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Abstract

:

The use of citrus waste (peel, CW) as organic fertilizer was investigated on soil microbiota and on soil physico-chemical and hydraulic characteristics. The biotic components on CW and the effect on nutritional status, leaf chlorophyll content, fruit set and production of “Tarocco” orange trees were also identified. The citrus waste was supplied to an experimental orchard at different doses: 45 kg m−2 (with and without Ca(OH)2 addition) and 90 kg m−2. The study was conducted in three consecutive years (2015–2017) on 20-year old orange trees at the experimental farm of the University of Catania (Italy). The main results of the study confirm that the use of CW as a biofertilizer offers a great opportunity for sustainable sweet orange production.
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1. Introduction


In Europe, food losses generated by the primary production and processing amount to about 25 million tons, while food wastes accounted for nearly 61 million tons [1]. When harvesting and processing of raw materials, from a semantic point of view, we are still refer to food loss; nevertheless, the scientific literature generally considers the discarded parts as “wastes” and “by-products”. According to the Waste Framework Directive [2], “waste” means any substance that the holder discards, while “by-product” is a substance resulting from a production process where the primary aim is not the production of that substance.



Organic waste from the fruit industry demands rational utilization to prevent resource loss from the disposal of the discarded peel. Agricultural and forestry wastes, such as orange peels and banana peels, have been successfully used for the treatment of wastewater containing heavy metals showing many advantages, including comprehensive sources and low cost.



Food waste and food co-products’ waste create huge environmental, economic and social problems [3]; specifically, 1.3 billion tons of food are lost or wasted annually [4]. With global climate change challenges and their effects on ecosystems, as well as resource depletion, the issue of food waste and its diversion from landfill has captured the attention of governments, environmental and social organizations, businesses and academics, becoming an increasingly urgent priority [4]. There is a growing recognition that these two problems (waste disposal and resource depletion) can be solved together through the utilization of waste as a resource, using green and sustainable technologies.



Citrus is one of the main fruit crops in the world, with an estimated production of more than 170 million tons, with 58% corresponding to oranges [4]. Italy is one of the main citrus-producing countries in the Mediterranean basin, after Spain, and together they reach 80% of the European production [5], with an area of about 170,000 ha and an average production of 3 million tons over the last five years. In Sicily (the southern Italian island), the area of citrus orchards is equal to about 71,000 ha [6], mainly consisting of orange groves (about 51,000 ha). An average of 34% of citrus fruits are processed into juices leaving around half of their weight as waste (mainly peel, seeds and pulp); annually [7] reaching 24.3 million tons per year [8]. The orange peels are the prime solid by-product of the citrus pulping industry [9]. Citrus waste (CW) is composed of 60–65% w/w of peels, 30–35% w/w of internal tissues, and the remaining is seeds [10]. In Italy, CW is the main by-product of the citrus (mainly sweet orange or Citrus sinensis) processing industry; it amounts to about 500,000 t per year [11]. Citrus waste shows low pH values (3–4), high organic matter (more than 90% of total solids) and high humidity (about 80–90%) [12]. Such waste, without any treatment, can contribute to environmental problems because of its fermentation, which results in a high chemical and biological demand of oxygen [8]. Because of its high water content (about 86%), it is difficult to dry, and its high organic matter content does not facilitate its disposal in appropriate sites, leading to additional transportation costs [13,14]. Traditionally, CW has been reused with various methods and techniques, for different purposes, generally low-value uses (e.g., according to the LD 152/06, it is categorized as waste instead of by-product). Conventionally, the disposal mechanisms adopted for CW are either to utilize it as a base for cattle feed or to burn it [15,16]. The European Parliament has recently launched a new regulation, known as Regulation (EU) 2019/1009, to control the use of fertilizers and harmonize the market for the production of these compounds for all European member states. In general, a fertilizing product is “a substance, mixture, microorganism or any other material, applied or intended to be applied on plants or their rhizosphere or on mushrooms or their mycosphere, or intended to constitute the rhizosphere or mycosphere, either on its own or mixed with another material, for the purpose of providing the plants or mushrooms with nutrient or improving their nutrition efficiency” [17]. Therefore, biofertilizers are defined as the substances containing a variety of microbes having the capacity to enhance plant nutrient uptake by colonizing the rhizosphere and making the nutrients easily accessible to plant root hairs. They are well known for their cost effectiveness, environmentally friendly nature and composition, representing effective alternatives to chemical fertilizers.



The valorization of CW has a great potential of mitigating the negative environmental effect of its uncontrolled discharge. The possibility of using CW as a natural soil amendment depends on the performance of the traditional composting process, which, at present, is unable to compensate for the production costs.



The main objective of this study was to promote the valorization of citrus waste as a soil biofertilizer. For this purpose, the effects of the use of citrus waste were evaluated on the physico-chemical, microbiological and hydraulic soil characteristics and on the physiological and productive/qualitative characteristics of orange trees under Mediterranean climate conditions.




2. Materials and Methods


2.1. Experimental Site


The study was conducted during a three-year period (2015–2017) at the experimental farm of the University of Catania (Italy) (37°41′ N; 15°05′ E). The selected citrus orchard covers about 400 m2 and includes 20 trees of cv ‘Tarocco comune’ orange, 20 years old, planted at a 5 × 4 m distance. The mean soil water content at field capacity (pF = 2.5) and wilting point (pF = 4.2) was 38% and 23%, respectively. The soil bulk density was about 1.23 g cm−3.



Citrus waste was obtained from centrifuged orange juice from a citrus-processing plant located in Messina (south Italy). In April 2015, about 30 tons of CW were transported to the experimental site and laid down for about 1 month on a polyethylene tarp (Figure 1a) to reduce the humidity content (Figure 1a,b), and in May, the dried CW was added to the soil of the experimental orchard. Clods of CW were obtained and properly laid down around the tree trunks (about 0.5 m from trunk) (Figure 1b). Two months after the amendment phase (July 2015), the first 10 cm of CW were milled and mixed with the soil.



The use of citrus waste included the following treatments (Ti):




	
T1: Control. Only mineral fertilizer was added to the soil, with the same methods as for Treatment 4 (consisting of 1.27% of N, 0.3% of P2O5, 1.2% of K2O in the CW) (i.e., ammonium nitrate = 2.5 kg/plant; ammonium phosphate = 0.5 kg/plant; potassium nitrate = 2.5 kg/plant). The fertilizer was divided into two doses, supplied during the 2nd and the 3rd year of the experimental period (April 2016 and April 2017);



	
T2: a dose of 45 kg/m2 of CW was distributed (about 17.5 kg/m2 of dry matter, which corresponds to about 0.22 kg/m2 of N over a three-year period); the dose was applied in a single phase, at the beginning of the experimental campaign (May 2015) by adding 177 g/kg of Ca(OH)2 to raise the pH value of CW to around 6.5;



	
T3: a dose of 90 kg/m2 of CW was distributed (i.e., about 35.0 kg/m2 of dry matter, which corresponds to about 0.44 kg/m2 of N in a three-year period); this dose was applied in a single phase in May 2015;



	
T4: a dose of 45 kg/m2 of CW was distributed (about 17.5 kg/m2 of dry matter, which corresponds to about 0.22 kg/m2 of N in a three-year period); this dose was applied in a single phase (May 2015); the dose of 45 kg/m2 corresponds to double the maximum quantity permitted for sludge of agri-food origin by the Legislative Decree 234/2011.








The different treatments were irrigated three times a week, during June–September of the three-year period. Soil samples were collected before (January 2015) and after soil treatment with CW (July 2015, January and June 2016, January and July 2017).




2.2. Physico-Chemical and Hydraulic Characterizations of CW


The citrus waste samples were subjected to the following determinations: pH, electrical conductivity (EC, mS/cm), humidity (%), ash contents (%), Carbon (C, %), total Nitrogen (N, %) (Table 1. The pH values were measured in a water 1:2.5 sample/solution ratio, using a pH-meter and EC was determined using a conductivity meter (delta OHM, Italy). Humidity (expressed as %) was obtained in 10 g of CW (5 replicates) by subtracting the dryness from the fresh weight (obtained after an oven-drying phase at 105 °C for 24 h). Ash content was determined by incineration at 650 °C for 4 h. Carbon and Nitrogen contents were obtained by an elemental analyzer (LECO Analyzer mod. 600, LECO Corp, St. Joseph, MI, USA) and expressed as percentage of dry matter. Analyses were performed in April 2015, when CW was transported to the experimental site, and in May 2015, just before the addition of CW to the agricultural soil.



For each soil sample, the volumetric water content of the amended soil at 11 pressure heads, h, was determined by a sandbox (h = 0.01, 0.025, 0.1, 0.32, 0.63, 1.0 m) and a pressure plate apparatus (h = 3, 10, 30, 60, 150 m). For each sample, the parameters of the van Genuchten [18] model for the water retention curve with the Burdine condition were determined [18,19]. The hydraulic conductivity at saturation Ks was determined using a laboratory constant-head permeameter [20] by applying Darcy’s law.



A double-ring infiltrometer test was performed in situ to evaluate the hydraulic conductivity at saturation (ks) of the soil in T1 and T4, before and after the amendment process.



Soil pore water was monitored in terms of pH, EC (mS/cm), COD (mg/L), Nitrate (mg/L) and total phosphate (mg/L), to evaluate the effect of the CW amendment on soil. In particular, the latest monitoring was performed to estimate the release of nitrate in aquifers as a consequence of the CW incorporation and mineralization into the soil. In detail, the control soil and the soil amended with the highest quantity of CW (T3) were considered, as T3 represents the treatment with the highest risk of leaching nitrate. The analyses were performed soon after the soil amendment (July 2015), after about six months (January 2016), and after about 18 months from the treatment (January 2017). Pore water in T1 and T3 was extracted using ceramic suction lysimeters (Soil Solution Access Tube, SSAT by IRROMETER Company. Inc.), installed at a depth of 0.3 m. The pH and EC of the pore water were measured using a pH-meter and an HD2106.2 conductivity meter (delta OHM. Italy), respectively. COD, phosphate and nitrate were determined according to [21], following the procedures described in [22,23,24], respectively.



Soil samples were collected and characterized before the amendment with CW in January 2015 and after the treatment in July 2015, January and June 2016, January and July 2017. The soil samples for each sampling were previously air dried and sieved at 2 mm. Before the amendment, the soil at the experimental field was fairly uniform with a sandy-loam texture and a mean percentage of organic matter equal to 3.8% (Table 1).



All the methods used for soil characterization were performed according to [25]. The texture of the soil was evaluated before the amendment using the pipette method, determining the particle size classes, which were subdivided into clay (particles < 2 μm), silt (2 to 63 μm), and sand (63 to 2000 μm) [25]. Particles > 2000 μm were not considered. pH and EC were measured as described above for CW, in accordance with [26]. Organic carbon was determined by the oxidation–titrimetric method and the results were expressed as the percentage of dry matter [27]. Total N content in soil was determined by the hydrofluoric acid modification of the Kjeldahl method, including total fixed ammonium [28]. Total CaCO3 was determined by a “gas-volumetric” method based on the determination of the volume of CO2 produced in the presence of HCl. C.E.C. was determined on 2 g of soil samples, previously treated with 0.5 M BaCl2 (w/v) and with 0.05 M MgSO4, and finally chopped using 0.025 M EDTA; the results were expressed as meq of cations per 100 g of soil [26]. Phosphorus was spectrophotometrically (630 nm) determined by the Olsen method [29] and was expressed as the percentage of phosphorus (P) in the soil.




2.3. Microbiological Analyses of Soil and Soil Pore Water


The microbiological analyses were carried out following procedures indicated by the Legislative Decree (LD) 75/2010 on “Reorganization and revision of the discipline regarding fertilizers”, in accordance with Article 13 of the Italian Law 7 July 2009, n. 88, which imposes that the research of Salmonella enterica and Escherichia coli is conducted according to specific sampling plans. Furthermore, fecal bacteria, such as Enterobacteriaceae, fecal coliforms and Enterococcus spp., were counted in accordance with the procedures reported in the “Ministerial Decree 8 July 2002: Approval and formalization of the soil microbiological analysis methods.” Soil and CW samples (25 g) periodically collected were homogenized in sterile bags (Whirl-Pak1, Nasco, Fort Atkinson, WI, USA), diluted in 225 mL of physiological water (0.9% NaCl), using a stomacher 80 lab blender (Seward Ltd., West Sussex, England). Serial dilutions were obtained in sterile physiological water and 0.1 mL was used for microbiological analyses in accordance with [30]. Microbiological counts were performed using the following media and conditions: Mc Conkey agar (Liofilchem srl (Roseto D.A. (TE), Italy) for the enumeration of E. coli, incubated 37 °C for 24–48 h; Violet Red Bile Glucose Agar (VRBGA, Liofilchem) for the enumeration of Enterobacteriaceae and fecal coliforms, incubated at 37 °C and 45 °C for 24–48 h, respectively; Kanamicin Azide Aesculine agar (KAA, Liofilchem) for the enumeration of Enterococcus spp., incubated at 37 °C for 24–48 h. For S. enterica detection, the pre-enrichment and enrichment/isolation phases were followed. In detail, homogenate samples were inoculated at a 1:10 (w/w) ratio in buffered peptone water and incubated at 36 ± 1 °C for 24 h. Aliquots of 0.5 mL of the pre-enrichment culture were inoculated into Rappaport Vassiliadis Broth (Oxoid Rodano, Milan, Italy), and the tubes were incubated at 42 ± 1 °C for 24 + 24 h. A loopful of broth culture from all tubes was stricken on the Hektoen Enteric Agar selective medium (Oxoid) and incubated at 36 ± 1 °C for 24 h. Finally, preliminary identification based on the colony appearance of selective agar media was confirmed using classical biochemical (fermentation of glucose and lysine decarboxylase) and serological tests. The results were expressed as presence/absence per gram of dry weight.



The emended soil pore water was analyzed using the membrane filtration technique, in accordance with [31]. In detail, water samples were diluted and filtered in sterile glasses equipped with cellulose membranes (0.45 μm pores) in a 3-position filtration ramp. Subsequently, the membranes were transferred onto the same selective culture media used for the microbiological analyses of soil samples. The results were expressed as a Log Colony Forming Unit (CFU)/100 mL.




2.4. Plant Growth, Yield and Fruit Quality


Before adding the citrus waste to the soil, the orange trees were uniformly pruned to achieve similar volumes of the canopy. For each treatment (Ti), the vegetative growth was measured on five trees per treatment during May 2015 and January 2016, 2017 and 2018. The canopy volume (V, m3) was calculated by the following equation:


V = 0.524 × height × width2



(1)




the tree shape was assumed to be half the prolate spheroid [32]; tree height (m); trunk width (m).



The number of harvested fruits, total production (kg) per tree and mean fruit weight (g) were measured on the same five trees per treatment. ‘Tarocco comune’ fruits were collected at the commercial maturity during mid-January of the years 2016, 2017 and 2018, and transferred to the laboratory. There, 30 fruits for each treatment were divided into 3 random replicas and individually analyzed. Fruit weight was determined using an electronic balance.



Fruit juice was extracted with a commercial juice extractor (Kenwood Citrus Juicer JE290, Bolton, UK). Fruit quality analyses were performed. Juice total soluble solids content (TSS) was determined using a temperature-compensated digital refractometer (Atago Co., Ltd. model PR-32 α, Tokyo, Japan) and expressed as °Brix and juice titrable acidity (TA) by titration with 0.1 N NaOH (Hach, TitraLab AT1000 Series), and expressed as g L−1. The vitamin C content was determined by titration (702 SM Titrino, Metrohm, Herisau, Switzerland) with 0.001 M I2, and the results were expressed as mg/L. Total anthocyanin content was determined through a spectrophotometer (NanoDrop 2000, Thermo Scientific, Waltham, MA, USA) by the pH differential method [33], and expressed as cyanidin 3-glucoside equivalents (mg L−1).




2.5. Metagenomic Functional Analysis of CW’s Microbiota


Total DNA, including that from the naturally occurring microflora in citrus waste (CW), was extracted with the Tris-SDS [34]. The presence and the relative amount of the DNA of viridiplantae, fungi and eubacteria were then evaluated by PCR-amplifying total DNA with the universal primers: 16S pro eubacteria (PRK) (forward, CCTACGGGRBGCASCAG; reverse, GGACTACYVGGGTATCTAAT); ITS pro fungi (forward, TCCGTAGGTGAACCTTGCGG; reverse, TCCTCCGCTTATTGATATGC); 18S pro viridiplantae (forward, AACCTGGTTGATCCTGCCAGT; reverse TGATCCTTCTGCAGGTTCACCTAC). PCR reaction was performed in a thermal cycler (Eppendorf Mastercycler 5200) using an initial 94 °C denaturing step for 3 min followed by 35 cycles in accordance with each above-mentioned protocol and with an annealing temperature (Tann) of 55 °C. The quantity and quality of the extracted DNA were verified by Nano drop (ThermoFisher, USA) analysis, and Nextera™ Technology (Illumina, San Diego, CA, USA) for NGS. DNA Library Preparation was used for the sequence of microbiota of complex materials, such as CW, and the protocol was used even for this matrix without any significant changes.



Then, the quality of reads was checked using the following tools: FastQC (Version 0.11.3) and BBDuk (Version 36.20). During this process all reads longer than 35p and with a Phred quality score (https://jgi.doe.gov/data-and-tools/bbtools/bb-tools-user-guide/bbduk-guide/, accessed on 27 October 2019) of at least 25 were selected.



Upon completion of the cleaning process of all selected reads, the evaluation of the taxonomic composition of the sample was started by using K-mer analysis [35] based on a further fragmentation of all reads in k-mer products of 31bp. All those k-mers were compared using the Sequentia Biotech Database (Sequentia Biotech SL, Barcelona, Spain), which contains K-mer products of all taxonomic groups, including virus, archaebacteria, bacteria and fungi. Based on the comparison, it is possible to assign the reads to a specific taxonomic group. The functional analysis was carried out by following the SOAPdenovo (Version 2.04; http://soap.genomics.org.cn/soapdenovo.html, accessed on 27 October 2019) informatics procedure, a short-read assembly method that can build a de novo draft assembly for large-sized genomes. This program is specially designed to assemble Illumina short reads into longer regions called contig, which are used to identify the putative proteins with the PRODIGAL software (Version 2.6.2). Finally, the tool Interproscan Database (Version 5.19) was used to identify the ontology of proteins. For the CW of blonde oranges a total of 15,073,857 analyzed regions were sequenced. All above-described steps were included in a dedicated software, which, on the basis of the NGS-sequencing row data of the CW as input, is able to automatically report all taxonomic and related functional output (GAIA; www.metagenomics.com). GAIA is a SaaS (software as a service) system, which does not need a hardware or software to be ran.




2.6. Statistical Analysis


All the experiments reported in this study were performed according to specific sampling plans and the data obtained were reported as mean values provided with standard deviation.



Microbiological and physico-chemical data were analyzed by ANOVA (one-way analysis of variance), using Tukey’s post hoc test to assess the overall variation and differences between the multiple groups. The reference level of significance was 0.05 in all the assays. Statistical ANOVA was carried out to evaluate significant differences on bacterial growth on different media and on the physico-chemical characteristics of samples during the sampling period. In addition, in order to evaluate the extent to which the concentrations of the considered microbial groups correlate to physico-chemical parameters, the correlation by Pearson rank was used and statistical significance values were determined. Statistical ANOVA (p < 0.05) and the correlation test were performed using XLSTAT [36].





3. Results


3.1. Physico-Chemical and Hydraulic Characterizations of CW


Table 2 reports the main physico-chemical characteristics of citrus waste (CW) as detected in April 2015 and after one month (May 2015). As expected, the humidity of CW decreased by about 30% and the ash content increased by about 17%.



All other parameters remained quite stable.



Physico-chemical analyses on soil samples were performed during the entirety of the experimental period, from July 2015 (2 months after amendment) to July 2017 (24 months after amendment). Figure 2 reports the values of pH and EC of the soil pore water. Two months after amendment (July 2015), the soil pH decreased in the T3 and T4 treatment. In January 2016, the pH was quite constant, around 7.0, in all samples of the different treatments (Figure 2A). From June 2016, the pH slowly increased in all soil samples to reach the highest value (ca. 8.5) in January 2017 (Figure 2A). No significant (p > 0.05) differences on pH were detected among the different treatments (Figure 2A). The EC significantly increased after only two months from amendment in T2 due to the addition of Ca(OH)2 (Figure 2B). In January 2016, all soil samples had similar EC values (around 0.15 mS/cm). Conversely, in June, the highest EC values (around 0.30 mS/cm) were registered in T2 soil, followed by T3 and T4, whereas in January 2017 the highest EC (around 0.35 mS/cm) was observed in T3, probably as consequence of the highest amount of CW added to the soil (Figure 2B). In January 2017, EC values decreased in all samples, and finally, at the end of the experimental period (July 2017) EC values (around 0.18 mS/cm) decreased, reaching values similar to the control, T1 (Figure 2B).



Figure 3 reports the organic carbon (OC), organic matter (OM), total nitrogen (N) and phosphorus contents in soil samples from July 2015 to July 2017. A similar trend was observed for OC, OM and N accumulation as an effect of CW addition. Only after 2 months from the amendment (July 2015) did C and N contents greatly increase in all the treatments, reaching their highest values (OC: 7%, OM: 11.7%, and N: 0.45%) in T3 (Figure 3A,C). The highest contents of OC, OM and N until the end of the experimental period (July 2017) were detected in T3. The OC, OM and N content in amended soils gradually decreased during the two years of monitoring (from July 2015 to July 2017), always showing a higher amount than the control treatment (Figure 3A–C). Interestingly, the same amount of CW (T2 and T4) resulted in similar values of OC, OM and N, except in June 2016, as it resulted in similar values only for OC and OM, when it was observed that the addition of Ca(OH)2 in T2 may had caused a reduction in content compared to T4. As expected, the C/N ratio in T1 remained rather constant (ranging from 10 to 15) during the experimental period. In the first two samples, C/N for all the amended soils increased with respect to T1. In June 2016, the C/N ratio decreased in T2, reaching the value detected in T1, whereas T3 and T4 showed higher values than T1. Finally, in January and July 2017, the C/N values were rather constant (around 10) in all the investigated samples.



Based on the amount of P in CW, the amendment slowly modified the P (%) content. As observed in Figure 3D, no significant differences (p > 0.05) were observed for the different treatments during the experimental period (Figure 3D).



The results from the treatments carried out on soil pore water are reported in Table 3. Two months from the amendment (July 2015), the pH was drastically lower (pH 3.7) than in T1 (pH 7.2), whereas in all the other samples, pH values were not statistically significant. EC values remained constant in soil pore water, except for T3 in January 2017, where EC increased to 3.32 mS/cm (Table 3). COD values were always higher in the T3 treatment than in T1 (Table 3). The nitrate content of the soil pore water sharply increased in T3 in January 2016 (32 mg/L). However, it slowly decreased in January 2017 (10.4 mg/L) and the values were always higher than those detected in all the other samples (Table 3). Finally, the resulting phosphate content was rather constant in all the samplings, except in T3 in January 2016, when the phosphate content slowly increased compared to the other samples (Table 3).



Table 4 shows the soil hydraulic conductivity at saturation (ks, m d−1) for the different treatments; ks values were obtained by the constant-head permeameter method, before (January 2015) and after the soil amendment with citrus waste (from January 2016 to July 2017). The values obtained indicate a reduction in soil ks of about an order of magnitude due to the adoption of CW.



With reference to the in situ infiltrometric tests, generally, the time intervals were more intense in the first phase of the test until the complete saturation of the macroporosity and microporosity of the soil. In particular, in T1 (control), the infiltration rate reached 1.2 mm h−1, while in T4 it reached 6 mm h−1. At the end of the investigation period, a greater capacity of the soil to retain water was detected, compared to the first test; in fact, the water content values determined showed an increase of about 16% in the volumetric water content corresponding to the field capacity, and an increase of about 10% in correspondence to the wilting point.




3.2. Microbiological Characterization of Soil and Soil Pore Water Samples


The results of microbiological analyses carried out on citrus waste (CW) and soil without any CW addition are shown in Figure 4; the results are the average of five replicates and the standard deviation is also reported.



Data analysis on citrus waste (CW) highlighted the absence of E. coli, fecal coliforms and Salmonella, whereas Enterobacteriaceae and Enterococcus spp. were detected as 4.6 Log CFU/g and 5.6 Log CFU/g, respectively. The microbiological parameters detected for CW were in accordance with Attachment 2 of the LD 75/2010, which set the absence of Salmonella (absence in 25 g of sample: n = 5; c = 0; m = 0; M = 0) and limited the presence of E. coli (referring to 1 g of sample: n = 5; c = 1; m = 1000 CFU/g; M = 5000 CFU/g). Similarly, in the soil, before the CW addition, neither Salmonella nor E. coli were found, while fecal coliforms, Enterobacteriaceae and Enterococcus spp. were detected at 5.5, 7.8 and 6.3 Log CFU/g, respectively.



The microbiological analyses of soil samples at the different treatments (Ti) during different sampling times (2, 6, 12, 18 and 24 months) are shown in Table 5. Overall, the results highlighted the absence of Salmonella and E. coli, while fluctuations of other microbial groups were observed (Table 5).



In detail, an increase in the enterococci and Enterobacteriaceae counts for the T2 and T4 samples, mostly after 2 months from the amendment, was detected. A similar effect, to a lesser extent, was evidenced in T3 samples, where the effect of CW addition persisted for up to 18 months (Table 5). Moreover, comparing the results obtained from the control (not-amended) soil (T1) at 2, 6, 12, 18 and 24 months to those obtained from the soil before the amendment, an increase in the cell density of fecal coliforms and a decrease in Enterobacteriaceae and Enterococcus spp. is detected.



Finally, the data obtained from the soil pore water showed the absence of Salmonella, the presence of E. coli in July 2015 (after 2 months) and a high cell density of Enterobacteriaceae, fecal coliforms and enterococci in January 2017 (after 8 months) (Figure 5). These data confirm the microbial variability observed in soil samples, regardless of the performed treatment. Overall, both among sampling points and among considered microorganisms, significant differences (p < 0.05) were observed.



Moreover, strong positive correlations were revealed, mostly for fecal coliforms and physico-chemical parameters. Only in some cases, negative correlations were observed in relation to the other considered parameters (Figure 6).




3.3. Workflow for Data Integration for Taxonomic-Functional Species-Specific Association


The developed software GAIA has been prepared for shotgun or amplicon sequencing analysis and has already been tested with several test datasets for its functionality. GAIA is available at www.metagenomics.com (accessed on 27 October 2019). Through this system, NGS data from complex ecological matrices can be automatically analyzed for taxonomic and functional analysis of microflora, storage of sequencing data, and exploration of results. GAIA is a SaaS (software as a service) system developed on cloud systems and it does not need hardware or software systems to run.



During the taxonomic assignment process, 55.05% of the 15,073,857 reads were classified using the Sequentia Biotech database of complete genomes derived from the RefSeq database. The remainder, 44.95%, found no certain match in the database and was, therefore, discarded. Such analysis showed: (i) A high abundance of Acetobacter okinawensis (probable strain: Acetobacter okinawensis JCM 25146); (ii) A medium abundance of Acetobacter pasteurianus; and (iii) A low abundance of Acetobacter malorum Acetobacter papayae, Acetobacter tropicalis, Gluconobacter oxydans, Komagataeibacter hansenii, Komagataeibacter medellinensis, Streptomyces avicenniae, Streptomyces catenulae, Streptomyces megasporus.



Two taxonomic trees were realized (results produced in Table 6 and Table 7), taking as the minimum threshold all that is shown with at least 10K reads, and one with all that we see with at least 50 K reads.



The two taxonomic trees generated from the reads at different depths show that the taxonomic group most represented in the examined CW is the genus Acetobacter. This is the one that very possibly contributes the most to the degradation of the pulp, although other bacterial genera, such as Streptomyces and Lactobacillus, must also be added; thus, it is likely that there is a bacterial “guild” in charge of the degradation of the citrus waste.



What enzyme functions are overexpressed in these bacterial functional “guilds”? That is, which gene populations are most commonly found in the metagenome? To this end, a functional metagenomics analysis was performed as described in the Section 2.



The analysis performed returns two types of results; the first is the identification of the molecular functions of the genes found, and it is presented in Figure 7.



The results of the gene ontology enrichment analysis (GOEA) are shown in a TreeMap, which is a visual approach to data visualization. The features derived from gene ontology (GO) are represented as groups. On the one hand, the size of the group depends on the GO group enrichment (type of enzyme function) given by a test after false discovery rate (FDR) correction. The larger the group the more specific the function is for the analyzed dataset with respect to Uniprot’s GO database. The color of the rectangles, on the other hand, depends on the category enrichment score. In fact, the color turns from blue to red based on the frequency of a category in the dataset. The more frequent a category is, that is, enriched, the more the square takes on a dark red color. Several GOs are related to hydrolytic and lytic activities (as might be expected); others related to cellular respiration, phosphorus metabolism, and cellular detoxification processes emerge significantly present.




3.4. Plant Growth, Yield and Fruit Quality


The different treatments (Ti) significantly affected the vegetative growth of the ‘Tarocco comune’ trees (Figure 8). The canopy volume, pruned in 2015, showed a significant increase of 30% in 2018 in the T3 treatment, where the highest amount of CW was added. The smallest canopy volume was observed in 2018 in T1, even if no statistical differences with T2 and T4 were observed.



The cumulative yield reached the highest value in T3 (247 kg per tree), although no statistical difference with the control thesis (T1) was observed (Figure 9). The overall lowest production was recorded in T2 (167 kg per tree). The test trees showed an alternative bearing, as low production was found in the second year in all treatments.



A great variability in the fruit weight was observed between the monitoring period (Table 8); even if in the second and third years, T3 had the highest fruit weight (325 and 170 g, respectively). In 2016 and 2018, there were no statistical differences in juice content and SST between the treatments, while in 2017, the year of low production due to the alternative bearing, the fruit of T3 showed the highest values. The fruit of T1 (control) had the lowest SST (11.7 °Brix) in 2017. The acidity registered its lowest values in T1 in all the 3 years of trial, while the acidity content was always higher in T3.



No difference between the treatments was registered for the content of Vitamin C that was practically constant in the period of trial (Figure 10). The anthocyanin content showed no statistical difference between the treatments, although great variability in the 3 evaluated years was observed (Figure 11).





4. Discussion


The Mediterranean basin represents the main citrus-producing area with a significant number of by-products derived from industrial processes that can be seen as a valuable matrix and/or an important resource to improve the sustainability of the sector. Within a regenerative agriculture approach, the reuse of industrial citrus wastes (CWs) as natural organic soil fertilizers, could represent a sustainable strategy of recycling nutrients and reintegrating organic matter into the soil. The main objective of the present study was to promote the valorization of CWs as soil amendment.



The results of the present study highlighted the good soil-buffering ability, considering that the addition of such an acidic matrix, as the CW, only slightly influenced the pH of the soil (in July 2015), independent from the CW amount, reaching, in all samples, values of pH similar to the control only after 8 months from amendment (January 2016). Moreover, in the treatment with Ca(OH)2, the soil pH was found to be similar to that of the control, showing that the addition of Ca(OH)2 may completely eliminate the soil acidification due to the addition of a high acid matrix. Furthermore, the increased pH values, recorded in January 2017, were not related to the CW treatments, since the pH was always similar to that detected in the control soil (T1). According to [37], the addition of Ca(OH)2 promptly increased the EC of the soil at the beginning of the experimental period (July 2015) due to the additional calcium and hydroxyl ions. Later, at the end of the experimental period, EC sharply decreased due to the complete cation exchange of the soil, reaching similar values to those detected in the control soil. Taking into account the other soil parameters, results suggested that the CW application as amendment, positively affect soil chemical fertility by increasing the organic matter supplied to the soil (Figure 3A,B). Our results are in accordance with those reported by [38], which found an increase in the soil organic matter, as well as an improvement of microbial biomass activity and the stimulation of soil enzymatic activity. The increase in the soil organic matter was directly related to the amount of CW added, and led to a notable mineralization process characterized by different times dependent on the treatment. In particular, T2 induced the organic matter mineralization process in the short-term (June 2016) due to the addition of Ca(OH)2 to the CW. In fact, in June 2016 the treatment T2 induced a carbon content decrease along with an increase in EC, resulting in a reduction in the C/N ratio, confirming the stabilization of the mineralization process that occurred to reach an optimal value of C/N of about 10 [7]. In fact, the C/N ratio is closely related to the decomposition rate in the soil, and controls N availability in the complex soil–microorganisms–plant system [39]. A C/N ratio > 20 induces the soil microorganisms to scavenge the soil solution to obtain enough N, thus causing crop plants to suffer from N deficiency. On the contrary, a C/N ratio of around 10 results in an optimal condition in the soil that leads to an increase in N content available both to the plants and microorganisms [39,40]. In contrast, the CW amount added to the soil did not affect the mineralization process, which occurred in both T3 and T4 in a longer time than in T2.



The results obtained from the analysis of soil pore water in the T1 and T3 treatments confirmed the previous data retrieved about soil. According to the pH data recorded for the amended soils, the pH in the interstitial water decreased dramatically only in T3 in the July 2015 sampling. Similarly, the amended soils, where the maximum EC value was recorded in T3 in January 2017, the EC values in soil pore water increased in the same sampling and treatment.



In T1, the constant C/N ratio suggests a consolidate phase of decomposition of organic matter and nutrient immobilization [39]. The latter was confirmed by a rather constant level of COD, nitrate and phosphate in the soil pore water (Table 3). The release of organic substances in the soil pore water was evaluated by measuring the COD, which represents the oxygen required to oxidize soluble and particulate organic matter in the water [41]. Interestingly, it was observed that also in January 2017 the values of nitrate and phosphate in T1 were similar to the previous sampling (January 2016), although the mineral fertilization was performed in April 2016. Probably, mineral fertilizers were uptaken by plants or leached by seasonal rainfalls. As expected, the CW amendment (T3 treatment) increased the COD values in soil pore water at each sampling time in accordance with [42], which found that COD was positively correlated with increasing concentrations of organic compounds in pond waters. The pattern of nitrate content was similar to those of COD; however, at the first sampling (July 2015) the T3 nitrate value resulted very similar to T1. An explanation may be that in July 2015 the release of nitrogen into the soil pore water was only under organic form. Therefore, only an increase in COD was observed due to the organic matter not being completely mineralized. Notably, the highest amount of nitrate in the soil pore water in the treatment that corresponds to twice the maximum quantity admitted for sludge of agro-alimentary origin from the A.D. 234/2011 (T3), found in January 2016, was lower than the limit value (50 mg/L) imposed by the EU Nitrate Directive 91/676/CEE [42].



Considering the fluctuation of the microbial population in the soil, according to the specificity of the environment [43,44], this study focused on the evaluation of the effects of the CW amendment to a very limited portion of soil microbiota population, related to the fecal bacteria. In compliance with the Attachment 2 of the LD 75/2010, microbiological data attested the absence of Salmonella and E. coli, both in the CW and in the soil before the amendment. The presence of fecal coliforms was found at high density in all soil samples at any sampling period, confirming the role of the soil as a reservoir of this microbial group that can come from water, sediments and agricultural land, organic fertilizers, farms, feces of wild game, irrigation water and from natural precipitations [45]. Several studies highlighted that fecal coliforms can persist in soil for days and/or months, representing a problem for public health. Different authors reported that the persistence of fecal coliforms (included E. coli O157:H7) in soil is inversely related to the microbial diversity of the ecosystem [46,47,48,49]. Data related to the amended soil, at different sampling periods, highlighted the absence of Salmonella and E. coli in all samples, while fluctuations for the others microbial groups were observed, indicating that the addition of CW contributed to the increase in the cell densities of the tested microbial groups. Similar results have been observed by several authors who assessed the effect of cultivation management practices, such as working in steady conditions [50], soil fertilization and sterilization treatments on soil microbiota [51,52,53,54]. The presence of bacteria and spores, the activation and the promotion of metabolic strategies, aimed at exploiting specific environmental conditions make the soil microbial communities constantly evolving systems. It is known that one gram of soil can contain from 1 × 103 to 1 × 106 different species of bacteria able to promptly react to variation of micro-environmental parameters [51].



The reuse of industrial CW as natural soil biofertilizers could represent a sustainable approach of recycling nutrients and reintegrating organic matter to soil. The organic fertilization may improve chemical properties by increasing the cation exchange capacity, retaining water, increasing soil aeration, and promoting microbial activity [55,56]. Several studies highlighted the positive role of agro-food industrial residues for improving the characteristics of soil aeration and increasing the stable formation of aggregates [57]. In these processes, the microbial activity of the “masses” is improved by the nutrient content, which makes the degradation of organic components possible. Moreover, the taxonomic and functional metagenomic approach proved to be a powerful tool for a snapshot analysis of the microbiome active in pulp degradation, but also in other substrates and environments [58,59,60]. Metagenomic analysis reveals the presence of a bacterial “guild”, whose main exponent is Acetobacter okinawensis, belonging to Group I of Acetobacter genus [61]. Acetic bacteria are important to the industry for the production of vinegar, cellulose, gluconic acid and sorbose. In addition, in orange peels, the presence of the high concentration of carbohydrates, vitamins and nutrients triggers and promote the dynamics of microbial activities [38,54]. In detail, [38] showed that the incorporation of CW as soil amendments increased the soil organic matter despite the notable mineralization process occurring in the short term due to the citrus fruit industry residues. However, in the medium term of 2 years, the chemical-spectroscopic characterization of the organic compounds in the soil were shown to be very similar to the natural humic substances.



Considering the aspects related to the citrus productions, the growth and yield parameters investigated during the study were generally affected by several agronomic factors such as cultivar and rootstock, fertilizers, irrigation, etc. [62,63,64]. In this context, the use of organic fertilizers offers a great opportunity for the sustainable fruit production of sweet orange. The vegetative parameters of the ‘Tarocco comune’ trees were significantly affected by the different treatments. The canopy volume increased in foliage in the treatment with the highest quantity of citrus waste. The yield was variable from 2016 to 2018 for the alternate bearing; this phenomenon is mostly determined by the genotype, common also in other citrus species, such as mandarin hybrids [65]. The treatments significantly affected the cumulative yield, and the highest production was recorded in treatment T3, corresponding to the highest amount of citrus waste.



Among the Italian blood orange cultivars, Tarocco is one of the most important and it is consumed as a fresh fruit because of its easy peelability, good size and high levels of sugar/acid ratio [66]. Regarding the different qualitative parameters tested, fruit weight showed a variable trend from 2016 to 2018; high size fruit were recorded in 2017, while low values were observed in 2018. This variation is related to the alternate bearing that affected the trees [67]. However, in our study, the ‘Tarocco comune’ tree showed a higher value of fruit weight than previous researchers reported [68], and, in addition, its isodiametric shape in all treatment was confirmed [66]. Sugars and organic acids are important components of the chemical composition of blood oranges and their accumulation depends on cultivar, harvest time and environmental conditions [69]; in our study, the amount of sugar and organic acids confirmed what was reported in other lines of Tarocco [63,70]. The anthocyanin content was not affected by the treatment, but probably the environment and, specifically, the low temperatures influenced the accumulation of anthocyanins in the juice, as previously reported [71], determining the great difference between the studied years [72,73].




5. Conclusions


The present study confirms that the use of citrus waste (CW) as an organic fertilizer offers a great opportunity for the sustainable fruit production of sweet orange. The main findings of the research can be summarized as in follows:




	1.

	
The organic fertilization improves soil chemical properties by increasing the cation exchange capacity, retaining water, increasing soil aeration and promoting microbial activity;




	2.

	
CW could be an excellent substrate for the growth of acetic acid bacteria for the low-cost production of molecules of biotechnological industrial interest;




	3.

	
The vegetative parameters of ‘Tarocco comune’ trees were significantly and positively affected by the addition of CW to the soil.









However, further study on the interaction of plants/soil microbiota is needed to understand the persistence mechanism of fecal coliforms and for a better understanding of the mechanisms involved in the longer persistence of human pathogens in soil.
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Figure 1. Amendment process of CW. (a) 30 tons of CW were transported to the experimental site and laid down for about 1 month on a polyethylene tarp. (b) Clods of CW were obtained and properly laid down around the tree trunks (about 0.5 m from trunk). 
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Figure 2. Characterization of soil samples for pH (A) and electrical conductivity (EC) (B). Error bars indicate standard deviation. The values are means of data from three measurements. Values of the same soil-sampling date followed by different letters are significantly different (p < 0.05). 
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Figure 3. Characterization of soil samples for organic carbon (OC) (A), organic matter (OM) (B), total nitrogen (N) (C), and available phosphorus (P) (D). Error bars indicate standard deviation. The values are means of data from three determinations. Values of the same soil sampling date followed by different letters are significantly different (p < 0.05). 
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Figure 4. Microbiological analyses (as Log CFU/g) of CW and soil samples before the amendment process. 
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Figure 5. Microbial results, in Log CFU/100 mL, of soil pore water at 4 (I sampling) and 5 (II sampling) months after treatment. Different letters indicate statistical differences among the columns of the same microbial group (significance at p ≤ 0.01). 
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Figure 6. Correlation matrix between microbiological and physico-chemical parameters. 






Figure 6. Correlation matrix between microbiological and physico-chemical parameters.



[image: Sustainability 15 02482 g006]







[image: Sustainability 15 02482 g007 550] 





Figure 7. Schematization of the functions found in the sample related to molecular processes. The size of the boxes represents how unique the function in question is (the larger the square the less frequent this function is within the Uniprot protein dataset). The color correlates with the frequency of the function in question with respect to the gene ontology (GO) terms found within the sample (red squares have a higher frequency than blue ones). 
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Figure 8. Canopy volume recorded for ‘Tarocco comune’ trees of the different treatments from 2015 to 2018; Mean values with different letters within the same year are statistically different (p < 0.05). 






Figure 8. Canopy volume recorded for ‘Tarocco comune’ trees of the different treatments from 2015 to 2018; Mean values with different letters within the same year are statistically different (p < 0.05).



[image: Sustainability 15 02482 g008]







[image: Sustainability 15 02482 g009 550] 





Figure 9. Cumulative yield recorded on ‘Tarocco comune’ trees of the different treatments from 2016 to 2018; Mean values with different letters within the same year are statistically different (p < 0.05). 
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Figure 10. Content of Vitamin C (mg L−1) recorded in fruit juice of ‘Tarocco comune’ sweet orange in 2016, 2017 and 2018 productions of the different treatments; Mean values with different letters within the same column and year are statistically different (p < 0.05). 
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Figure 11. Content of anthocyanins (mg L−1) recorded in fruit juice of ‘Tarocco comune’ sweet orange in 2016, 2017 and 2018 productions of the different treatments; Mean values with different letters within the same year are statistically different (p < 0.05). 
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Table 1. Physico-chemical properties of the tested soil.
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	Treatments
	Clay

(%)
	Loam

(%)
	Sandy

(%)
	pH
	Electrical Conductivity

(mS/cm)
	Organic Carbon (%)
	Total Nitrogen (%)
	C/N
	CaCo3 (%)
	Cation Exchange Capacity

(cmols(+)/kg)
	Available P (‰)





	T1
	13.5
	18.3
	68.2
	7.2
	0.13
	2.3
	0.2
	11.2
	8.0
	20.7
	2.6



	T2
	10.3
	19.0
	70.7
	7.1
	0.14
	2.02
	0.2
	10.4
	9.5
	22.1
	2.6



	T3
	18.5
	21.2
	60.3
	7.1
	0.14
	2.3
	0.2
	11.1
	7.0
	23.5
	2.3



	T4
	21.1
	21.8
	57.1
	7.1
	0.15
	2.3
	0.2
	11.0
	3.5
	25.6
	2.8
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Table 2. Mean chemical composition of CW during the experiment. Values followed by different letters are significantly different (p < 0.05).
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	pH
	CE (mS/cm)
	Humidity (%)
	Ashes (%)
	C (%)
	N (%)
	P (%)





	April 2015
	2.93 a
	1.33 a
	83.7 a
	4.5 b
	41.8 a
	0.97 a
	0.26 a



	May 2015
	2.87 a
	1.11 a
	61.1 b
	5.3 a
	41.6 a
	1.07 a
	0.24 a
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Table 3. Chemical composition of soil pore water in July 2015, January 2016 and January 2017; Values of followed by different letters are significantly different (p < 0.05).
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Sampling

	
Treatment

	
pH

	
E.C.

	
COD

	
Nitrate

	
Phosphate




	
(mS/cm)

	
(mg O2/L)

	
(mg/L)

	
(mg/L)






	
Jul 2015

	
T1

	
7.2 ± 0.1 a

	
1.24 ± 0.15 b

	
12.4 ± 2.2 b

	
4.8 ± 0.1 c

	
4.5 ± 0.5 b




	
T3

	
3.7 ± 0.2 b

	
1.41 ± 0.17 b

	
24.1 ± 1.2 a

	
4.4 ± 0.9 c

	
4.4 ± 0.3 b




	
Jan 2016

	
T1

	
7.6 ± 0.2 a

	
1.83 ± 0.11 b

	
14.2 ± 0.9 b

	
5.4 ± 1.1 c

	
4.5 ± 0.6 b




	
T3

	
7.4 ± 0.1 a

	
1.86 ± 0.20 b

	
24.2 ± 1.7 a

	
32.0 ± 4.1 a

	
6.1 ± 0.6 a




	
Jan 2017

	
T1

	
8.3 ± 0.1 a

	
1.55 ± 0.13 b

	
15.0 ± 1.3 b

	
6.5 ± 0.3 c

	
3.6 ± 0.8 b




	
T3

	
8.4 ± 0.1 a

	
3.32 ± 0.18 a

	
28.5 ± 3.7 a

	
10.4 ± 1.3 b

	
4.7 ± 0.3 b
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Table 4. Hydraulic conductivity at saturation (ks) of the soil for the different treatments; Values of followed by different letters are significantly different (p < 0.05).
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Treatment

	
Soil Texture

	
January 2015

ks

	
January 2016

ks

	
January 2017

ks

	
July 2017

ks




	
(m d−1)

	
(m d−1)

	
(m d−1)

	
(m d−1)






	
T1

	
Sandy-Loam

	
3.5 × 10−2(±1.8 × 10−4

	
9.9 × 10−3(±1.7 × 10−4)

	
6.9 × 10−3(±1.1 × 10−5)

	
8.1 × 10−3(±0.8 × 10−4)




	
T2

	
Sandy-Loam

	
9.7 × 10−2 (±9.1 × 10−4)

	
1.1 × 10−4 (±1.5 × 10−4)

	
1.0 × 10−4(±0.9 × 10−5)

	
1.6 × 10−4(±1.1 × 10−5)




	
T3

	
Sandy-Loam

	
9.3 × 10−3(±8.8 × 10−4)

	
3.9 × 10−4 (±1.0 × 10−4)

	
2.2 × 10−4(±1.5 × 10−5)

	
3.0 × 10−4(±1.5 × 10−5)




	
T4

	
Sandy-Clay-Loam

	
2.9 × 10−3(±6.5 × 10−4)

	
4.9 × 10−5 (±1.2 × 10−4)

	
2.2 × 10−5(±0.8 × 10−5)

	
3.7 × 10−5(±1.2 × 10−5)




	
Average

	

	
3.6 × 10−2

	
2.6 × 10−3

	
1.8 × 10−3

	
2.15 × 10−3
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Table 5. The microbiological results of the amended soil at the different sampling periods. Data are expressed as mean (Log CFU g−1) + SD. Mean values with different letters within the same column are statistically different. n.s.: not significant; ** Significance at p ≤ 0.01; *** Significance at p ≤ 0.001.
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	Soil Samples
	Enterobacteriaceae
	Fecal Coliforms
	Enterococcus spp.





	Soil after 2 months
	
	
	



	T1 (control)
	4.8 ± 0.05 b
	3.0 ±0.55
	<1 d



	T2
	7.6 ± 0.01 a
	4.8 ±0.05
	7.2 ± 0.34 a



	T3
	7.5 ± 0.23 a
	4.2 ±0.18
	3.5 ± 0.13 c



	T4
	7.5 ±0.21 a
	3.6 ±0.93
	6.5 ± 0.06 b



	
	***
	n.s.
	***



	Soil after 6 months
	
	
	



	T1 (control)
	5.7 ± 0.12 b
	4.1 ± 0.72 d
	3.0 ± 0.12 c



	T2
	6.5 ± 0.04 ab
	5.7 ± 0.03 b
	4.7 ± 0.03 b



	T3
	6.8 ± 0.08 a
	6.1 ± 0.03 a
	5.4 ± 0.07 a



	T4
	6.1 ± 0.08 ab
	5.3 ± 0.01 c
	5.2 ± 0.12 a



	
	***
	***
	***



	Soil after 12 months
	
	
	



	T1 (control)
	5.6 ± 0.33
	3.7 ± 0.71 b
	<1 b



	T2
	6.1 ± 0.60
	5.8 ± 0.60 a
	<1 b



	T3
	6.3 ± 0.10
	6.5 ± 0.11 a
	3.6 ± 0.35 a



	T4
	5.7 ± 0.07
	3.2 ± 0.45 b
	2.5 ± 0.60 a



	
	n.s.
	**
	**



	Soil after 18 months
	
	
	



	T1 (control)
	4.9 ± 0.61
	3.6 ± 0.62
	3.0 ± 0.12



	T2
	6.0 ± 0.22
	5.0 ± 0.42
	3.2 ± 0.80



	T3
	5.2 ± 0.35
	5.0 ± 0.35
	2.3 ± 0.35



	T4
	4.5 ± 0.80
	4.0 ± 0.69
	2.6 ± 0.30



	
	n.s.
	n.s.
	n.s.



	Soil after 24 months
	
	
	



	T1 (control)
	6.4 ± 0.23
	4.5 ± 0.42 b
	4.7 ± 0.42 b



	T2
	6.2 ± 0.12
	4.6 ± 0.34 ab
	3.2 ± 0.17 c



	T3
	6.1 ± 0.14
	5.1 ± 0.16 a
	4.0 ± 0.05 b



	T4
	6.7 ± 0.22
	5.6 ± 0.06 a
	5.4 ± 0.20 a



	
	n.s.
	**
	***
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Table 6. Taxonomic classification for genus and their relative abundances (expressed as %) in the samples.
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	Percentage
	Name





	73.8033
	Unknown



	16.4775
	Acetobacter



	4.69746
	Gluconobacter



	2.41539
	Komagataeibacter



	1.26384
	Lactobacillus



	0.568008
	Gluconacetobacter



	0.282513
	Zymomonas



	0.137505
	Sphingomonas



	0.135731
	Saccharomyces



	0.115508
	Rhizobium



	0.10326
	Mycobacterium
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Table 7. Taxonomic classification for species and their relative abundances (expressed as %) in the samples.
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	Percentage
	Name





	83.3332
	Unknown



	11.9573
	Acetobacter pasteurianus



	2.28234
	Gluconobacter oxydans



	0.6705
	Komagataeibacter medellinensis



	0.657145
	Lactobacillus brevis



	0.441383
	Komagataeibacter xylinus



	0.222455
	Gluconacetobacter diazotrophicus



	0.188566
	Limosilactobacillus fermentum



	0.128615
	Saccharomyces cerevisiae



	0.118458
	Zymomonas mobilis
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Table 8. Physico-chemical characteristics of ‘Tarocco comune’ sweet oranges in the different treatments. Mean values with different letters within the same column and year are statistically different (p < 0.05).
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Sampling

	
Treatment

	
Fruitweight (g)

	
Juice (%)

	
SST (°Brix)

	
TA (gL−1)






	
2016

	
T1

	
263 ± 16.3 a

	
54.6 ± 0.3

	
10.4 ± 0.7 a

	
10.8 ± 0.2 b




	
T2

	
171 ± 23.9 c

	
56.5 ± 0.8

	
10.4 ± 0.5 a

	
10.5 ± 0.5 b




	
T3

	
210 ± 18.2 c

	
50 ± 0.9

	
9.9 ± 0.3 b

	
12.2 ± 0.1 a




	
T4

	
210 ± 21.1 b

	
54.2 ± 0.4

	
10.5 ± 0.2 a

	
11.3 ± 0.6 a




	
2017

	
T1

	
263 ± 42.9 b

	
51.4 ± 3.9 a

	
11.7 ± 0.7 b

	
9.6 ± 0.1 c




	
T2

	
256 ± 21.1 b

	
48.2 ± 3.6 b

	
12.4 ± 0.2 a

	
11.9 ± 0.1 b




	
T3

	
325 ± 0.1 a

	
57.3 ± 0.2 a

	
11.9 ± 0.1 b

	
12.5 ± 0.1 a




	
T4

	
315 ± 29.1 ab

	
54.3 ± 3.7 ab

	
12.0 ± 0.8 a

	
11.2 ± 0.1 b




	
2018

	
T1

	
149 ± 15.9 c

	
49.4 ± 5.4 a

	
13.5 ± 2.0

	
17.0 ± 1.1 b




	
T2

	
158 ± 17.9 bc

	
49.6 ± 3.8 a

	
13.3 ± 0.5

	
18.4 ± 1.9 a




	
T3

	
170 ± 24.0 a

	
45.2 ± 17.9 b

	
13.1 ± 0.3

	
18.1 ± 1.8 a




	
T4

	
161 ± 23.4 b

	
48.0 ± 4.5 a

	
13.3 ± 0.7

	
18.2 ± 0.9 a
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