contain less nitrate than old leaves [103], which was also confirmed in this experiment (Table 8). The high NO3− accumulation could be further explained by the high nutrient uptake of lettuce. Lettuce needs to keep a high turgor pressure, resulting in the accumulation of NO3− in its leaves [91,104]. The tendency of higher NO3− content with higher salinity levels can also be explained by the osmotic adjustment that allows plants to absorb water under low total water potential [105].



Although in this study, the NO3−-N levels in the HP systems decreased steadily and were very low at the end of each trial (Figure 4), lettuce grown in the BP systems accumulated less NO3 than that in the HP and SO systems (Table 8). This could be related to the lower TN concentrations and the continuous N release (Figure 4 and Figure 5) during the entire cultivation, because of organic nutrient sources [21]. The fertilizer management (three fertilizer applications during one trial), and the differing proportions of N-forms (relatively more NH4+ present in the nutrient solution of the BP systems compared to the HP) contained in biogas digestate concentrate, may have also led to less NO3− being incorporated in lettuce leaves. This study also observed that the use of ammonium-rich fertilizers in soilless systems led to reduced leaf NO3− concentrations [106], with the BP lettuces containing more NH4+ and CL− in leaf sap than the HP (Supplementary File, Figure S4). Blom-Zandstra and Lampe [107] found that the NO3− content in the lettuce leaves was lower, due to increased chloride uptake. As more chloride was present in the BP nutrient solution in this study, it is likely that chloride was absorbed more than NO3− [108], which would reflect the high chloride value in plant leaf sap (Table 8). Another possible reason for the lower NO3− content in lettuce shoots could be the significantly higher amount of silicon in the BP nutrient solution. Manzocco et al. [105] suggested adding silicon to the HP solution as an interesting strategy to increase yield and reduce NO3− accumulation. Therefore, various explanations are possible for why BP lettuce accumulates less NO3−, and no special strategy is required to produce low-nitrate lettuce in BP systems. However, the exact reason for lower NO3− levels should be researched further.



Regarding the two different methods of measuring NO3− in plant leaves, it is noticeable that the values of the mixed sample of young and old leaves measured in plant sap extract by IC were lower (Table 8 and Supplementary File, Table S6). However, significant positive correlations were obtained by comparing the two nitrate (in plant sap; NovaCropControl, and extract; ZHAW), chlorophyll, and NBI measurement methods (Supplementary File, Table S7 and Figure S5).




4.3.2. Heavy Metals


Markou et al. [109] conclude that, depending on the digestion parameters and the specific antibiotic compounds used, the degree of elimination of heavy metals varies highly. Heat treatment and the subsequent use of solid/liquid separation, as applied on the biogas effluent concentrate used for this study, can significantly decrease the heavy metal concentration in the liquid [109]. However, it is recommended that the potential risks of heavy metals, in terms of food safety, are investigated further.



In the EU, the maximum levels of heavy metals allowed in plants for human consumption are set at 0.20 mg kg−1 for cadmium and 0.30 mg kg−1 for lead [102]. The heavy metals of the lettuce produced in this study (Table 9) are below these values.




4.3.3. Other Harmful Substances


Any substances (e.g., antibiotics, disinfectants, endocrine-disrupting compounds, mycotoxins, fungicides, etc.) that are used in food production and animal husbandry may end up in the biogas plant, and are therefore a potential risk when closing nutrient cycles. However, some studies have shown that anaerobic methanization, which achieves high temperatures, also degrades many such substances [110,111]. Previous screenings of 80 pesticides in biogas effluent (ZHAW, unpublished data, 1998) have shown that all potential contaminants were under detection level. While Combalbert et al. [51] stated that antibiotics could not be eliminated under anaerobic conditions, Visca et al. [52] found that emerging environmental contaminants from widely used antibiotics in human and veterinary medicine, such as sulfamethoxazole, enrofloxacin, and ciprofloxacin, were almost removed during anaerobic digestion.





4.4. Biocontrol


4.4.1. UV-C Treatment


The decrease in TOC in BP and HP systems, because of UV-C treatment, is typically applicable for nutrient solutions that are high in organics [112]. The observed increase in TOC (Figure 4), and the decrease in transmission in trial C (Supplementary File, Figure S6), could be related to increased algae growth in the nutrient solution. The fertilizer application at the start of trial C was higher compared to trials A and B (Table 2). Therefore, the algae, which entered the production system attached to the seedling rockwool cube, had more nutrients available for their growth from the beginning of the trial. Additionally, the fresh weight of lettuce roots was higher in HP systems with UV-C treatment (Supplementary File, Figure S4).



To harm Pythium, the applied dose would have had to be increased during the experiment, to compensate for the increased absorbance of UV radiation in the solution [82]. However, it was not adjusted because the target UV-C dose was set at a high level. Therefore, the extinction was simply measured, and the applied UV-C dose was calculated.




4.4.2. Trichoderma atrobrunneum Strain T720 Application


In this study, the fungal biocontrol agent, Trichoderma atrobrunneum strain T720, survived in all systems. The absence of Trichoderma at the start of the trials (Supplementary File, Table S9) could be related to insufficient mixing in the system water to date. In the samples of seedling production, for the SO systems with Trichoderma application, the fungus could not be detected, whereas it was found in seedling production, based on rockwool. It is unclear whether the amount of Trichoderma, used for inoculation at sowing and after 13 days, was sufficient for the beneficial fungus to colonize the substrate in the seedling trays.



The T. atrobrunneum strain T720 survived in soil and soilless cultivation systems. The UV-C treatment, and the fast pH drop (from pH 8 to pH 4.5) in the BP systems (Figure 4), had no measurable effect on the presence of the fungal biocontrol agent. Only a few significant differences were observed, regarding the addition of Trichoderma to the nutrient solution, lettuce growth, or plant sap composition. The shoot height of lettuces grown in the BP system, with the application of Trichoderma, was significantly increased compared to those in the HP and SO systems (Supplementary File, Figure S4). Via the production of organic acids, such as gluconic or citric acid, Trichoderma is able to lower the pH value locally and therefore increases the solubilization of phosphates and micronutrients, such as iron, magnesium, and manganese [48]. Due to the increased pH value prevailing in this experiment, it is possible that nutrient uptake by the beneficial fungus was promoted. However, no significant differences were observed in plant sap analysis (Supplementary File, Figure S4). The difference in flavonoid content in the SO systems (Supplementary File, Figure S4) could be attributed to stress conditions, due to watering on demand, which may have led to water stress [113]. However, further observations, by conducting a stress-test with an artificial Pythium spp. Infection, would help to generate insights into how the different systems and applications respond to this fungal infection.






5. Conclusions


The bioponic cultivation of lettuce, using biogas effluent concentrate and biochar as nutrient sources, was successful and resulted in marketable lettuces. However, at the present state of development, bioponics requires commitment and experience in nutrient monitoring and system management. To foster circularity in large hydroponic enterprises, and substitute unsustainable mineral nutrient solutions in cultivation, the research should focus on improving the composition of organic fertilizers to allow for comparable ease of application. Additionally, system development should include in-depth studies of biofilter management and integrate appropriate ICT, IoT, and sensor devices.



In BP cultivation, a biofilter (either within the system, or externally to increase nutrient levels) can help to convert the ammonium-rich fertilizer to plant-available nutrients faster. Unlike conventional HP systems, BP systems cannot rely only on electrical conductivity (EC), as uncharged components do not contribute to the measurement. Many organic molecules do not all have charge until microbial degradation begins, highlighting their ability to release nutrients over time. Thus, close monitoring of the nutrient concentrations, such as NH4+, NO3−, PO43−, and K+, in the BP systems is required. In the study, the BP yield was smaller compared to the HP, but higher than in SO culture. However, compared to HP cultivation, lettuces with a better nutrient composition for human nutrition were produced resource-efficiently with recycled nutrients and water in the BP and SO systems. Lettuces produced in the BP systems contained less NO3−, but more NH4+, Cl−, and Si, which is related to the nutrient solution characteristics. Technological solutions for dealing with salt accumulation, a common problem in organic fertilizers, will advance BP cultivation and improve overall water and nutrient consumption needed for food production.



It Is essential to know the exact composition and source of the organic waste stream used for plant production, as this can lower the risks of harmful or toxic substance presence. Moreover, awareness of the extent to which the plants absorb them, to minimize the risk of other harmful substances on human health, should be considered. Thus, subsequent studies should focus on determining whether biogas digestate contains harmful substances that could accumulate in the system water and produced crops. The BP lettuces did not show higher levels of heavy metals, compared to the HP and SO-cultivated lettuces. Furthermore, the effect of the biocontrol agent had some beneficial properties. For example, the shoot height of lettuces grown in the BP system, with the application of Trichoderma, was increased, compared to the HP and SO systems. The presence of Trichoderma might be useful for enhancing the growth of soilless plants and reducing diseases that can occur in this cultivation system.
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Figure 1. System overview: bioponic (BP), hydroponic (HP) and soil (SO) cultivation with different treatments, with and without addition of T. atrobrunneum, and with and without UV-C treatment. 
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Figure 2. System setup for bioponic (BP) and hydroponic (HP) systems with the reservoirs for the nutrient solution. In the BP systems (*) sump 1 contained a bag with biochar and in sump 2, biochips were used. Each system contained three nutrient film technique (NFT) channels with total 34 lettuces. One lettuce in the inflow, middle, and outflow of each channel were sampled for further analyses. Created with BioRender.com. 
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Figure 3. System setup for soil cultivation (SO) with a reservoir for the nutrient solution. Each system contained three nutrient film technique (NFT) channels with total 34 lettuces. One lettuce in the inflow, middle and outflow of each channel was sampled for further analyses. Created with BioRender.com. 
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Figure 4. Development of pH, EC, TOC, TN, NH4+-N, NO3−-N, PO43−-P, and K+ in nutrient solution over time. From left to right, data from trials A, B, and C are shown, and fertilizer additions are indicated with arrows. Values for NO2-N were for most samplings <0.01 mg L−1. 
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Figure 5. Development of Na+, Ca2+, Mg2+, Cl−, SO42-S, Fe and Mn levels in nutrient solution over time. From left to right, data from trials A, B, and C are shown, and fertilizer additions are indicated with arrows. 
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Figure 6. Principal component analysis (PCA) with 95% confidence ellipses of nutrient solution for (A) temperature, pH, electrical conductivity and oxygen saturation explaining 68.4%, and (B) nutrients TOC, TN, NH4+-N, NO3−-N, PO43−-P, K+, Na+, Ca2+, Mg2+, Cl−, SO42−-S, Fe, and Mn, explaining 54.8% of data variance in bioponic (BP) and hydroponic (HP) systems. 
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Figure 7. Principal component analysis (PCA) with 95% confidence ellipses of (A) plant shoot growth parameters (lettuce height, lettuce diameter, fresh weight, total fresh biomass per system (yield), and dry matter fraction) explaining 67.7%, and (B) plant root growth (root length, fresh weight, total fresh biomass per system, and dry matter fraction) explaining 68.5% of data variance in bioponic (BP), hydroponic (HP), and soil (SO) cultivation. 
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Table 1. HP nutrient solution measured concentration.






Table 1. HP nutrient solution measured concentration.











	
	Mixture of Tap Water and Deionized Water (1:1)
	Biogas Digestate Concentrate
	HP Nutrient Solution





	TOC [mg L−1]
	1.5
	1722
	-



	TN [mg L−1]
	1.1
	5434
	-



	NO3−-N [mg L−1]
	0.6
	<LOD
	66.9



	NH4+-N [mg L−1]
	<LOD
	5730
	5.0



	PO43−-P [mg L−1]
	<LOD
	113
	17.0



	K+ [mg L−1]
	<LOD
	11,589
	96.5



	Na+ [mg L−1]
	4.4
	2897
	-



	Ca2+ [mg L−1]
	9.3
	267
	152.3



	Mg2+ [mg L−1]
	6.0
	<LOD
	19.5



	Cl− [mg L−1]
	3.9
	7969
	8.5



	S [mg L−1]
	-
	-
	39.0



	Fe [mg L−1]
	-
	-
	4.0



	Mn [mg L−1]
	-
	-
	0.45



	Zn [mg L−1]
	-
	-
	0.3



	B [mg L−1]
	-
	-
	0.05



	Cu [mg L−1]
	-
	-
	0.03



	Mo [mg L−1]
	-
	-
	0.02







Abbreviation: <LOD, below the level of detection.













[image: Table] 





Table 2. Addition of biogas effluent concentration in the BP system.






Table 2. Addition of biogas effluent concentration in the BP system.





	

	
First Addition

	
Second Addition

	
Third Addition






	
Trial A

	
800 mL

	
Day 1

	
1150 mL

	
Day 14

	
1150 mL

	
Day 16




	
Trial B

	
800 mL

	
Day 1

	
1150 mL

	
Day 10

	
1150 mL

	
Day 15




	
Trial C

	
1150 mL

	
Day 1

	
800 mL

	
Day 12

	
1150 mL

	
Day 15
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Table 3. Overview of measured parameters, samples, place of measurement, measurement interval, sample preparation and lab equipment.
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	Parameter
	System
	Analyzed Sample
	Place of Measurement
	Measurement Interval
	Sample Preparation
	Lab Equipment
	Company





	pH [-], T [°C]
	BP, HP
	Nutrient solution
	Direct, in the sump
	Daily
	-
	Probe PHC10103 and HQ40d portable multimeter
	Hach Lange, Loveland, CO, USA



	Dissolved oxygen

[mg L−1]
	All
	Nutrient solution
	Direct, in the sump
	Three times per week
	-
	Probe LDO10101 and HQ40d portable multimeter
	Hach Lange, Loveland, CO, USA



	Electrical conductivity

[μS cm−1]
	All
	Nutrient solution
	Direct, in the sump
	Three times per week
	-
	Probe CDC40103 and HQ40d portable multimeter
	Hach Lange, Loveland, CO, USA



	NH4+-N, NO2−-N, NO3−-N, TN, PO43−-P

[mg L−1]
	BP, HP
	Nutrient solution
	Direct, in the laboratory
	Trial A: At system start and after 7 and 12 days
	Filtered with 0.45 μm

(not for TN)
	LCK tests no. 304, 341, 339, 138, 349; DR 3800 VIS Spectrophotometer
	Whatman Maidstone, UK;

Hach Lange, Loveland, CO, USA



	TN

[mg L−1]
	BP, HP
	Nutrient solution
	Direct, in the laboratory
	Trial B and C: At system start
	-
	LCK tests no. 138; DR 3800 VIS Spectrophotometer
	Hach Lange, Loveland, CO, USA



	TOC and TN

[mg L−1]
	BP, HP
	Nutrient solution
	Direct, in the laboratory
	Three times per week
	1:2 diluted
	TOC-L Analyser and ASI-L
	Shimadzu Europa GmbH, Duisburg, Germany



	NH4+, Na+, K+, Ca2+, Mg2+

[mg L−1]
	BP, HP
	Nutrient solution
	Stored at −20 °C in 15 mL falcon tube, laboratory
	Three times per week
	Filtered with 0.45 μm, 1 μL 2 M HNO3 per 1 mL sample
	930 Compact IC flex
	Whatman Maidstone, UK;

Metrohm Schweiz AG, Zofingen, Switzerland



	Cl−, NO2−, NO3−, PO43−, SO42−

[mg L−1]
	BP, HP
	Nutrient solution
	Stored in 15 mL falcon tube, laboratory
	Three times per week
	Filtered with 0.45 μm
	930 Compact IC flex
	Metrohm Schweiz AG, Zofingen, Switzerland



	Fe, Mn

[mg L−1]
	BP, HP
	Nutrient solution
	Stored in 50 mL falcon tube, laboratory
	Three times per week
	Filtered with 0.45 μm,

5% HNO3 (end concentration)
	ICP-OES, Varian Vista AX CCD Simultaneous
	Agilent Technologies, Santa Clara, CA, USA



	Chlorophyll, Flavonoid, Anthocyanin [µg cm−2]
	All
	Lettuce leaves
	Directly on living plant, epidermis of lettuce
	At end of each trial
	-
	Dualex® Scientific
	ForceA, Université Paris Sud, Orsay Cedex, France



	NO3− [mg kg−1]
	All
	Lettuce leaves
	Direct, in the laboratory
	At end of each trial
	Lettuce leave incubated in hot water for 15 min, extract measured
	930 Compact IC flex
	Metrohm Schweiz AG, Zofingen, Switzerland



	K+, Ca2+, Mg2+, Na+, NH4+, NO3−, TN,

Cl−, S, P, Si, Fe, Mn, Zn, B, Cu, Mo, Al [mg kg−1]
	All
	Lettuce leaves
	In external laboratory
	At start, middle and end of each trial
	Plant sap analysis
	Confidential
	NovaCropControl, Oisterwijk, The Netherlands



	Transmission
	BP2, BP4, HP1, HP3
	Nutrient solution
	Stored at −20 °C in 50 mL falcon tube, laboratory
	Trial A: middle and end of trial; Trial B and C: start, middle, and end of trials
	-
	UV-1600 PC Spectrophotometer
	VWR International, Radnor, PA, USA



	Presence/absence of

T. atrobrunneum T720
	All
	Nutrient solution and soil
	In external laboratory
	At start, middle and end of each trial
	-
	Agar plates, Visual inspection
	MycoSolutions AG, St. Gallen, Switzerland
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Table 4. Averages and ranges (MIN-MAX) of daily temperature, humidity, and global radiation during three successive trials. The values for global radiation were averaged over the daylight period. Significant differences (Kruskal–Wallis) were obtained for air temperature, air humidity, and daily radiation, and located using a Tukey’s range test (α = 5%; levels a, b, and c).






Table 4. Averages and ranges (MIN-MAX) of daily temperature, humidity, and global radiation during three successive trials. The values for global radiation were averaged over the daylight period. Significant differences (Kruskal–Wallis) were obtained for air temperature, air humidity, and daily radiation, and located using a Tukey’s range test (α = 5%; levels a, b, and c).





	

	

	
Trial A

	
Trial B

	
Trial C




	

	
n

	
15 June–10 July 2020

	
13 July–7 August 2020

	
10 August–4 September 2020






	
Air temperature [°C]

	
208

	
24.2 (6.0–41.4) a

	
25.2 (7.1–45.1) b

	
24.0 (14.2–44.4) c




	
Air humidity [%]

	
478

	
59.7 (24.9–86.2) a

	
59.4 (24.1–86.0) a

	
61.1 (25.2–86.0) b




	
Daily radiation

	
27

	
1088.5 (348.7–1520.5) a

	
977.2 (168.8–1430.3) ab

	
856.1 (82.8–1237.2) b
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Table 5. Characteristics of nutrient solution in bioponic (BP) and hydroponic (HP) systems were reported as mean ± SD. Significant differences (Kruskal–Wallis) were obtained for temperature and oxygen and located using a Tukey’s range test (α = 5%; levels a and b) (n = 144). pH and electrical conductivity showed no significant differences.






Table 5. Characteristics of nutrient solution in bioponic (BP) and hydroponic (HP) systems were reported as mean ± SD. Significant differences (Kruskal–Wallis) were obtained for temperature and oxygen and located using a Tukey’s range test (α = 5%; levels a and b) (n = 144). pH and electrical conductivity showed no significant differences.










	
	BP
	HP





	Temp [°C]
	23.8 ± 3.5 b
	21.1 ± 3.3 a



	pH [-]
	6.9 ± 1.1
	7.4 ± 0.4



	EC [μS cm−1]
	846.4 ± 282.5
	832.6 ± 212.9



	Oxygen [%]
	96.8 ± 6.6 a
	100.5 ± 2.2 b
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Table 6. Lettuce growth parameters per trial in bioponic (BP), hydroponic (HP), and soil (SO) systems, reported as MEAN ± SD. Significant differences were obtained for shoot and root fresh weight and shoot dry matter fraction (one-way ANOVA), and shoot diameter, height, yield, and root length (Kruskal–Wallis), and located using a Tukey’s range test (α = 5%; levels a, b, and c). Other parameters showed no significant differences.






Table 6. Lettuce growth parameters per trial in bioponic (BP), hydroponic (HP), and soil (SO) systems, reported as MEAN ± SD. Significant differences were obtained for shoot and root fresh weight and shoot dry matter fraction (one-way ANOVA), and shoot diameter, height, yield, and root length (Kruskal–Wallis), and located using a Tukey’s range test (α = 5%; levels a, b, and c). Other parameters showed no significant differences.





	

	

	
Height/Length

	
Diameter

	
Fresh Weight

	
Yield per Trail

	
Dry Matter Fraction

	
Shelf-Life




	

	

	
[cm]

	
[cm]

	
[g]

	
[kg m−2]

	
[%]

	
[% Remaining]






	
n = BP/HP/SO

	
108/108/54

	
108/108/54

	
108/107/54

	
3/3/3

	
108/107/54

	
24/24/12




	
Shoot

	
BP

	
15.0 ± 1.9 b

	
22.1 ± 2.2 b

	
186.5 ± 39.3 b

	
3.09 ± 0.46 b

	
3.7 ± 0.7 b

	
83.1 ± 11.1




	
HP

	
15.4 ± 1.5 b

	
22.1 ± 1.9 b

	
257.7 ± 40.9 c

	
4.26 ± 0.27 c

	
2.9 ± 0.5 a

	
79.1 ± 12.8




	
SO

	
12.4 ± 2.3 a

	
21.3 ± 2.4 a

	
147.6 ± 26.5 a

	
2.83 ± 0.82 a

	
3.9 ± 0.5 b

	
81.4 ± 9.6




	
n = BP/HP

	
108/108

	
-

	
108/108

	
12/12

	
12/12

	
-




	
Root

	
BP

	
30.0 ± 9.0 a

	
-

	
18.8 ± 7.2 b

	
0.35 ± 0.09

	
3.5 ± 0.4

	
-




	
HP

	
47.5 ± 13.3 b

	
-

	
15.9 ± 10.5 a

	
0.30 ± 0.08

	
3.3 ± 0.6

	
-




	
SO

	
-

	
-

	
-

	
-

	
-

	
-
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Table 7. Lettuce shoot plant leaf sap composition (NovaCropControl) of fresh weight per trial in bioponic (BP), hydroponic (HP), and soil (SO) cultivation for pH, EC, sugar, and TN, reported as MEAN ± SD. Significant differences (one-way ANOVA) were obtained and located using a Tukey’s range test (α = 5%; levels a and b).






Table 7. Lettuce shoot plant leaf sap composition (NovaCropControl) of fresh weight per trial in bioponic (BP), hydroponic (HP), and soil (SO) cultivation for pH, EC, sugar, and TN, reported as MEAN ± SD. Significant differences (one-way ANOVA) were obtained and located using a Tukey’s range test (α = 5%; levels a and b).





	

	

	
pH

	
EC

	
Sugar

	
TN

	
Si




	

	

	
[-]

	
[µS cm−2]

	
[%]

	
[mg kg−1]

	
[mg kg−1]






	
n = BP/HP/SO

	
12/12/6

	
12/12/6

	
12/12/6

	
12/12/6

	
12/12/6




	
Young leaves

	
BP

	
6.02 ± 0.07 b

	
8.37 ± 1.01 b

	
1.16 ± 0.25

	
1328.59 ± 203.19

	
4.04 ± 1.19 b




	
HP

	
5.93 ± 0.09 a

	
6.46 ± 1.14 a

	
1.45 ± 0.31

	
1243.91 ± 111.01

	
0.79 ± 0.33 a




	
SO

	
5.91 ± 0.07 a

	
8.63 ± 1.73 b

	
1.38 ± 0.74

	
1169.04 ± 277.61

	
4.79 ± 1.55 b




	
n = BP/HP

	
12/12/6

	
12/12/6

	
12/12/6

	
12/12/6

	
12/12/6




	
Old leaves

	
BP

	
5.82 ± 0.16

	
12.75 ± 1.44

	
0.39 ± 0.12

	
852.35 ± 191.22 a

	
7.85 ± 2.00 b




	
HP

	
5.84 ± 0.13

	
12.12 ± 1.70

	
0.41 ± 0.20

	
1313.95 ± 132.24 b

	
2.28 ± 1.25 a




	
SO

	
5.81 ± 0.11

	
11.83 ± 0.58

	
0.55 ± 0.22

	
1022.58 ± 317.54 a

	
8.88 ± 2.74 b
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Table 8. Lettuce shoot plant leaf sap composition (NovaCropControl) of fresh weight in bioponic (BP), hydroponic (HP), and soil (SO) cultivation for NO3, NH4, and Cl, reported as MEAN ± SD. Significant differences for NO3 and Cl of young leaves, and NO3 and Cl of old leaves (Kruskal–Wallis), as well as NH4 of old leaves (one-way ANOVA) were obtained and located using a Tukey’s range test (α = 5%; levels a, b, and c).






Table 8. Lettuce shoot plant leaf sap composition (NovaCropControl) of fresh weight in bioponic (BP), hydroponic (HP), and soil (SO) cultivation for NO3, NH4, and Cl, reported as MEAN ± SD. Significant differences for NO3 and Cl of young leaves, and NO3 and Cl of old leaves (Kruskal–Wallis), as well as NH4 of old leaves (one-way ANOVA) were obtained and located using a Tukey’s range test (α = 5%; levels a, b, and c).





	

	

	
NO3−

	
NH4+

	
Cl




	

	

	
[mg kg−1]

	
[mg kg−1]

	
[mg kg−1]






	
n = BP/HP/SO

	
12/12/6

	
12/12/6

	
12/12/6




	
Young leaves

	
BP

	
983.61 ± 267.07 a

	
79.80 ± 32.51

	
1474.33 ± 229.59 c




	
HP

	
1997.79 ± 629.54 b

	
61.78 ± 15.32

	
307.57 ± 69.46 a




	
SO

	
1848.42 ± 1189.95 ab

	
49.72 ± 13.97

	
619.76 ± 171.83 b




	
n = BP/HP

	
12/12/6

	
12/12/6

	
12/12/6




	
Old leaves

	
BP

	
1442.923 ± 526.13 a

	
33.51 ± 5.28 b

	
2441.71 ± 414.57 c




	
HP

	
4173.663 ± 470.762 b

	
25.44 ± 3.35 a

	
609.08 ± 232.91 a




	
SO

	
3010.397 ± 1197.552 ab

	
20.70 ± 5.45 a

	
1087.75 ± 323.12 b
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Table 9. Lettuce shoot plant leaf sap composition (NovaCropControl) of fresh weight in bioponic (BP), hydroponic (HP), and soil (SO) cultivation for Cd, Mn, Pd, Cu, and Al reported as MEAN ± SD. Significant differences were obtained for Cu in young leaves (one-way-ANOVA) and Cu and Al in old leaves (Kruskal–Wallis), and located using a Tukey’s range test (α = 5%; levels a, b, and c). <LOD means value below level of detection.
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Cd

	
Mn

	
Pb

	
Cu

	
Al




	

	

	
[mg kg−1]

	
[mg kg−1]

	
[mg kg−1]

	
[mg kg−1]

	
[mg kg−1]






	
n = BP/HP/SO

	
12/12/6

	
12/12/6

	
12/12/6

	
12/12/6

	
12/12/6




	
Young leaves

	
BP

	
<LOD

	
<LOD

	
<LOD

	
0.65 ± 0.15 b

	
0.14 ± 0.07




	
HP

	
<LOD

	
<LOD

	
<LOD

	
0.45 ± 0.28 b

	
0.08 ± 0.03




	
SO

	
<LOD

	
<LOD

	
<LOD

	
0.19 ± 0.07 a

	
0.14 ± 0.07




	
n = BP/HP

	
12/12/6

	
12/12/6

	
12/12/6

	
12/12/6

	
12/12/6




	
Old leaves

	
BP

	
<LOD

	
<LOD

	
<LOD

	
0.42 ± 0.21 c

	
0.33 ± 0.17 b




	
HP

	
<LOD

	
<LOD

	
<LOD

	
0.24 ± 0.11 b

	
0.13 ± 0.04 a




	
SO

	
<LOD

	
<LOD

	
<LOD

	
0.12 ± 0.03 a

	
0.14 ± 0.04 a
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