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Abstract

:

The search for new biodegradable fertilizers to increase the productivity of agricultural plants is an urgent task. In this study, a complex microfertilizer was developed based on a chelating agent—glutamic-N,N-diacetic acid (GLDA). The evaluation encompassed assessments of biodegradability and effectiveness in fostering lettuce plant growth in hydroponic and conventional soil settings. The impact on endospheric bacteria, a sensitive indicator, was also examined. Results indicated a 59.8% degradation rate of the GLDA complex on the 28th day. The most notable positive effects were observed in above-ground plant biomass, with a 4.6-fold increase for hydroponics and 1.5 to 1.8-fold increases for root and foliar treatments in soil. In hydroponics, GLDA-treated plants showed 24 and 45 operational taxonomic units (OTUs) for leaves and 272 and 258 for roots (GLDA-treated and control plants). In soil, the OTU counts were 270 and 101, 221 and 111, and 198 and 116 in the leaves and roots of GLDA-treated and control plants (under root and foliar treatments), respectively. Non-metric multidimensional scaling (NMDS) and Indicator Species Analysis (ISA) demonstrated significant distinctions in endospheric communities between substrates (hydroponics and soil) in the presence of GLDA. Importantly, GLDA use simplified the composition of endospheric bacterial communities.
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1. Introduction


Classical chelating agents such as ethylenediaminetetraacetic acid (EDTA) and diethylenetriaminepentaacetic acid (DTPA) exhibit up to 10 times higher microelement assimilation compared to traditional fertilizers in mineral forms. Despite their efficacy, chelates based on EDTA suffer from notable drawbacks, including low biodegradation rates, environmental accumulation, and mobilization of heavy metals [1]. EDTA contains six donor atoms and functions as a hexadentate ligand. The chemical structure of EDTA confers higher stability constants in metal binding compared to most chelators, as evidenced by scientific studies [2,3]. Investigations indicate that EDTA and EDTA-based chelates exhibit remarkable resistance to biodegradation [4]. In particular, using a CO2 evolution test, EDTA degradation rate was demonstrated to range between 6 and 10% within 28 days of incubation, and its complexes exhibited a degradation level of around 10–50% [5,6,7].



The search for and implementation of alternative chelating agents, characterized by high efficiency, biodegradability, and ecological compatibility, represent a contemporary challenge. This study explores the aminopolycarboxylate complex, specifically glutamic-N,N-diacetic acid (GLDA), as a potential alternative to traditional chelators. GLDA is a pentadentate chelating agent characterized by high water solubility and reduced tendency to crystallize in concentrated acid solutions [8]. The stability constants of chelate complexes based on GLDA are significantly lower than those of corresponding complexes with EDTA for the respective metals (iron and chromium) [9].



GLDA, hitherto unused in agriculture, finds applications in various industries, including oil well stimulation, cosmetics, hypoallergenic laundry detergents, high-performance dishwashing agents, and water treatment [10]. GLDA is known to form complexes with metal ions such as Ca2+, Mg2+, Sr2+, Ba2+, Hg2+, Cu2+, Cd2+, Co2+, Fe2+, Mn2+, Ni2+, Pb2+, Zn2+, Al3+, and Fe3+ [11]. It exists in two isomeric states, with GLDA (Scheme 1) being considered biodegradable, displaying a degradation rate exceeding 60% over 28 days [2].



However, information regarding the biodegradation of GLDA-based chelate complexes and their behavior in the environment remains limited compared to well-studied chelators such as EDTA.



The physiological intricacies of plantmicrobiome interactions underscore the importance of understanding the complex structure of microbial communities associated with plants [12]. Endophytic microbiomes, a pivotal component influencing plant health, engage in mutualistic relationships with plants, directly impacting the production of phytohormones, antibiotics, and mineral nutrient absorption, thereby fostering plant growth and development [13].



Both chemical and organic fertilizers can influence the structure of endophytic communities. Excessive use of chemical fertilizers during wheat cultivation has been reported to alter the root endophytic community structure, increasing wheat susceptibility to crown rot disease [14]. Researchers are also exploring potential risks to human health associated with endophytes, particularly concerning plants that are consumed raw. Wang et al. (2023) identified 20 potential human pathogens in the endophytic microbiome of lettuce, along with the presence of 137 antibiotic resistance genes and 31 mobile genetic elements [15,16]



In the context of this study, GLDA is investigated as an alternative to traditional chelators for micronutrient chelation in plants. A microfertilizer containing four GLDA-chelated elements (Fe, Cu, Mn, and Zn) and two unchelated elements (B and Mo) was formulated and evaluated for both biodegradability and efficacy in promoting lettuce growth under hydroponic and soil cultivation [17]. Given the pivotal role of endophytic bacterial communities in plant health and their potential as indicators of plant responses to external stimuli, the composition of endospheric bacterial communities was analyzed and compared with non-fertilized plants for discernible distinctions.




2. Materials and Methods


2.1. Characteristics of Microfertilizer


A GLDA solution (pH 6.66) was prepared by mixing individual solutions of the GLDA salts (GLDA∗Fe, GLDA∗Zn, GLDA∗Cu, and GLDA∗Mn) as well as H3BO3 and (NH4)6Mo7O24. Solutions of individual GLDA salts were prepared by reaction of Na4GLDA solution with, respectively, FeSO4∗7H2O, ZnSO4∗7H2O, CuSO4∗5H2O, and MnSO4∗H2O, in the 1:1 molar ratio with respect to the metals [18]. Na4GLDA was received from Nouryon as Dissolvine GL-47-S (47% water solution). Iron (II) sulfate heptahydrate, zinc (II) sulfate heptahydrate, copper (II) sulfate pentahydrate, manganese (II) sulfate monohydrate, orthoboric acid, and hexaammonium molybdate were purchased from Khimreaktiv, Russia (pure for analysis).




2.2. Degradability Analysis of GLDA-Based Chelates


The biodegradability of chelating agents was estimated according to the Test No. 301 OECD, with slight modifications [19]. For this purpose, chelated GLDA fertilizer was incubated in sealed containers with a volume of 0.03 L for 28 days at a constant temperature of 25 °C. Microorganisms were isolated from chicken manure and passaged 2 times. Before incubation, the concentration of microorganisms was 3 × 105 CFU/mL. Vessels with microbial inoculums with glucose at a concentration of 30 mg/L were used as a control, with a theoretical value of carbon dioxide released (ThCO2) of 3.3. To assess the degree of chemical degradation of GLDA, the chelated vials were incubated without microorganisms. The mixtures were incubated in the dark; on days 1, 4, 7, and 28, the CO2 content in the gas–air mixture was determined by gas chromatography on a GC-2010 Plus device (Shimadzu, Japan). The biodegradation rate (Dm, %) was calculated as the difference between the mass of CO2, released in the vessel, with the test compound and the average value of the mass of CO2 released in the empty vessel related to ThCO2.




2.3. Vegetation Experiment


2.3.1. Overall Experimental Design


The experiments were conducted in a greenhouse at the Kazan Federal University, Russia, between late spring and early summer 2021. The effect of GLDA on lettuce yield was analyzed in two different substrates—hydroponic and soil. In hydroponic lettuce cultivation, the efficiency of using GLDA-based micronutrients was compared with using micronutrients in the form of mineral salts in equivalent quantities. When growing lettuce in soil, the lettuce was fertilized with microelement fertilizers in chelated form in two ways: aqueous solutions were applied under the root and on the leaves (root and foliar treatment, respectively). Lettuce (Lactuca sativa var. crispa L. «Salad Bowl») seeds were sown in a tray filled with vermiculite and raised for 10 days, and lettuce seedlings were then planted in hydroponic (floating) systems. Plants were grown in a greenhouse with a light regime (light/night)—16:8 h, at 22 °C for 28 days. On the 28th day of the experiment, the effect of the chelated microfertilizers on the length and biomass of lettuce plants as well as chlorophyll content in leaves were determined. In addition, plants were isolated and stored at −80 °C for further DNA extraction. Above-ground and below-ground parts of lettuce plants were analyzed separately. The sample variants are presented in Table 1.




2.3.2. Hydroponic Cultivation


The hydroponic system was made up of three separate 12 L plastic tanks (water depth 19 cm) for each variant, with a polystyrene tray hosting 9 plants of lettuce (18 plants in total). The hydroponic water contained the following macronutrients: N-NO3 (14.0 мM), N-NH4+ (2.0 мM), P (2.0 мM), K (10.0 мM), Ca (4.5 мM), Mg (2.0 мM), and S-SO4. (5.0 мM) [20]. The following salts were used to prepare the hydroponic solution: 5[Ca(NO3)2∗2H2O], NH4NO3, KH2PO4, MgSO4∗7H2O, KNO3, and K2SO4. Every 7 days, the hydroponic mixtures were replaced with fresh ones.



In the control sample, micronutrients were added to the hydroponic system in the form of mineral salts: iron (II) sulfate heptahydrate, zinc (II) sulfate heptahydrate, copper (II) sulfate pentahydrate, manganese (II) sulfate monohydrate, orthoboric acid, and hexaammonium molybdate. The micronutrients’ content in the solution was the same as for the GLDA solution: B 53.6, Cu 4.6, Fe 27.9, Mn 22.1, Mo 1.2, and Zn 6.3 μM/L [21].




2.3.3. Soil Cultivation


The soil was taken from a backyard garden in the city (55.790934, 49.120356) at a depth of 20–40 cm. Physicochemical characteristics of the soil used in the study are presented in Table S1 (Supplementary Materials).



The experiment with model soil was organized as follows: 10 kg of soil was placed in black plastic containers (3 containers for each test sample). To supply plants with NPK elements, 0.133 g/kg soil of superphosphate and 0.35 g/kg soil of potassium nitrate were introduced into the soil once, at the beginning of the vegetation experiment.



Treatment with chelated and mineral fertilizers was carried out according to the FAO recommendations for specific plant species (EMSP for greenhouse vegetable crops in south-eastern Europe). Microelements in chelated form were added to the soil in the amounts B 129, Cu 11, Fe 67, Mn 53, Mo 3, and Zn 15 μM. Root fertilizers were applied on the 14th and 21st days of plant growth in the soil, according to recommendations for the use of commercial EDTA-based fertilizer with a similar microelement content (Aquarin, produced by the manufacturer «Buisky Chemical Plant»). For foliar feeding, the plants were sprayed 4 times during the vegetation experiment, in the evenings, with a portable sprayer, until the surfaces of the upper and lower leaves were completely wetted with a solution containing B 129, Cu 11, Fe 67, Mn 53, Mo 3, and Zn 15 μM. The volume of solution required for foliar treatment of plants in each box was around 100 mL. The first spray was given at the 4-leaf stage and the remaining 3 sprays were given at 1-week intervals.





2.4. Analytical Methods


Plants were harvested at the end of each experiment, and plant height, root length, and fresh biomass of 18 plants from each treatment were measured and recorded. The content of chlorophyll in lettuce Lactuca sativa was measured using Dualex Scientific+™ (Force-A, Orsay, France) [22].



After completing the soil and hydroponic growing experiments, the endophytic microbial community of lettuce leaves and roots was estimated according to [23]. Briefly, the surfaces of lettuce roots and leaves were washed under running water. Roots and leaves were sterilized by sequentially soaking in 2.5% sodium hypochlorite for 2 min, rinsing in sterilized tap water, immersing in 70% ethanol for 3 min, rinsing 5 times in sterile tap water. The presence of bacteria in the final eluent was checked by monitoring the colony formation on an LB agar plate after incubation at 37 °C for 24 h. Then, sterilized leaves and roots, 0.3 g each, were ground in sterile mortars in liquid nitrogen. For DNA extraction, the MoBio Power Soil DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA, USA) was used according to the manufacturer’s instructions.



Analysis of the bacterial endophytic community association was performed using the Illumina MiSeq platform (Illumina, San Diego, CA, USA). The procedures for genomic library preparation, 16S rRNA gene sequencing, and data processing followed the same procedures previously described by Danilova N. [16]. The number of raw reads ranged between 13,375 and 53,479 for 16S rRNA amplicons. 16S pRNA sequencing data were analyzed using Quantitative Insights Into Microbial Ecology (QIIME) platform software (Version 1.9.1) and a table of sequence variants with taxonomy based on the Silva reference database version 132 was created [24]. Operational taxonomic units (OTUs) were grouped at a similarity threshold of 97%.




2.5. Statistical Analysis


All measurements were carried out at least in triplicate. The obtained data were processed using the Microsoft program Office Excel 2016 (Redmond, WA, USA). The data shown in Figure 1 and Figure 2 are mean values, and the bars represent standard errors of the means. To assess the significance of differences, the nonparametric Mann–Whitney test at p ≤ 0.05 was used. For bacterial community analysis, data on relative abundance of different OTUs were used. Venn diagrams presented in the study were generated using the Bioinformatics & Evolutionary Genomics tool [25]. Alpha diversity of the bacterial communities was assessed using the Shannon–Wiener and Simpson criteria [26,27]. To analyze the beta diversity of the communities, nonmetric multidimensional scaling (NMDS) analysis within the vegan package of R was performed [28]. It was based on indices of average statistical indicators, calculated using the Bray–Curtis coefficient [29]. Indicator species analysis (ISA) was conducted in R, using the Indicspecies package (Version 1.7.12) [30,31].





3. Results


3.1. Biodegradability of the Chelating Agents


The degradability of GLDA was evaluated by distinguishing between biotic and abiotic degradation through the involvement and exclusion of the microbial community, respectively. The temporal evolution of this process, assessed over a duration of 28 days, is depicted in Figure 1. On the initial day of observation, biological degradation accounted for 19%, whereas chemical degradation constituted only 0.2%. Subsequently, the degradation rate exhibited a progressive increase, reaching 59.8% on day 28. Notably, the relative contributions of biological and chemical processes underwent variation, with approximately one-quarter of the degradation attributed to chemical processes by the conclusion of the 28-day period.




3.2. Influence of GLDA-Based Chelates on Lettuce Growth and Microelement Uptake


Subsequently, the impact of a GLDA-based fertilizer on the growth and development of lettuce plants cultivated on two distinct substrates was assessed. The first experiment employed soil as the substrate, while the second utilized a hydroponic mixture. Images of the plant samples are presented in Tables S2–S5.



In the control soil samples, with no GLDA in soil (S-Cont), the lengths and biomass of the above-ground part (A) and roots (B) of the lettuce plants were 22.3 ± 0.38 cm, 10.6 ± 0.31 cm, and 11.8 ± 0.97 g and 0.57 ± 0.058 g, respectively. In the hydroponic experiment (H-Cont), essential nutrients (N, P, K, B, Cu, Fe, Mn, Mo, and Zn) were introduced into the control solution in the form of mineral salts at appropriate concentrations. The corresponding values were 18.4 ± 1.21 cm, 12.2 ± 2.21 cm, and 10.9 ± 3.15 g and 1.2 ± 0.48 g. Chlorophyll content in the leaves of control variants was 11.86 ± 1.82 μg/cm2 in soil and 7.83 ± 2.79 μg/cm2 in hydroponics.



In hydroponics, GLDA variants (H-GLDA), Fe, Zn, Cu, and Mn mineral salts, were substituted with corresponding GLDA-based complexes. In the soil experiment, GLDA chelates were applied in two distinct manners—via root application and foliar application—resulting in two analyzed variants denoted as Sr-GLDA and Sf-GLDA, respectively. It was observed that the application of GLDA chelates led to an increase in the lengths and biomass of lettuce roots and leaves in both cultivation methods (H and S) and in both treatment variants in the soil experiment (Sr and Sf) (Figure 2a,b,d,e). The enhancement over the control amounted to 1.7, 1.8, 4.6, and 2.5 times for the H-GLDA variant for leaf and root lengths and leaf and root biomass, respectively. For the Sr-GLDA variant, such enhancement was 1.4, and 1.3 times, and for the Sf-GLDA variant, it was 1.5 and 1.8 times for leaf lengths and leaf biomass, respectively.



The application of the chelated micronutrient fertilizer did not result in significant changes in chlorophyll content in the leaves of plants cultivated in soil, unlike those cultivated in hydroponics. In the latter case, the enhancement amounted to 1.6 times.




3.3. Influence of GLDA Chelate Fertilization on Leaf and Root Endophytic Bacterial Communities


The composition of endophytic bacterial communities was determined based on 16S rRNA amplicon sequencing using the Illumina MiSeq platform. The raw data are presented in Supplement Table S6. From the samples of leaves and roots of plants grown hydroponically or in soil (two types of treatments), 619 sequences were obtained. After chimera removal and quality control, the sequences were assigned to 603 OTUs.



In both leaf and root endophytic microbiomes, in both hydroponic and soil experiments, OTUs belonging to the phyla Proteobacteria (15–60%) and Bacteroidetes (14–24%) predominated. Additionally, Firmicutes was the dominant phylum in the leaf endophytic microbiome (35–46%) (Figure 3).



The evaluation of shared bacterial species within the endophytic community, identified in all leaf and root samples (Figure 4), presented an interesting perspective. A total of six common (core) bacterial species were identified in the endophytic microbiome of the leaves. These bacterial taxa are associated with the genera Lactobacillus, Reyranella (Proteobacteria), Sphingomonas, Aquabacterium, and bacteria of the order Sphingobacteriales. In contrast, the root endophytic microbiome exhibited 64 common species, with the highest prevalence observed among bacterial species such as Pedobacter (ranging from 9.4 to 17.8%), Neochlamydia (from 0.7 to 3.3%), Sphingomonas (from 5.7 to 14.7%), and Pseudomonas (from 1.4 to 13.9%).



3.3.1. Influence of GLDA Chelate Fertilization on Endophytic Bacterial Communities of Plants Grown in Hydroponics


In the endophytic microbiome of lettuce leaves in the control variant grown in hydroponics, 44 OTUs were identified. The predominant bacteria in the control variant, based on relative abundance, were from the genera Helicobacter (Proteobacteria) (14%), Lactobacillus (Firmicutes) (10%), Romboutsia (Firmicutes) (10%), and an uncultured bacterium from the family Peptostreptococcaceae (Firmicutes) (7%) (Figure 5a).



The use of the chelate fertilizer led to a reduction in the number of OTUs to 24, with 11 of them being common with the control variant. The proportion of shared OTUs in leaf endophytes between samples H-Cont-A and H-GLDA-A was 24% and 46%, respectively. The dominant species in the H-GLDA-A sample included two bacterial genera, Sphingomonas (Proteobacteria) (28% and 10%), Lactobacillus (13%), bacteria from the family Muribaculaceae (Bacteroidetes) (10%), and the order Obscuribacterales (Cyanobacteria) (10%) (Figure 5b).



In the roots of lettuce plants, 6 to 11 times more bacterial OTUs were detected compared to the leaves (257 in sample H-Cont-B and 271 in sample H-GLDA-B). There were 168 common OTUs for both samples, constituting 65% and 62% for samples H-Cont-B and H-GLDA-B, respectively. In the root endophytic microbiome of control plants, OTUs from the genera Sphingomonas (Proteobacteria) (15%) and Pedobacter (Bacteroidetes) (10%) dominated. Additionally, OTUs from the order Sphingobacteriales (Bacteroidetes) (4%) and the genus Neochlamydia (Chlamydiae) (3%) were subdominant. In the GLDA-treated sample, alongside the dominant Pedobacter (Bacteroidetes) (18%) and Sphingomonas (Proteobacteria) (11%), subdominant OTUs included two different genera, Methylophilus (Proteobacteria) (5%) and Massilia (Proteobacteria) (4%) (Figure 5b).




3.3.2. Influence of GLDA Chelate Fertilization on Endophytic Bacterial Communities of Plants Grown in Soil


The composition of the endophytic bacterial community is strongly influenced by agrotechnology and the presence of various nutrient elements [32]. In addition to these factors, the diverse soil microbial community can exert a direct impact on the endophytic community. In contrast to plants grown hydroponically, the endophytic microbiome of soil-grown lettuce is characterized by a dominance of Actinobacteria bacteria in addition to Proteobacteria (27–41%) and Bacteroidetes (16–22%) (Figure 3).



The number of OTUs in the leaf endophytic microbiome of soil-grown lettuce exceeded that of hydroponically grown plants. In samples S-Cont-A, Sf-GLDA-A, Sr-GLDA-A, the number of OTUs was 100, 115, and 110, respectively. A total of 42 OTUs were shared among all three samples (Figure 6a). The percentage of shared OTUs in leaf endophytes was 42%, 37%, and 32% for S-Cont-A, Sf-GLDA-A, Sr-GLDA-A, respectively. Fertilizer use and application method did not significantly influence the dominant species. Dominant species in the leaves for samples S-Cont-A, Sf-GLDA-A, Sr-GLDA-A (Figure 6c) were identified as Pseudomonas (Proteobacteria) (23, 7, 12%), Pedobacter (14, 7, 6%), Neochlamydia (5, 21, 16%), Longimicrobiaceae (Gemmatimonadetes) (4, 2, 3%), and Sphingomonas (3, 2, 3%).



The observed OTUs in the root endophytic community of soil-grown lettuce were comparable to those of hydroponically grown plants. In samples S-Cont-B, Sf-GLDA-B, Sr-GLDA-B, the number of OTUs was 270, 198, 220, respectively, of which 105 OTUs were in common (Figure 6b). The percentage of shared OTUs in root endophytes was 39%, 53%, and 48% for S-Cont-B, Sf-GLDA-B, Sr-GLDA-B, respectively. Fertilizer use and application method did not significantly influence the dominant genera of the root endophytic microbiome, as this was true for leaves as well. Dominant genera in the roots for samples S-Cont-B, Sf-GLDA-B, Sr-GLDA-B (Figure 6c) were identified as Rhodococcus (Actinobacteria) (17, 13, 17%), Pseudomonas (11, 14, 12%), Pedobacter (9, 15, 10%), Sphingomonas (6, 8, 9%), and Aquabacterium (Proteobacteria) (2, 2, 2%).




3.3.3. Alpha and Beta Diversity of the Lettuce Endophytic Bacterial Communities


Based on the data obtained from 16S rRNA amplicon sequencing, biodiversity indices were computed for bacterial communities within the leaf and root endospheres of lettuce plants cultivated in soil and hydroponics. The results pertaining to two alphadiversity indices, Shannon and Simpson, are presented in Table 2.



In control samples, the Shannon index was calculated as 2.83, 2.77, 4.03, and 3.71 for H-Cont-A, S-Cont-A, H-Cont-B, and S-Cont-B samples, respectively. These results fall within the range reported in the literature for plant bacterial endospheres, utilizing the same sequencing methods and bioinformatic protocols [33,34]. Notably, both Simpson and Shannon indices were lower in plants treated with GLDA compared to control plants, except for the leaf sample in soil (S-Cont-A). This trend persisted across both above- and underground plant parts, in both hydroponic and soil experiments, and irrespective of the type of treatment (foliar or root).



Specifically, the Shannon index in the leaf in the hydroponic control (H-Cont-A) was 1.4 times higher than in the sample with GLDA (H-GLDA-A). Meanwhile, the Shannon index in the leaf samples with GLDA via root (Sr-GLDA-A) and foliar treatment (Sf-GLDA-A) was 1.01 and 1.17 times higher than control, respectively. However, Shannon indices in root endophytic microbial communities did not exhibit significant differences between hydroponic and soil cultivation.



The beta diversity of the samples was estimated using NMDS analysis, as shown in Figure 7. Dots on the NMDS plot represent different bacterial communities, and the proximity of dots indicates higher similarity between communities. Dots representing S-Cont and S-GLDA samples are located close to each other, forming separate groups from the other dots. Within this group, two subgroups can be distinguished: one unifying root communities and the other unifying leaf communities. Dots representing H-Cont-A, H-GLDA-A, H-Cont-B, and H-GLDA-B samples are located far away from each other. Additionally, in the case of the leaf endophytic community of plants grown hydroponically, the points representing H-Cont-A and H-GLDA-A samples are located far from each other.



In addition, Indicator Species Analysis (ISA) was carried out using the relative abundance of species in the samples to determine the species that are most characteristic in the analyzed groups (Table 3).



According to Table 3, the count of indicator species in both H and S control samples is represented by 10, with 8 in S-Cont samples and 5 in H-Cont samples. The combined group of GLDA samples showed no presence of indicator species, whereas S-GLDA and H-GLDA included one and one species, respectively.






4. Discussion


4.1. Biodegradability


The chemical stability and biodegradability of fertilizers represent critical characteristics in the evaluation of their efficacy. Frequently, the properties of novel chelators are compared with those of well-studied chelating agents, for which transformation and mineralization processes are well documented. However, even for the extensively studied chelating agent EDTA, available data often pertain to individual complexes (with iron, copper, chromium, etc.) rather than their mixtures. In our previous work [5], it was demonstrated that the degradation extent of a compositionally similar mixture of EDTA-based chelates (with Zn, Cu, Mn, and Fe) was approximately 14% over 28 days. Thus, the degradation extent of GLDA-based complexes determined in the current study was 4.3-fold higher.



The contributions of chemical and biological components to chelate degradation varied between EDTA and GLDA. For EDTA, the chemical contribution was negligible, whereas for GLDA, it was substantial.



The high degradation rate of GLDA established in this study, coupled with its favorable environmental indicators and demonstrated non-toxicity as shown by D. Kołodyńska et in 2013, suggests the viability of employing GLDA as a more environmentally friendly chelating agent [35].




4.2. Influence of GLDA-Based Chelates on Lettuce Growth and Microelements Uptake


The data obtained on the biomass of lettuce plants in our study are consistent with findings from other researchers. For instance, in the study by Ekinji M. et al. (2020), comparing different fertilizers for lettuce growth, the weight of plants in the control variant was 16.46 g [36]. In the work of Liu et al. (2020), cultivating lettuce in hydroponics under various LED lighting intensities, the lettuce fresh mass ranged from 41.5 to 109.9 g [37]. In the experiment by Cardarelli M. et al. (2023), on the 28th day of lettuce growth, the lettuce mass in the control variant was 132 g [38]. In addition, the literature indicates that the length of lettuce plants grown on different substrates can vary. A comparison of growth characteristics in soil and hydroponic lettuce cultivation in the experiment by Chunli Lei et al. (2021) showed a 10 cm increase in root length for hydroponically grown lettuce, while plant biomass in soil-grown lettuce was 1.2 times higher [39]. In our study, no significant differences (p < 0.05) in root length and plant biomass were found between hydroponic and soil-grown plants (control variants), whereas in above-ground length, there was a 1.2-fold difference (Figure 1).



The use of GLDA chelates positively influenced above-ground length and plant biomass in both cases (hydroponics and soil), with the greatest positive effect observed for the biomass of hydroponically grown plants. The biomass of H-GLDA-A samples exceeded that of soil-cultivated samples with root (Sr-GLDA-A) and foliar treatment (Sf-GLDA-A) by 2.8 and 2.3 times, respectively. The greater effect in the hydroponic experiment is likely associated with the following: soil organic matter can form complexes with metals, reducing their availability to plants, a blocking effect absent in hydroponic systems [39,40,41].



It is interesting to compare root length, above-ground length, and plant biomass in soil experiments with different treatment options—foliar and root. In some sources, it is claimed that foliar fertilization makes it possible to quickly supply plants with deficient nutrients, in case of both their deficiency in the soil and hindered uptake [42]. In our case, a comparable result was identified—with the use of a smaller volume of chelated fertilizer solution (80% less), root length and plant biomass did not significantly differ in Sr-GLDA and Sf-GLDA variants. Moreover, with foliar fertilization, above-ground length was 1.2 times higher. Plants can absorb nutrients, including through the above-ground part, through a complex process involving several layers of plant tissue. Nutrient absorption through the leaf surface occurs through stomata, cuticular cracks, lenticels, ectodesmata, and pores [43].



The chlorophyll content in plant leaves is used to assess the impact of various factors (fertilization and the effect of pollutants) [22]. In our experiment, it is shown that the chlorophyll content in the leaves of control lettuce samples in soil (S-Cont-A) was 1.5 times higher than in hydroponics (H-Cont-A), and the use of GLDA chelates in hydroponics contributed to an increase in chlorophyll content to the levels determined in soil-grown plants.




4.3. Influence of GLDA-Chelate Fertilization on Leaf and Root Endophytic Bacterial Communities


According to modern understanding, microorganisms residing within plants play an equally significant role as the plant’s own tissues and organs. Indeed, the endophytic microbiome plays a crucial role in promoting plant growth (PGP) and combating phytopathogens [44,45]. Endophytes can directly influence plant growth by producing phytohormones (e.g., jasmonic and salicylic acids) and inhibit the production of plant cells’ ethylene. Additionally, they can impact pathogens by producing various hydrolytic enzymes (e.g., chitinases) that degrade structural elements of pathogen cell walls, synthesizing antibiotics, and limiting nutrients available to pathogens [32,46]. Therefore, when investigating new types of fertilizers, it is advisable to assess their impact not only on plant yield, morphometrics, and other plant characteristics, but also on its microbiome, particularly its variability under the influence of such fertilizers.



Recent research emphasizes the importance of studying the composition and changes in the bacterial endophytic community of plants consumed without thermal processing. The conservative part of the endophytic bacterial community in plants is often not affected by environmental factors, while satellite bacteria may lead to a so-called dysbiosis in the bacterial community. Investigating these changes is crucial, as alterations in the bacterial community can affect the health and productivity of plants, impacting not only the plants themselves but also humans [47].



Alterations in the endophytic plant microbiome can render its destabilization, resulting in decreased crop yield and fruit quality, influenced by various factors such as fertilizer application, a detrimental factor [48]. In many instances, investigations into plant endophytic microbial communities unveil considerable taxonomic overlaps at the phylum level. Yan-Zi Wang et al. (2023) illustrated that Proteobacteria and Firmicutes are frequently predominant phyla in the endophytic microbial communities of lettuce leaves and roots [15]. In our study, taxonomic overlaps at the phylum level were identified for all samples involving Proteobacteria and Bacteroidetes. Furthermore, Firmicutes bacteria prevailed in hydroponically grown lettuce leaves, whereas Actinobacteria bacteria were more abundant in the microbiomes of leaves and roots of soil-grown lettuce. Plant treatment with micronutrients did not exert an influence on the microbial community at the phylum level. However, analyses at lower taxonomic units revealed more discernible differences. The most pronounced distinctions in microbial communities were observed in the leaf endosphere for hydroponics and soil, in comparison to the roots (Figure 5 and Figure 6).



The impact of chelating agents on environmental components, particularly microbial communities, remains a pertinent subject [21]. The majority of studies examining the influence of chelates on plants and soil microbial communities have focused on the remediation of heavy metal-contaminated soils [49,50].



In a 2014 study conducted by Junghun Lee et al., which assessed the impact of various chelates on phytoremediation and soil properties, it was revealed that EDTA emerged as the most effective chelating agent for phytoremediation in soils contaminated with heavy metals. However, adverse effects of EDTA on plants and soil enzymatic activity were also identified [51].



Data concerning the impact of chelates on endophytic bacterial communities in plants are limited. Nonetheless, there are studies detailing the effects of chelates, predominantly EDTA, on bacterial communities in other environmental components [52]. The antimicrobial properties of EDTA, particularly its tetrasodium salt, against various clinical microorganisms, encompassing Gram-negative and Gram-positive bacteria, fungi, and yeast, have been elucidated [53].



Rong Huang et al.'s 2021 findings demonstrated that the introduction of EDTA into soil significantly diminished the richness and diversity of soil bacteria, resulting in a noteworthy alteration in the Actinobacteria to Proteobacteria ratio [54].



It is noteworthy that the lower values of alpha diversity indices in GLDA-treated plant samples revealed in our study coincide with increased biomass and length in these plants (Figure 2). This is likely due to the development of K-strategists and the competitive displacement of bacteria categorized as R-strategists (reference). In a study by Jonathan W. Leff et al. in 2015, the relative abundance of groups of soil bacteria generally considered more copiotrophic increased with nutrient addition, while the relative abundance of the predominantly oligotrophic phylum Acidobacteria decreased [55]. Thus, an increase in nutrients alters the life cycle strategies of microbiomes. Moreover, the results of Y. Wang et al. in 2023 indicated that excess fertilization reduced the richness and diversity of endophytic bacteria in wheat roots [14].



On the basis of NMDS analysis of relative ability data, it can be hypothesized that the substrate (soil vs. hydroponics, which can be considered as a complex substrate with a mineral–organic matter plus macro- and microelement solution vs. a simplified substrate with macro- and microelement solution only) is the primary factor shaping the endophytic microbial communities of lettuce plants. The second significant factor for the community composition is the part of the plant (above- or below-ground). Finally, the addition of chelated micronutrients that lead to the acceleration of plant growth is a third factor influencing microbial community composition in lettuce plants. From the results shown in Table 3, we assume that the way GLDA influences the community is the simplification (rarefaction) of its composition.



To confirm this assumption, Indicator Species Analysis was additionally conducted. ISA employs indices reflecting an organism’s relative abundance and occurrence to assess the degree of its associations with predefined groups of interest (reference). Indeed, the number of species specific to control samples was higher than that of GLDA samples—10 and 0, respectively (Table 3). This holds true for the entire set of samples, both with chelate treatment (GLDA) and without treatment.





5. Conclusions


The research into the application of glutamic-N,N-diacetic acid (GLDA) as an innovative chelating agent in microfertilizer development has yielded significant insights into its biodegradability, effects on lettuce growth, and impact on endospheric bacterial communities. The study’s findings underscore the potential of GLDA as a promising chelating agent, demonstrating both environmental benefits and agronomic efficacy. The biodegradability of GLDA was thoroughly evaluated by distinguishing between biotic and abiotic degradation over a 28-day period. Initial observations revealed that biological degradation accounted for 19% on the first day, while chemical degradation was a mere 0.2%. Over time, the degradation rate increased progressively, reaching 59.8% by day 28. Notably, chemical processes contributed approximately one-quarter of the degradation by the end of the study period. This high degradation rate, particularly the significant biological component, highlights GLDA’s potential as an environmentally friendly alternative to traditional chelating agents like EDTA. The application of GLDA-based fertilizers was found to positively influence the growth and development of lettuce plants. In both soil and hydroponic systems, plants treated with GLDAchelates exhibited increased lengths and biomass of both roots and leaves compared to control groups. In the hydroponic experiments, the lengths and biomass of the lettuce leaves and roots increased by factors of 1.7, 1.8, 4.6, and 2.5 times, respectively. Similarly, soil experiments showed significant growth improvements with root and foliar applications of GLDAchelates. These enhancements were observed across various growth metrics, including leaf length and biomass, which increased by 1.4 to 1.8 times in treated plants.



The chlorophyll content in leaves also increased significantly in hydroponic systems, suggesting improved photosynthetic efficiency and overall plant health.



The study also explored the impact of GLDA-based fertilization on the endophytic bacterial communities within the lettuce plants. Using 16S rRNA amplicon sequencing, the research identified shifts in the composition and diversity of these communities. In both hydroponic and soil-grown plants, dominant bacterial phyla included Proteobacteria and Bacteroidetes, with Firmicutes also being prevalent in leaf endophytes of hydroponically grown plants. The introduction of GLDAchelates resulted in a reduction in the number of operational taxonomic units (OTUs) in the bacterial communities, indicating a potential simplification or rarefaction of the microbiome. This was particularly evident in hydroponic systems, where the number of OTUs in leaves decreased significantly with GLDA treatment. However, alterations caused by GLDAchelates are less significant compared to other factors influencing endophytic community assemblies. Based on NMDS analysis of relative ability data, the primary factor shaping the endophytic microbial communities of lettuce plants is the substrate (soil versus hydroponics). The second significant factor is the part of the plant (above-ground or below-ground). The addition of chelated micronutrients, which accelerates plant growth, is only the third factor influencing microbial community composition.



In summary, the study demonstrates that GLDA is an effective and environmentally friendly chelating agent that enhances lettuce growth and impacts endophytic bacterial communities. Its high biodegradability and positive agronomic effects make it a promising candidate for sustainable agriculture. Future research should continue to explore its applications and long-term effects on different crops and ecosystems.
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Scheme 1. Structural formula of a GLDA molecule. 
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Figure 1. Biological and chemical degradability of GLDA as revealed in a 28-day-long experiment. 
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Figure 2. Length, biomass, and chlorophyll content of lettuce plants (L. sativa) cultivated in hydroponics (H) (a–c) and soil (S, variants Sf and Sr) or (d–f) treated with GLDA-based microfertilizer. Vertical bars indicate standard errors of the mean. A—above-ground parts of lettuce plants (leaves); B—below-ground parts of lettuce plants (roots). 
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Figure 3. Bar chart of endophytic bacterial phyla composition in lettuce leaves and roots. 
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Figure 4. Venn diagrams of the number of unique and shared OTUs in endophytic bacterial in leaves (a) and roots (b) of lettuce plants grown in soil and hydroponic. 
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Figure 5. Venn diagram of the number of unique and shared OTUs (a) and heatmap of dominant bacterial genera (% relative sequence abundance  ≥  1) (b) in endophytic bacterial in leaves and roots of lettuce plants grown in hydroponics. 
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Figure 6. Venn diagrams of the number of unique and shared OTUs in endophytic bacterial in leaves (a) and roots (b) of lettuce plants grown in soil and heatmap of dominant bacterial genera (c) (% relative sequence abundance  ≥ 1) in endophytic bacterial in leaves and roots of lettuce plants grown in soil. 
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Figure 7. Betadiversity of the endophytic bacterial communities of the leaves and roots (letters represent the names of the variants and numbers the number of repetitions). 
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Table 1. Plant samples analyzed in the present study.
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Treatment Type

	
Growing Substrate




	
Hydroponics

	
Soil




	
Above-Ground Part of Plant (Leaves)

	
Below-Ground Part of Plant (Roots)

	
Above-Ground Part of Plant (Leaves)

	
Below-Ground Part of Plant (Roots)




	
Root Treatment

	
Foliar Treatment

	
Root Treatment

	
Foliar Treatment






	
Not fertilized (control)

	
H-Cont-A

	
H-Cont-B

	
S-Cont-A

	
S-Cont-B




	
Fertilized (GLDA)

	
H-GLDA-A

	
H-GLDA-B

	
Sr-GLDA-A

	
Sf-GLDA-A

	
Sf-GLDA-B

	
Sf-GLDA-B











 





Table 2. Alpha diversity among endophytic bacterial communities in the tissues of roots and leaves of plants grown in soil and hydroponics.
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Substrate

	
Sample

	
Index




	
Shannon

	
Simpson






	
Leaves

	
Hydroponic

	
H-Cont-A

	
2.83

	
0.91




	
H-GLDA-A

	
2.00

	
0.82




	
Soil

	
S-Cont-A

	
2.77

	
0.87




	
Sr-GLDA-A

	
3.17

	
0.91




	
Sf-GLDA-A

	
3.24

	
0.92




	
Roots

	
Hydroponic

	
H-Cont-B

	
4.03

	
0.96




	
H-GLDA-B

	
3.45

	
0.92




	
Soil

	
S-Cont-B

	
3.71

	
0.93




	
Sr-GLDA-B

	
3.39

	
0.92




	
Sf-GLDA-B

	
3.46

	
0.93











 





Table 3. Indicator OTUs found for different samples’ sets (where *, **, *** are p. value < 0.05, <0.01, and 0.001, respectively).
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Bacterial OTUs

	
Samples




	
Cont

	
GLDA

	
S Cont

	
S GLDA

	
H Cont

	
H GLDA






	
g_Acinetobacter; s_

	
0.869 ***

	
0

	
0.783 **

	
0

	
0.974 **

	
0




	
g_Ralstonia; s_

	
0.788 *

	
0

	
0

	
0

	
0.952 *

	
0




	
g_Staphylococcus; s_

	
0.717 *

	
0

	
0

	
0

	
0

	
0




	
g_Helicobacter; s_

	
0.698 *

	
0

	
0

	
0

	
0.996 *

	
0




	
g_Romboutsia; s_

	
0.694 *

	
0

	
0

	
0

	
0.995 *

	
0




	
g_Staphylococcus; s_

	
0.666 *

	
0

	
0

	
0

	
0

	
0




	
g_Flavisolibacter; s_

	
0.548 *

	
0

	
0

	
0

	
0

	
0




	
f_Burkholderiaceae; g; s_

	
0.548 *

	
0

	
0

	
0

	
0

	
0




	
f_Chitinophagaceae; g; s_

	
0.542 *

	
0

	
0.707 *

	
0

	
0

	
0




	
f_Sandaracinaceae; g; s_

	
0.536 *

	
0

	
0.693 *

	
0

	
0

	
0




	
g_Rhodococcus; s_

	
0

	
0

	
0.814 *

	
0

	
0

	
0




	
c_Acidimicrobiia; o; f; g; s_

	
0

	
0

	
0.799 *

	
0

	
0

	
0




	
g_Pseudarthrobacter; s_

	
0

	
0

	
0.798 *

	
0

	
0

	
0




	
g_Massilia; s_

	
0

	
0

	
0.680 *

	
0

	
0

	
0




	
p_WS2; c; o; f; g; s_

	
0

	
0

	
0.672 *

	
0

	
0

	
0




	
f_JG30-KF-CM45; g; s_

	
0

	
0

	
0

	
0.814 *

	
0

	
0




	
f_Lachnospiraceae; g; s_

	
0

	
0

	
0

	
0

	
0.864 *

	
0




	
o_Obscuribacterales; f; g; s_

	
0

	
0

	
0

	
0

	
0

	
0.959 *
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