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Abstract

:

New agronomical policies aim to achieve greener agricultural systems, sustainable fertilizers and fungicides, a reduction in Greenhouse gases (GHG), and an increase in circular economic models. In this context, new solutions are needed for the market, but it is necessary to carefully assess both their efficacy and their ecological impact. Previously, we reported the biostimulatory activity on soil microbiome for a side-product from Lactic Acid Bacteria (LABs) fermentation: a concentrated post-centrifugation eluate. In the present study, we investigated whether this solution could partially substitute mineral N (N70% + N30% from eluate) in a fertigation (N100% vs. N70%) regime for tomato and lettuce under greenhouse conditions. The impact of the application was investigated through plant physiological parameters (number and weight of ripened fruits, shoots, and roots biomass) and biodiversity of the rhizosphere microbial composition of bacteria and fungi (High-Throughput Sequencing—HTS). The eluate (i) enhanced the plant canopy in lettuce; (ii) increased the shoot/root biomass ratio in both tomato and lettuce; and (iii) increased the harvest and delayed fruit ripening in tomato. Moreover, we found a strong correlation between the eluate and the enrichment for OTUs of plant-growth-promoting microbes (PGPMs) such as Sphingomonas sediminicola, Knoellia subterranean, and Funneliformis mosseae. These findings suggest that integrating the eluate was beneficial for the plant growth, performance, and yield in both tomato and lettuce, and additionally, it enriched specialized functional microbial communities in the rhizosphere. Further studies will investigate the underlying mechanisms regulating the selective activity of the eluate toward PGPMs and its biostimulatory activity towards target crops.
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1. Introduction


Conventional agriculture is heavily dependent on synthetic fertilizers, and in past years, to maximize crop yields, their use has been too vast, leading to reduction in Nutrient Use Efficiency (NUE), leaching, aquifer contamination, surface water eutrophication, increasing soil salinity, soil heavy metal contamination, ammonia volatilization, and emissions of GHG N2O [1,2,3,4].



In order to mitigate these effects and reverse this trend, governments have promoted new agricultural practices worldwide, aiming for substantial reductions in synthetic fertilizer usage and more eco-sustainable fertilization campaigns. In this way, new solutions (such as biofertilizers, biopesticides, and biostimulants) are highly requested to sustain crop yield and to balance the soil eco-system [5]. Many studies have already reported the successful use of these new classes of modern fertilizers to increase the soil organic carbon (SOC) [6], to replace mineral N, to reduce N2O emissions [7], to be co-inoculants for beneficial microorganisms, and to biologically nourish and protect plants [8].



The pivotal value of these new fertilizers is their sustainability, which characterizes their entire value-chain. In fact, biofertilizers support food and feed production through a reduced application dose, which has an eco-sustainable influence on biogeochemical cycles, as well as a more rational delivery of plant nutrients [9,10]. Last, but not least, their lower requested volumes are linked to smaller carbon footprints for both their production and transportation.



Following this rationale, circular economy models are the ideal base to create new values for side-products, which could be the ingredients of new agro-biological solutions [1]. These models could offer a double solution to both the mitigation of climatic crisis as well as the supply of new raw materials and products in a troubled geopolitical scenario [11], complying perfectly with both the UE Green Deal policy as well as the Sustainable Development Goals (SDGs) of the United Nations (https://sdgs.un.org/goals accessed on 11 July 2022).



Although these important goals target the overall climate balance, the core of a healthy agricultural system relies on healthy soil with good physicochemical properties and also positive microbial communities, which are key to linking plant health and organic fertilizer effectiveness [12]. For these reasons, plant biologists and agronomists are also focusing their targets around PGPM soil compositions and influence in plant fitness [13,14] to study how the next biofertilizers will impact agro-ecosystems.



The present study shows how the LABs eluate could serve as an integration of mineral N fertilization by testing its effect on the harvest of tomato and lettuce plants. We chose it because in order to generate dairy/probiotics starter cultures, the fermentation industries produce a vast amount of this side-product, which actually retains several nutrients and represents a noble leftover that could be reintroduced into new economies, especially because it is produced with the highest food- and pharma-grade standards.



We show that, by replacing 30% of the total N requirement in these crops’ fertilization practices, we reach comparable yields in lettuce and higher ones in tomato. Moreover, we report that the addition of the LABs eluate enriches plant rhizospheric soil with PGPMs. The latter results are in accordance with our previous study on the enrichment of PGPMs within bulk soil mediated by the LABs eluate [15]. Collectively, these data support the potential use of the eluate as an eco-sustainable, circular, and biostimulatory integration into conventional fertilization practices.




2. Materials and Methods


2.1. Eluate Preparation and Composition


The product used in this study was provided by Sacco S.r.l. and is a microbial eluate that is the end-of-fermentation broth retrieved from Lactic Acid Bacteria (LAB) production. It was harvested and concentrated under vacuum through heating at 95 °C, so that around 90% of the water is recovered. The full procedure is described and protected by the patent No. PCT/EP2021/080974. The eluate contains: N-P-K (4.5-1-0.5 % w/w), a concentration of lactic acid >15%, and micronutrients in traces. The eluate amino acidic composition is indicated in Table 1.




2.2. Experimental Design and Treatments


Pot experiments were conducted in a completely randomized design in greenhouse conditions using lettuce (Lactuca sativa L.-cv Gentile) and bushy tomato (Solanum lycopersicum L.-cv. sweet ’n’ neat yellow) at LandLab S.r.l. Quinto Vicentino Vicenza, Italy. We selected the tomato as it is one of the most important industrial plants in Italy that is widely used for various purposes, and its environmental footprint may be reduced using recycled byproducts, thus rendering its production more efficient and sustainable. Lettuce was selected because it is commonly consumed worldwide as fresh greens and due to its recent use in vertical farming and hydroponics applications. These two plants are also widely studied in the literature for such experiments. Therefore, selecting them allowed us to compare the use of the eluate to other conventional nutrition substitutes. Young lettuce plants were purchased at a local nursery, while tomato seeds were germinated in a commercial peat-based germination mix in a controlled environment until seedling stage. After 21 days, seedlings were randomly selected and transplanted in 3 L pots filled with a dedicated substrate (70% sand +30% soil). Lettuce and tomato plants were grown for 50 and 90 days, respectively, from mid-March, with a photoperiod of approximately 12–15 h with natural daylight and with day/night temperatures that spanned from 40 °C to 15 °C (Figure S1). The solar radiation was recorded using a weather station (Davis Vantage Pro2, Davis Instruments, Hayward, CA, USA) located at Landlab S.r.l., Quinto Vicentino, and the greenhouse air temperature was recorded with a datalogger (Keytag Kt1Mu, Askey, Leiderdorp, The Netherlands).



The nutrition plans adopted for tomato and lettuce were the optimal model developed by Landlab S.r.l. in pot trials, matured over the course of years of research, and were considered as follows: lettuce N-P2O5-K2O 32.5-12.2-48.8 considering 80,000 plants/ha, and tomato N-P2O5-K2O 101.3-50.6-210.9 considering 50,000 plants/ha. Nutrients were provided via fertigation considering 2 events per week to supply plants 100% or 70% N. In detail, soluble fertilizers Novatec Solub 21 (Compo Expert), Hakaphos Basis 5 (Compo Expert), and Multi-K (Haifa) were balanced to provide the requested NPK, and they were dissolved in a water volume to provide 100 mL of solution per plant per fertigation. The solution was provided by hand, plant by plant. The eluate was considered to substitute 30% of the mineral N and reach the condition of 100% N. The resulting entries were the following: N100%, N70%, N70% + N30% with eluate. For every condition, 4 replicates made in 4 pots each were considered.



Irrigation was provided with a water volume that followed plant request, depending on the weather and plant growth stage.




2.3. Agronomic Paramenters


The growth of lettuce plants was monitored by capturing high-definition pictures of all plants 3 times during the trial: on the day of first eluate application, 7 days after transplant (T0); 23 days after T0 (T1); and 44 days after T0 (T2). The images were processed and analyzed as described in [16]. In brief, pictures were acquired with a reflex camera (Canon 2000D) mounted on a box that allowed pictures to be taken from above plants, at a fixed distance and illumination for all dates. Images were then analyzed using WinCAM (Regents Instruments Inc., Sainte Foy, Quebec, Canada) to generate values in cm2 (sqcm) to quantify the canopy of plants.



Tomato production was assessed by harvesting fruits 77 and 90 days after trans-plant. Ripe fruits were counted and weighed on the two dates, and unripe tomatoes were assessed on the second date to estimate the total potential fruit production.



Shoot and root fresh biomass were assessed at the end of the trial by separately weighing the two parts of every plant.




2.4. Rhizosphere DNA Extraction and Amplification


Roots were removed from the pots at the end of the trial, 50 and 90 days after transplanting for lettuce and tomato, respectively. The bulk soil was removed by manual shaking, and the soil in the vicinity of roots was collected. Subsamples from the 4 pots in every replicate were pooled together. The total DNA was extracted with the FastDNA™ SPIN Kit for Soil (MP Biomedicals, Santa Ana CA, USA) according to the manufacturer’s protocol from 500 mg of rhizosphere soil. Isolated DNA in each sample was quantified using the Quant-iT™ HS ds-DNA assay kit (Invitrogen, Waltham, Massachusetts, USA) with a QuBitTM fluorometer. Subsequently, DNA quality was verified on 1% agarose gel before PCR amplification.



The rhizosphere DNA was amplified via PCR to assess the microbial composition of each sample (V3–V4 hypervariable regions of the 16S rRNA gene for bacteria, Internal Transcribed Spacer 1 (ITS1) region of ribosomal DNA (rDNA) for fungi). The following sets of primers were used: 343f (5′-TACGGRAGGCAGCAG-3′) and 802r (5′-TACNVGGGTWTCTAATCC-3′) and ITS-1 (5′-TCCGTAGGTGAACCTGCGG-3′) and ITS-2 (5′-GCTGCGTTCTTCATCGATGC-3′), for bacteria and fungi, respectively. Reaction conditions, concentrations, and thermocycling profiles were previously detailed in [15,17], and they were followed without further modifications. Two-step PCRs were performed independently for each sample as reported in [18,19]. Briefly, the first one was carried for 20 cycles and the second one for 10 cycles, but the PCR mix included forward barcoded primers with a unique nucleotide code for the identification of each sample after the sequencing [20]. After the two PCRs, amplicons obtained were quantified as previously described, and the bacterial and fungal amplicons were then combined in two different pools. Each sample was pooled in equimolar ratio (30 ng of amplicons). The two pools were then purified with the solid phase reversible immobilizations (SPRI) method using Agencourt AMPure XP kit (Beckman Coulter, Milano, Italy) and shipped to Fasteris S. A. (Geneva, Switzerland) for sequencing using MiSeq Illumina technology (Illumina Inc, San Diego, CA, USA). Amplicon library preparation was done with the TruSeq DNA sample preparation kit (Illumina Inc., San Diego, CA, USA).




2.5. Amplicon Sequences Data Preparation


Sequences of 300 bp paired-end reads were generated, setting a minimum overlap of 30 bp between read pairs and a maximum of 2 mismatches allowed. The obtained sequences were demultiplexed according to the indexes and primers codes; the software used was the Fastx-toolkit (http://hannonlab.cshl.edu/fastx_toolkit/, accessed on 1 July 2022). Raw reads were aligned, and the amplicon sequences were generated by the PANDAseq software [21]. Chimeric sequences such as homopolymers > 10 bp and sequences that did not align with the target one (V3–V4 for bacteria and ITS1 for fungi) were discarded. Those sequences were removed using Mothur version 1.32.0 and the UCHIME algorithm with the UNITE database v6, respectively, for bacteria and fungi. The high-quality sequences obtained were processed with two different approaches, the operational taxonomic unit (OTU) and the taxonomy-based approach. For V3–V4 regions, OTUs and taxonomy matrixes were analyzed using Mothur v.1.32.1 [22], while statistical analyses were done by R version 3.0.0 (http://www.R-project.org/, accessed on 1 July 2022) supplemented with the Vegan package [23]. OTUs belonging to ITS1 amplicons were determined in UPARSE [24], as no aligned databases are available for ITS1. Mothur was then set with a minimum length of 120 bp and no upper length limit due to ITS variability.




2.6. Statistical Analysis


The statistical analysis (software XLSTAT by Addinsoft) for agronomic traits was conducted by considering the average value of every assessed parameter for every plot. The statistical analysis was performed for every parameter by means of one-way analysis of variance (one-way ANOVA) with Duncan Test (α) = 0.05. For every trait, at least one letter in common indicates no significant difference according to the Duncan test.



HTS sequences obtained were statistically analyzed in Mothur and R integrated with the Vegan package following the operational taxonomic unit (OTU) and taxonomy-based approach. The two approaches included the analysis of the microbial α-diversity based on the Shannon’s Index, the Observed Richness (S), the Simpson’s Diversity Index (D), and the Chao’s Index. The average linkage algorithm was applied at different taxonomic levels to visualize the hierarchical clustering of the sequences. Furthermore, the unconstrained sample grouping was assessed by Principal Component Analysis (PCA), while the Canonical Correspondence Analysis (CCA) was used to visualize the significance of different treatments on the analyzed diversity (constrained variance). Moreover, to examinate the differential abundances accounting for at least 1% of reads for a given sample, the Metastats script coupled with the FDR test for means comparison [25,26] was used to identify which OTUs were significantly different between different treatments. Finally, the OTU sequences found to be significantly different were submitted to the RDP (Ribosomal Database Project) and NCBI (National Center for Biotechnology Information) databases for bacterial OTUs, while Mycobank and NCBI databases were used for fungal OTUs.





3. Results


3.1. Effect of the Eluate on Plant Growth and Production


The use of the eluate aimed to reduce the application of mineral nitrogen by taking advantage of the N naturally present in the byproduct to limit the exploitation of the price-increasing nutrient. Following the nutrition plan for lettuce and tomato, respectively, 0.22 and 0.54 g eluate per plant per application were supplied, thus, 232.7 kg/ha and 724.9 kg/ha. The effect of the use of the eluate as a N source on plant growth and production was assessed considering the growth of lettuce canopy, the fruit production for tomato, and shoot and root biomass for both plant species.



3.1.1. Enhancement of Lettuce Growth


Lettuce growth was followed considering its canopy at three timepoints: the day of the first eluate application (T0) and 23 (T1) and 44 (T2) days later. The three conditions recorded very similar values at T0 (Table S2), but the differences between T0–T1, T1–T2, and in particular T0–T2, indicate that the eluate had a positive effect on plant growth (Figure 1; Table S3). In fact, N70% + N30% with eluate gave in the three timespans, respectively, +9.7%, −4.2%, and +3.2% versus N100%, with an overall improvement of plant canopy. N70% gave lower values than the other two conditions, as expected, and the total growth was significantly impaired compared to N70% + N30% with eluate (−12.9%).



The biomass of lettuce plants and the respective roots were also assessed. Results indicate that N70% + N30% with eluate gave +6.0% increase in terms of shoot biomass compared to N100%, while the root biomass was −2.7% versus the control. On the other hand, N70% gave −7.9% shoot biomass and +5.9% root biomass (although the difference was not significant in the latter case), suggesting that this condition induced plants to produce more roots to search for nutrients in the soil (Table 2).




3.1.2. Enhancement of Tomato Growth and Production


The same approach of reducing the use of mineral N was also considered for tomato, where the performance of the eluate in terms of fruit production and plant growth was considered. Ripe fruits were harvested, counted, and weighed twice, 77 and 90 days after transplant, and unripe tomatoes were assessed at the end of the trial. Results indicate that the reduction in available N (N70%) gave the highest number of ripe fruits per plant at the first harvest, with a subsequent higher yield, indicating an anticipated fruit maturation (Figure 2; Table S3). In fact, N70% gave +15.7% and +19.4% versus N100% in terms of fruit number and weight, respectively. Conversely, N70% + N30% with eluate resulted in a delayed ripening, with −11.3% in number and −14.6% in weight compared to N100%. At the second harvest, the use of the eluate increased both parameters, with +7.2% fruits and +9.9% weight compared to N100%. Considering unripe fruits in the total amount of produced fruits, N70% + N30% with eluate recorded the highest production, with +18.5% fruits and +11.6% weight compared to N100% and +19.7% and +15.7% compared to N70%.



The weight of plant shoots and roots was evaluated at the end of the trial by separating and weighing them. Results indicate that the addition of the eluate to the nutrition plan gave +12.0% and −7.9% shoot and root biomass, respectively, while both parameters for N70% were reduced (−7.9% shoot and −23.2% root weight) compared to N100% (Table 3).





3.2. Dynamics of Rhizosphere Microbial Communities


The two datasets, tomato and lettuce, comprised a total of 144,000 high-quality reads for bacterial amplicons and 120,000 for fungal amplicons, with the related average coverage of 87% and 96%, respectively. These results indicate that, for both plants, a discrete part of the microbial community was captured by the sequencing.



The biodiversity was assessed through the estimation of the Simpson’s D α-diversity index, whose algorithm evaluated the biodiversity based on the richness and diversity level of OTUs measured in each entry. The analysis outputs (shown in Figure S2) reported a decrease in the bacterial diversity for both lettuce and tomato, and a slight increase for the fungal diversity in tomato only.



The CCA model was applied to evaluate how the variables (N level, eluate, and the combination of the two) affected the microbial composition (Figure 3, Tomato: a, b, c—Lettuce: d, e, f). Analysis of the results shows a clear clustering according to all variables for both plants, meaning that the microbial communities were generally influenced by N level, eluate application, and their combinations. However, the shifts in the microbial composition were statistically significant only for the eluate (Figure 3b, 16.0% variance, p = 0.001) and the combination N70% + N30% (Figure 3c, 25.2% variance, p = 0.003) in the tomato rhizosphere community. The variance of the latter includes the two variables nutrition level and the eluate, which had respective p values of 0.088 and 0.002, confirming that significant levels were reached only in presence of the eluate. In the case of the lettuce plant, it should be noted that a strong trend of clustering for the eluate was also observed, but the effect was not significant (Figure 3e, 11.4% variance, p = 0.087). This trend in lettuce plants was also found when assessing the impact on the combination of N level and eluate together (Figure 3f, 19.5% variance, eluate contribution p = 0.081).



The OTUs hierarchical clustering of soil microbial communities of tomato and lettuce rhizosphere was generated at the Genus level, and the output result for bacteria is shown in Figure 4. Figure 4a clearly indicates that the eluate application on tomato caused significant changes in the rhizosphere bacterial OTUs, since N70% + N30% samples cluster separately, while N100% and N70% do not show any clustering. The clustering in the case of eluate was driven by a reduction in the Bacillus genus, of which a larger number of OTUs were depleted in the tomato rhizosphere samples. On the other hand, a majority of OTUs belonging to the genus Kaistobacter were present in the eluate samples. Furthermore, a relatively higher abundance of unclassified OTUs also contributed to the clustering of eluate samples.



The hierarchical clustering analysis carried out on lettuce samples did not indicate any clear clusters for the bacterial OTUs. However, a reduction in the Bacillus genus was also found for lettuce samples (Figure 4b). The hierarchical clustering analysis carried out on fungal OTUs of both plants did not result in clear clusters (Figure S3); this was probably due to a very high abundance of unclassified fungi, which comprised more than 50% of OTUs in some samples.



Exclusively for tomato samples, in which the most significant hierarchical clustering was observed, a detailed analysis on differently distributed OTUs was carried on with the Metastats model. This analysis enabled the identification of OTUs for which abundances were significantly affected by the treatments. As a result, a total of 11 bacterial OTUs and 21 fungal OTUs were individuated and submitted to databases for identification at the genus or species level to assess their possible ecological role in plant rhizosphere. Classification of 13 differently abundant OTUs was not possible since they belong to uncultured bacteria or unclassified fungi.



In Figure 5a are reported the differently abundant bacterial OTUs and their respective genera assigned. OTU1 showed a higher abundance, although not significant, in the presence of the eluate and was attributed to Arthrobacter globiformis. OTU2, attributed to Sphingomonas sediminicola, was significantly higher in the eluate samples. OTU3 and OTU4, belonging respectively to Bacillus megaterium (former Priestia megaterium) and Bacillus asahii, showed a significant reduction in the presence of the eluate. OTU7, assigned to Knoellia subterranean, was significantly higher in eluate samples. For the fungal OTUs (Figure 5b), OTU20098 was significantly higher in the N70% and was attributed to Mortierella rishikesha, and OTU77, belonging to Nigrospora vesicularifera, was found exclusively in N70% samples but not significantly so. Then, OTU33, assigned to Funneliformis mosseae, showed an increasing but not significant trend in the presence of the eluate. Finally, OTU4, assigned to Olpidium brassicae, was more abundant with the eluate but not significantly so.





4. Discussion


The present work explores the effects of LABs eluate as an integration in mineral N fertilization on tomato and lettuce plants grown in greenhouse conditions. The eluate was considered to replace 30% of the total N, and it was applied via fertigation two times per week for a total of 13 and 27 applications for lettuce and tomato, respectively.



The trial on lettuce revealed that the eluate N can be efficiently used to reduce the input of mineral N in the cultivation of these crops. In fact, its applications divided during the entire duration of the test caused higher and faster plant growth that consequently translated into a higher final yield. Moreover, the composition of the byproduct demonstrated an additional effect on plant growth, since N70% + N30% with eluate grew more than N100%. The slightly reduced root growth in the presence of the eluate suggests that this product put plants in a more comfortable condition compared to N100%, since the reduction in provided N induced a higher root growth. In fact, Tsouvaltzis et al. (2020) [27] reported that root growth is significantly affected by N, as its reduction by 50% resulted in increased (2.5 times) root length when compared to the control.



Similar results were observed for tomato, where the lower available N produced an earlier fruit maturation, caused by an earlier flowering due to lower nutrition. As a matter of fact, it is known that applying nitrogen fertilizer delays flowering in crop species [28]. It was further observed that the eluate caused a later maturation, suggesting that plants were in a more comfortable condition than N100%. In fact, plants supplied with the eluate produced a higher number of ripe tomatoes later than all the other conditions. Moreover, these latter plants gave the highest quantity of unripe fruits, more than the comfort condition (N100%). This suggests a biostimulant effect of the eluate, the use of which allowed not only a reduction in mineral N but also improved plant performances. In fact, the N70% + N30% produced a higher plant shoot biomass compared to N100%, indicating that the eluate nourishes the plants more than full mineral nutrition. The eluate reduced root growth, but this response to N levels is species-specific [29]. In fact, the trial on lettuce gave the opposite results, with N70% producing more roots than N100%, both with and without the eluate.



The microbiological analyses revealed interesting features regarding the rhizosphere microbial composition. CCA analysis showed a significant impact of the eluate on the microbial communities of tomato rhizosphere, regardless of N fertilization levels. Similar clustering was also found in lettuce, but the differences among the treatments were insignificant. Reduction in N fertilization by 30% had an impact on clustering; however, in N70% treatment, the impact of the eluate was highlighted with a clearly visible, distant, separate cluster of N70% + N30% treatment. Together with significant changes in the hierarchical clustering of the bacterial community in tomato samples, these findings suggest that, in reduced N conditions, the eluate was effective in shaping the microbial community. This can be attributed directly to the eluate since no significant clustering between N100% and N70% was found. Results regarding the microbial composition shift suggests that the presence of the eluate reduced the total abundance of certain bacterial OTUs, such as the ones belonging to the genus Bacillus. This can represent a downside since the Bacillus genus is one of the most important genera for plant growth promotion [30,31]. On the other hand, the eluate enabled/facilitated other genera of bacteria, such as Kaistobacter, often detected in soil environments and often associated with biocontrol and bioremediation activities [32]. Moreover, Kaisotbacter is also known for its capacity to carry photosynthesis and sustain plant growth in stress conditions [33]. The shift in the microbial composition could be explained by the fact that the nutrients carried by the eluate facilitated the development of certain fast-growing microorganisms that thrive in a nutrient-rich environment [34]. Those few bacterial species able to utilize this nutrient surplus developed and prevailed, while reducing the overall bacterial diversity (as shown in Figure S2). This can be attributed to the fact that, in reduced N conditions, the eluate affected the microbial community, as also evidenced by further Metastats analysis.



In lettuce, the insignificant impact of the treatments suggests that neither the N reduction nor the eluate use influenced the microbial composition. This can be explained by the fact that 30% reduction in the mineral N is not enough to significantly affect the microbial composition of lettuce rhizosphere. A rather similar result was obtained by Li et al. (2016), in which a 20% N reduction did not lead to any changes in the microbial communities of lettuce plants. These authors suggest that the threshold for such changes was about 50%, and seasonality was another issue affecting the overall composition of bacterial communities in greenhouse conditions [35]. Moreover, the short crop cycle and the consequently shorter time for rhizosphere microbial associations with plants could be responsible for the absence of significance.



Among the most abundant OTUs in the eluate-treated tomato samples, some were assigned to beneficial microorganisms. Among the bacterial OTUs was found Arthrobacter globiformis, a common rhizobacterium known to possess various plant-growth-promoting properties, such as the ability to fix atmospheric N [36]. This OTU, although not statistically significant, seems to increase when the eluate is applied. The same result was also obtained in our previous study, where the presence of A. globiformis in bare soil was significantly increased by the eluate application [16]. Similarly, we registered a significant increase in the abundance for Sphingomonas sediminicola. This soil-borne bacterium is reported to induce changes in the root system structure of Arabidopsis thaliana and Pisum sativum through the production of auxins and other phytohormones [37]. In other studies, the Sphingomonas genus is reported to produce siderophores and to fix nitrogen [38].



Additionally, Knoellia subterranea, a soil-borne bacterium reported to be able to reduce nitrate to nitrite [39], was also found to be enriched in the rhizospheric soil treated with the eluate. The genus was found to be involved in the maintenance of enzyme cycles under stress conditions, therefore providing resilience to the microbial composition of plant roots under stress [40]. Contrary to our previous study on bare soil, which demonstrated a good affinity between the eluate and many Bacillus species, in this study, we found a reduction in the abundance of Bacillus megaterium (now Priestia megaterium) and Bacillus asahii. The former is well-studied and known for its plant-growth-promoting activities [41], while the latter is reported to support soil fertility via acceleration carbon and phosphorus cycling [42]. Collectively, beyond underlining the key role the plants have in shaping and, such as in this case, restructuring the microbial community within the bare soil, these results point to the growth promotion induced by the eluate on PGPBs, both with and without plants, and that the eluate itself has a biostimulatory effect on plants as well.



Despite a weaker effect displayed by the eluate application on the rhizosphere fungal communities, a small number of fungal OTUs were enriched in the rhizosphere. Among them was Mortierella rishikesha, a fungus that was previously found in rhizosphere of wheat [43]. The Mortierella genera is known to carry some PGP properties [44], but no data are found in the literature for M. rishikesha species. The eluate increased the presence of Funneliformis mosseae, one of the most prevalent AM fungi able to establish a symbiotic relationship with tomato plants [45]. AMF–plant symbiosis is well-known for supporting plant growth in stress conditions [46,47] and is able to shape root architecture [48,49].



Collectively, these results highlight the beneficial role of the LABs eluate and its potential application as a biofertilizer, acting both on plants and on the soil/rhizosphere interface. Further works will elucidate the mechanistic bases for the PGPM selection promoted by this solution. We speculate that the LABs eluate’s metabolites, or their spent media byproducts, may selectively promote cross-feed niches [50] towards PGPMs and potentially supply plant nutrients directly [51] and indirectly (through the microbial community). Thus, it will be important to move our focus to field applications and to deepen our understanding of cross-talks between plants, microbes, soils, and biofertilizers.




5. Conclusions


The effect promoted by the LABs eluate application was interesting, not only for its effect on yield/biomass, but also for the trend in modulating the shoot/root growth ratio, which could be explained with a more efficient use of the nutrient by the plant and could promote valuable crop traits if confirmed in field trials. Moreover, the eluate correlation with delayed tomato fruit ripening was also interesting, as it may affect the plant’s life cycle and could possibly increase productivity. However, these trends will be confirmed by field trials and comparisons in more horticultural crops.



Additionally, HTS revealed a correlation between the eluate application and the rhizosphere microbial shift in tomato, whereas its impact was weaker in lettuce, where only some clustering trends were found. Overall, bacterial communities were more subjected to changes compared to the fugal communities in both plants. Deeper analysis of tomato rhizosphere revealed a higher presence of bacterial and fungal OTUs of importance for agriculture (although not always statistically significant), such as those of the Kaistobacter genus, Arthrobacter globiformis, Sphingomonas sediminicola, Knoellia subterranean, and Funneliformis mosseae.



These findings suggest the use of LABs eluate in greenhouses to integrate with mineral N fertilizer in order to stimulate plant growth and to enrich PGPM in the selected horticultural crops. Given its nature, the eluate is a sustainable ingredient that could reduce the application of costly mineral nitrogen employed in conventional agriculture, which is less available in quantity and affordability.



Further studies will aim to understand the underlying genetic and molecular mechanisms regulating both the selection on PGPMs and the resultant biostimulatory effect on crops, also validating the present results in field trials. These studies will be key not only to deepening our knowledge of microbial ecology within such agro-ecosystems (plant–microbe–soil–biostimulant), but also to building a new experimental framework and pipeline to test new circular economy products within modern agriculture.




6. Patents


The use of the eluate represented in this study has been protected by the patent nr. WO 2022/096723.
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The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/land11091544/s1. Table S1: Effect of the eluate on plant growth. The bidimensional growth of lettuce plants was assessed. Table S2: Effect of the eluate on plant growth. Average growth values (± s.d.) between T0–T1, T1–T2, and T0–T2 indicate that the use of the eluate to substitute 30% N is efficient in restoring and ameliorating plant growth. T0, 7 days after planting (DAP); T1, 29 DAP; T2, 50 DAP. Values ± s.d. are expressed in sqcm. Different letters differ significantly (p < 0.05, Duncan test). Table S3: Ripe and unripe tomato fruit number and weight. Ripe fruits were harvested 2 times, and unripe tomatoes were harvested at the end of the trial. Values ± s.d. are expressed in g. Different letters differ significantly (p < 0.05, Duncan test).





Author Contributions


G.B., conceptualization, methodology, formal analysis, data analysis, data interpretation, and writing original draft. E.T., methodology, data analysis, data interpretation, and writing original draft. S.S., methodology, experiment realization, formal analysis, and writing original draft. C.S., methodology and review and editing the draft. R.B., methodology. F.B., methodology. M.C.G., methodology. P.S.C., conceptualization, review and editing the draft, and supervision. F.V., methodology, conceptualization, validation, and review and editing the draft. E.P., conceptualization, software, formal analysis, resources, validation, writing, review and editing the draft, supervision, and project administration. All authors have read and agreed to the published version of the manuscript.




Funding


This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit sectors.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Eisa, M.; Ragauskaite, D.; Adhikari, S.; Bella, F.; Baltrusaitis, J. Role and Responsibility of Sustainable Chemistry and Engineering in Providing Safe and Sufficient Nitrogen Fertilizer Supply at Turbulent Times. ACS Sustain. Chem. Eng. 2022, 10, 8997–9001. [Google Scholar] [CrossRef]

	



Tyagi, J.; Ahmad, S.; Malik, M. Nitrogenous fertilizers: Impact on environment sustainability, mitigation strategies, and challenges. Int. J. Environ. Sci. Technol. 2022, 1–24. [Google Scholar] [CrossRef]

	



Wezel, A.; Herren, B.G.; Kerr, R.B.; Barrios, E.; Gonçalves, A.L.R.; Sinclair, F. Agroecological principles and elements and their implications for transitioning to sustainable food systems. A review. Agron. Sustain. Dev. 2020, 40, 1–13. [Google Scholar]

	



Morra, L.; Bilotto, M.; Baldantoni, D.; Alfani, A.; Baiano, S. A seven-year experiment in a vegetable crops sequence: Effects of replacing mineral fertilizers with Biowaste compost on crop productivity, soil organic carbon and nitrates concentrations. Sci. Hortic. 2021, 290, 110534. [Google Scholar] [CrossRef]

	



Chirinda, N.; Trujillo, C.; Loaiza, S.; Salazar, S.; Luna, J.; Tong Encinas, L.A.; Lavalle, L.A.B.L.; Tran, T. Nitrous oxide emissions from cassava fields amended with organic and inorganic fertilizers. Soil Use Manag. 2021, 37, 257–263. [Google Scholar] [CrossRef]

	



Chen, H.; Zhao, J.; Jiang, J.; Zhao, Z.; Guan, Z.; Chen, S.; Chen, F.; Fang, W.; Zhao, S. Effects of inorganic, organic and bio-organic fertilizer on growth, rhizosphere soil microflora and soil function sustainability in chrysanthemum monoculture. Agriculture 2021, 11, 1214. [Google Scholar] [CrossRef]

	



Ganugi, P.; Fiorini, A.; Ardenti, F.; Caffi, T.; Bonini, P.; Taskin, E.; Puglisi, E.; Tabaglio, V.; Trevisan, M.; Lucini, L. Nitrogen use efficiency, rhizosphere bacterial community, and root metabolome reprogramming due to maize seed treatment with microbial biostimulants. Physiol. Plant 2022, 174, e13679. [Google Scholar] [CrossRef]

	



Kanwal, Q.; Li, J.; Zeng, X. Mapping recyclability of industrial waste for anthropogenic circularity: A circular economy approach. ACS Sustain. Chem. Eng. 2021, 9, 11927–11936. [Google Scholar] [CrossRef]

	



Ren, A.-T.; Abbott, L.K.; Chen, Y.; Xiong, Y.-C.; Mickan, B.S. Nutrient recovery from anaerobic digestion of food waste: Impacts of digestate on plant growth and rhizosphere bacterial community composition and potential function in ryegrass. Biol. Fertil. Soils 2020, 56, 973–989. [Google Scholar] [CrossRef]

	



Caballero, P.; Rodríguez-Morgado, B.; Macías, S.; Tejada, M.; Parrado, J. Obtaining plant and soil biostimulants by waste whey fermentation. Waste Biomass Valorization 2020, 11, 3281–3292. [Google Scholar] [CrossRef]

	



Arora, N.K.; Mishra, I. United Nations Sustainable Development Goals 2030 and environmental sustainability: Race against time. Environ. Sustain. 2019, 2, 339–342. [Google Scholar] [CrossRef]

	



Bastida, F.; Hernández, T.; Garcia, C. Soil degradation and rehabilitation: Microorganisms and functionality. In Microbes at Work; Springer: Berlin/Heidelberg, Germany, 2010; pp. 253–270. [Google Scholar]

	



du Jardin, P. The Science of Plant Biostimulants—A Bibliographic Analysis, Ad hoc Study Report; European Commission: Brussels, Belgium, 2012; Available online: https://op.europa.eu/it/publication-detail/-/publication/5c1f9a38-57f4-4f5a-b021-cad867c1ef3c (accessed on 7 September 2017).

	



du Jardin, P.; Xu, L.; Geelen, D. Agricultural Functions and Action Mechanisms of Plant Biostimulants (PBs) an Introduction. Chem. Biol. Plant Biostimulants 2020, 1–30. [Google Scholar]

	



Bellotti, G.; Taskin, E.; Guerrieri, M.C.; Beone, G.M.; Remelli, S.; Menta, C.; Remelli, S.; Bandini, F.; Tabaglio, V.; Fiorini, A.; et al. Agronomical valorization of eluates from the industrial production of microorganisms: Chemical, microbiological and ecotoxicological assessment of a novel putative biostimulant. Front. Plant Sci. 2022, 13, 2513. [Google Scholar] [CrossRef] [PubMed]

	



Sut, S.; Ferrarese, I.; Shrestha, S.S.; Kumar, G.; Slaviero, A.; Sello, S.; Altissimo, A.; Pagni, L.; Gattesco, F.; Dall’Acqua, S. Comparison of biostimulant treatments in Acmella oleracea cultivation for alkylamides production. Plants 2020, 9, 818. [Google Scholar] [CrossRef]

	



Taskin, E.; Misci, C.; Bandini, F.; Fiorini, A.; Pacini, N.; Obiero, C.; Ndaka Sila, D.; Tabaglio, V.; Puglisi, E. Smallholder Farmers’ Practices and African Indigenous Vegetables Affect Soil Microbial Biodiversity and Enzyme Activities in Lake Naivasha Basin, Kenya. Biology 2021, 10, 44. [Google Scholar] [CrossRef]

	



Bandini, F.; Misci, C.; Taskin, E.; Cocconcelli, P.S.; Puglisi, E. Biopolymers modulate microbial communities in municipal organic waste digestion. FEMS Microbiol. Ecol. 2020, 96, fiaa183. [Google Scholar] [CrossRef]

	



Vasileiadis, S.; Puglisi, E.; Trevisan, M.; Scheckel, K.G.; Langdon, K.A.; McLaughlin, M.J.; Lombi, E.; Donner, E. Changes in soil bacterial communities and diversity in response to long-term silver exposure. FEMS Microbiol. Ecol. 2015, 91, fiv114. [Google Scholar] [CrossRef]

	



Berry, D.; ben Mahfoudh, K.; Wagner, M.; Loy, A. Barcoded primers used in multiplex amplicon pyrosequencing bias amplification. Appl. Env. Microbiol. 2011, 77, 7846–7849. [Google Scholar] [CrossRef]

	



Masella, A.P.; Bartram, A.K.; Truszkowski, J.M.; Brown, D.G.; Neufeld, J.D. PANDAseq: Paired-end assembler for illumina sequences. BMC Bioinform. 2012, 13, 1–7. [Google Scholar] [CrossRef]

	



Schloss, P.D.; Westcott, S.L.; Ryabin, T.; Hall, J.R.; Hartmann, M.; Hollister, E.B.; Lesniewski, R.A.; Oakley, B.B.; Parks, D.H.; Robinson, C.J.; et al. Introducing mothur: Open-source, platform-independent, community-supported software for describing and comparing microbial communities. Appl. Environ. Microbiol. 2009, 75, 7537–7541. [Google Scholar] [CrossRef]

	



Dixon, P. VEGAN, a package of R functions for community ecology. J. Veg. Sci. 2003, 14, 927–930. [Google Scholar] [CrossRef]

	



Edgar, R.C. UPARSE: Highly accurate OTU sequences from microbial amplicon reads. Nat. Methods 2013, 10, 996–998. [Google Scholar] [CrossRef] [PubMed]

	



Paulson, J.N.; Pop, M.; Bravo, H.C. Metastats: An improved statistical method for analysis of metagenomic data. Genome Biol. 2011, 12, 1–27. [Google Scholar] [CrossRef]

	



White, J.R.; Nagarajan, N.; Pop, M. Statistical methods for detecting differentially abundant features in clinical metagenomic samples. PLoS Comput. Biol. 2009, 5, e1000352. [Google Scholar] [CrossRef]

	



Tsouvaltzis, P.; Kasampalis, D.S.; Aktsoglou, D.-C.; Barbayiannis, N.; Siomos, A.S. Effect of reduced nitrogen and supplemented amino acids nutrient solution on the nutritional quality of baby green and red lettuce grown in a floating system. Agronomy 2020, 10, 922. [Google Scholar] [CrossRef]

	



Castro Marín, I.; Loef, I.; Bartetzko, L.; Searle, I.; Coupland, G.; Stitt, M.; Osuna, D. Nitrate regulates floral induction in Arabidopsis, acting independently of light, gibberellin and autonomous pathways. Planta 2011, 233, 539–552. [Google Scholar] [CrossRef] [PubMed]

	



Fageria, N.K.; Moreira, A. The role of mineral nutrition on root growth of crop plants. Adv. Agron. 2011, 110, 251–331. [Google Scholar]

	



Blake, C.; Christensen, M.N.; Kovács, Á.T. Molecular aspects of plant growth promotion and protection by Bacillus subtilis. Mol. Plant-Microbe Interact. 2021, 34, 15–25. [Google Scholar] [CrossRef]

	



Akinrinlola, R.J.; Yuen, G.Y.; Drijber, R.A.; Adesemoye, A.O. Evaluation of Bacillus strains for plant growth promotion and predictability of efficacy by in vitro physiological traits. Int. J. Microbiol. 2018, 2018. [Google Scholar] [CrossRef]

	



Li, J.; Luo, C.; Zhang, D.; Cai, X.; Jiang, L.; Zhao, X.; Zhang, G. Diversity of the active phenanthrene degraders in PAH-polluted soil is shaped by ryegrass rhizosphere and root exudates. Soil Biol. Biochem. 2019, 128, 100–110. [Google Scholar] [CrossRef]

	



Zhong, Z.; Huang, X.; Feng, D.; Xing, S.; Weng, B. Long-term effects of legume mulching on soil chemical properties and bacterial community composition and structure. Agric. Ecosyst. Environ. 2018, 268, 24–33. [Google Scholar] [CrossRef]

	



Meidute, S.; Demoling, F.; Bååth, E. Antagonistic and synergistic effects of fungal and bacterial growth in soil after adding different carbon and nitrogen sources. Soil Biol. Biochem. 2008, 40, 2334–2343. [Google Scholar] [CrossRef]

	



Li, J.-G.; Shen, M.-C.; Hou, J.-F.; Li, L.; Wu, J.-X.; Dong, Y.-H. Effect of different levels of nitrogen on rhizosphere bacterial community structure in intensive monoculture of greenhouse lettuce. Sci. Rep. 2016, 6, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, M.; Mishra, V.; Rau, N.; Sharma, R.S. Increased iron-stress resilience of maize through inoculation of siderophore-producing Arthrobacter globiformis from mine. J. Basic Microbiol. 2016, 56, 719–735. [Google Scholar] [CrossRef] [PubMed]

	



Lucini, L.; Colla, G.; Moreno, M.B.M.; Bernardo, L.; Cardarelli, M.; Terzi, V.; Bonini, P.; Rouphael, Y. Inoculation of Rhizoglomus irregulare or Trichoderma atroviride differentially modulates metabolite profiling of wheat root exudates. Phytochemistry 2019, 157, 158–167. [Google Scholar] [CrossRef]

	



Luo, Y.; Zhou, M.; Zhao, Q.; Wang, F.; Gao, J.; Sheng, H.; An, L. Complete genome sequence of Sphingomonas sp. Cra20, a drought resistant and plant growth promoting rhizobacteria. Genomics 2020, 112, 3648–3657. [Google Scholar] [CrossRef]

	



Groth, I.; Schumann, P.; Schütze, B.; Augsten, K.; Stackebrandt, E. Knoellia sinensis gen. nov., sp. nov. and Knoellia subterranea sp. nov., two novel actinobacteria isolated from a cave. Int. J. Syst. Evol. Microbiol. 2002, 52, 77–84. [Google Scholar] [CrossRef]

	



Zhang, X.; Myrold, D.D.; Shi, L.; Kuzyakov, Y.; Dai, H.; Hoang, D.T.T.; Dippold, M.A.; Meng, X.; Song, X.; Li, Z.; et al. Resistance of microbial community and its functional sensitivity in the rhizosphere hotspots to drought. Soil Biol. Biochem. 2021, 161, 108360. [Google Scholar] [CrossRef]

	



Biedendieck, R.; Knuuti, T.; Moore, S.J.; Jahn, D. The “beauty in the beast”—the multiple uses of Priestia megaterium in biotechnology. Appl. Microbiol. Biotechnol. 2021, 105, 5719–5737. [Google Scholar] [CrossRef]

	



Jiang, H.; Feng, Y.; Zhao, F.; Lin, X. Characteristics and Complete Genome Analysis of Bacillus asahii OM18, a Bacterium in Relation to Soil Fertility in Alkaline Soils Under Long-Term Organic Manure Amendment. Curr. Microbiol. 2019, 76, 1512–1519. [Google Scholar] [CrossRef]

	



Schlatter, D.C.; Yin, C.; Hulbert, S.; Paulitz, T.C. Core rhizosphere microbiomes of dryland wheat are influenced by location and land use history. Appl. Environ. Microbiol. 2020, 86, e02135-19. [Google Scholar] [CrossRef] [PubMed]

	



Ozimek, E.; Hanaka, A. Mortierella species as the plant growth-promoting fungi present in the agricultural soils. Agriculture 2020, 11, 7. [Google Scholar] [CrossRef]

	



Feng, J.; Huang, Z.; Zhang, Y.; Rui, W.; Lei, X.; Li, Z. Beneficial effects of the five isolates of Funneliformis mosseae on the tomato plants were not related to their evolutionary distances of SSU rDNA or PT1 sequences in the nutrition solution production. Plants 2021, 10, 1948. [Google Scholar] [CrossRef] [PubMed]

	



Azcón, R.; Rodríguez, R.; Amora-Lazcano, E.; Ambrosano, E. Uptake and metabolism of nitrate in mycorrhizal plants as affected by water availability and N concentration in soil. Eur. J. Soil Sci. 2008, 59, 131–138. [Google Scholar] [CrossRef]

	



Miransari, M. Arbuscular mycorrhizal fungi and nitrogen uptake. Arch. Microbiol. 2011, 193, 77–81. [Google Scholar] [CrossRef]

	



Pozo, M.J.; Azcón-Aguilar, C. Unraveling mycorrhiza-induced resistance. Curr. Opin. Plant Biol. 2007, 10, 393–398. [Google Scholar] [CrossRef] [PubMed]

	



Cao, M.A.; Liu, R.C.; Xiao, Z.Y.; Hashem, A.; Abd_Allah, E.F.; Alsayed, M.F.; Harsonowati, W.; Wu, Q.S. Symbiotic Fungi Alter the Acquisition of Phosphorus in Camellia oleifera through Regulating Root Architecture, Plant Phosphate Transporter Gene Expressions and Soil Phosphatase Activities. J. Fungi 2022, 8, 800. [Google Scholar] [CrossRef]

	



Murillo-Roos, M.; Abdullah, H.S.M.; Debbar, M.; Ueberschaar, N.; Agler, M.T. Cross-feeding niches among commensal leaf bacteria are shaped by the interaction of strain-level diversity and resource availability. ISME J. 2022, 16, 2280–2289. [Google Scholar] [CrossRef]

	



Lamont, J.R.; Wilkins, O.; Bywater-Ekegärd, M.; Smith, D.L. From yogurt to yield: Potential applications of lactic acid bacteria in plant production. Soil Biol. Biochem. 2017, 111, 1–9. [Google Scholar] [CrossRef]








[image: Land 11 01544 g001 550] 





Figure 1. Effect of the eluate on plant growth. The replacement of 30%N with the eluate filled the gap and surpassed N100% in the first growth phase (dark grey) and in total growth. The numbers in the bars are expressed in sqcm and indicate the difference between T0–T1 and T1–T2, while the total growth is shown above the bars. Thin light grey bars indicate 95% confidence interval. Bars labeled with different letters differ significantly (p < 0.05, Duncan test). 
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Figure 2. Effect of the eluate on tomato production. Ripe fruits (dark grey and mid grey) were harvested twice, while unripe fruits (light grey) were harvested at the end of the trial, at the second harvest. The reduction in N (N70%) caused an anticipation of fruit ripening (left box, 1° harvest) and an increase in the yield (right box, 1° harvest). Conversely, the addition of the eluate to reach full nutrition delayed both parameters, but it caused a significant increase in the total fruit number and a high rise in the total yield, also compared with N100%. Thin black bars indicate the 95% confidence interval. The total production is shown above the bars. Bars labeled with different letters differ significantly (p < 0.05, Duncan test). 
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Figure 3. Canonical correspondence analyses (CCAs) on the impact of the eluate treatments at two levels of Nitrogen availability on the structure of bacterial communities. Dedicated p values are indicated on the right upper and left lower corners of the results (Upper half (a–c) is tomato. Lower half (d–f) is lettuce). 
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Figure 4. Hierarchical cluster of classified sequences using the average linkage algorithm at family classification level for bacterial taxa contributing at least 5% to a single sample for tomato (a) and lettuce (b). Taxa below the 5% threshold are attributed to the sequence group named “other”. 
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Figure 5. Metastats model output indicating relative abundances of the 11 most abundant bacterial OTUs (a) and 21 fungal OTUs (b) observed in tomato rhizosphere, comprising 95% of the bacterial diversity found in each treatment. OTUs showing significant differences according to statistical analysis are highlighted with different letters. The assigned genera or species are indicated for each OTU. 
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Table 1. Eluate amino acidic composition determined with HPLC analysis.
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	Amino Acid
	Content %





	Alanine
	0.96



	Arginine
	0.40



	Asparagine (incl. Aspartic acid)
	1.07



	Hydroxyproline
	0.25



	Cysteine
	0.24



	Glutamic acid
	1.83



	Glycine
	0.55



	Histidine
	0.20



	Isoleucine
	0.46



	Leucine
	0.74



	Lysine
	0.77



	Methionine
	0.13



	Phenylalanine
	0.41



	Proline
	0.45



	Serine
	0.46



	Threonine
	0.41



	Tryptophan
	0.08



	Tyrosine
	0.29



	Valine
	0.62
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Table 2. Lettuce shoots and roots fresh biomass. The addition of the eluate to the fertigation plan improved the weight of lettuce plants, while it reduced the weight of roots. A reduced N supply reduced the shoot biomass and increased root weight. Values ±95% confidence interval are expressed in g. Different letters differ significantly (p < 0.05, Duncan test).
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	Fertilization Level
	Shoot Fresh Biomass (g)
	Root Fresh Biomass (g)





	N100%
	173.57 (±14.23) ab
	17.96 (±2.31)



	N70%
	159.82 (±3.75) b
	19.01 (±1.93)



	N70% + N30% from eluate
	183.99 (±13.77) a
	17.47 (±1.72)
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Table 3. Tomato shoots and roots fresh biomass. The addition of the eluate to fill the N gap with N100% gave the highest value in terms of shoot biomass and reduced the growth of roots compared to full nutrition. Values 95% confidence interval are expressed in g. Different letters differ significantly (p < 0.05, Duncan test).
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	Fertilization Level
	Shoot Fresh Biomass (g)
	Root Fresh Biomass (g)





	N100%
	107.69 (±7.26)
	22.53 (±4.31)



	N70%
	99.24 (±8.51)
	17.30 (±2.62)



	N70% + N30% from eluate
	120.65 (±14.22)
	20.74 (±4.85)
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